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PREFACE

The work re p o r te d  in  t h i s  th e s i s  formed p a r t  o f  an o v e r a l l  in v e s t ig a t io n  
in to  W heel/R ail Adhesion by the  T ribo logy  S e c tio n  o f  th e  Railw ay T echnical 
C en tre , Derby, My own la b o ra to ry  experim ents would n o t  have been p o s s ib le  
w ith o u t the  h e lp  of  ̂ th e  o th e r  members o f  th e  R esearch  Team, to  whom I  am 
in d e b te d . The au th o r a lso  w ishes to  thank th e  B r i t i s h  Railw ays Board fo r  
t h e i r  p e rm iss io n  to  p u b lis h  t h i s  t h e s i s .

My thanks a re  due to  Dr, B eazley (E n g lish  Clay L overing  Pochin & Co L td .) ,
Mr, P in fo ld  (B o s tik  L td .)  and Dr. Cheng (Warren S pring  L a b o ra to r ie s )  who 
k in d ly  d isc u sse d  th e  im p lic a tio n s  in v o lv ed  in  th e  rh e o lo g ic a l  m easurem ents, 
and to  Mrs, B ag lin  fo r  h e r  h e lp  in  co n sid e rin g  th e  hydrodynamic e q u a tio n s .

j  ■■ ■ V •

The au th o r i s  a ls o  ex trem ely  g r a te f u l  to  h is  two su p e rv iso rs  Dr. C. P r i tc h a rd  
(Head o f  T ribo logy  S e c tio n , B .R .) and Dr, J .F .  A rchard (L e ic e s te r  U n iv e rs ity )  
fo r  t h e i r  h e lp , encouragem ent and in s p i r a t io n .

Thanks a re  f i n a l l y  due to  my w ife , Mary, fo r  h e r  p a tie n c e  and u n d e rs tan d in g .



CONTENTS 111

P reface

CHAPTER 1
1.1
1.2
1 .3

CHAPTER 2
2 .1
2 .2
2 .3
2 .4
2 .5

CHAPTER 3

3 .1
3 .2
3 .3

3 .4
3 .4 .1
3 .4 .2
3 .4 .3
3 .5
3 .6

CHAPTER 4

4 .1
4 .2

4 .2.1
4 . 2.2
4 .2 .3
4 .3

4 .3 .1
4 .3 .2
4 .3 .3
4 .3 .4
4 .4

INTRODUCTION
In tro d u c tio n
A dhesion, a Railw ay Problem 
E x p erim en ta l Approach

LABORATORY SIMULATION
In tro d u c tio n
R o llin g  D isc Tribom eter
C orrespondence w ith  Track Measurements
The Amsler Wear Machine
The Creep Curve

LABORATORY STUDIES OF THE EFFECTS OF OILY 
FLUIDS ON FRICTION 
In tro d u c tio n  
Boundary L u b ric a tio n
C h a ra c te r is a t io n  o f  O ils  by Chrom atographic 
S e p a ra tio n
F r ic t io n  Measurements 
F r ic t io n  o f  O ils
F r ic t io n  o f  S ep ara ted  "O il F rac tio n s"  
F r ic t io n  o f  Mix:tures o f  M a te ria ls  
O x ida tion  and Shear o f  Track O ils  
C onclusions

LABORATORY STUDIES OF THE EFFECTS OF SOLID
DEBRIS ON FRICTION
In tro d u c tio n
L ab o ra to ry  Experim ents on th e  R o llin g
D isc T ribom eter
E xperim en ta l Method
E xperim en ta l R e su lts
D iscussion
L ab o ra to ry  Experim ents on th e  Amsler Wear 
Machine
E x p erim en ta l Method 
E xperim en ta l R e su lts  
D iscu ssio n
R elevance o f  Dynamic R e su lts  
C onclusions

CHAPTER 5 LABORATORY STUDIES ON THE EFFECTS OF WATER
ON FRICTION

5 .1  In tro d u c tio n
5 .2  R e s u lts  on th e  R o llin g  Disc Tribom eter
5 .3  D iscu ssio n  o f  R e su lts  o b ta in e d  u s in g  R o llin g  

D isc T ribom eter
5 .4  Exam ination  o f  th e  M o b ility  o f  O il M olecules 

in  Water
5 .5  Washing Experim ents
5 .6  F r ic t io n  R e su lts  u s in g  the  Amsler Wear Machine
5 .6 .1  The E f fe c t  o f  Hum idity under Dynamic C onditions
5 .6 .1 .1  E xperim en ta l Method
5 .6 .1 .2  E x perim en ta l R e su lts
5 .6 .2  The E f f e c t  o f  Water under Dynamic C onditions
5 .6 .2 .1  E xp erim en ta l R e su lts
5 .6 .2 .2  E x p erim en ta l R e su lts  on th e  E f f e c ts  o f  O il 

and Water

Page

1
1
1
3

5
5
6 
8 
8

10

12

12 
12 : 
14

16
16
17
18 
22
24

25

25
25

25
26 
27 
29

29
30
30
31
31

32

32
32
34

36 /

37
38 
38 
38
40
41 
41 
43

11



IV

5 .6 .2 .3  E xperim ental R e su lts  on the  D isc-C y linder 
R ig

5 .6 .2 .4  D iscussion  o f  the  E f fe c t  o f  Water under 
Dynamic C onditions

5 .7  D iscussion
5 .7 .1  The In f lu en c e  o f  Humidity
5 .7 .2  The In f lu en c e  o f Water
5 .7 .3  The F r ic t io n  o f S l ig h t ly  Wet S u rfaces
5 .8  C onclusions

Page

43

44

45
46
47
47
48

CHAPTER 6 THE RHEOLOGY OF RAIL CONTAMINANTS 50
6 .1  In tro d u c tio n  50
6 .2  Track R e su lts  50
6 .3  L ab ora to ry  Experim ents 52
6 .4  B asic  F r ic t io n  E quations 53
6 .5  Y ield  Shear S tre s s  55
6 .6  Y ield  Shear S tre s s  o f Common Track Contam inants 56
6 .7  D iscussion  o f  S o lid  Track Contam ination 58

; 6 .8  Flow P ro p e r t ie s  o f  Oxide/W ater M ixtures 59
6 .9  D iscussion  o f  the  R heo log ica l P ro p e r t ie s  o f 6 l

Oxide/W ater M ixtures 
'  6 .10  T h e o re tic a l A nalysis  o f  Hydrodynamic L u b r ic a tio n  63

between Wheel and R a i l
6 .11  D iscussion  o f  Hydrodynamic L u b r ica tio n  67
6 .1 1 .1  The Amsler Machine 67
6 .1 1 .2  Hydrodynamic L u b rica tio n  on th e  Track 68
6 . 11.3  Hollow Wheel P r o f i le s  69
6 .12  G eneral D iscussion  70
6 .1 3  Remedies 72
6 .1 4  C onclusions 73

CHAPTER 7 GENERAL DISCUSSION AND CONCLUSIONS
7 .1  In tro d u c tio n
7 .2  L ab ora to ry  E^qjeriments
7 .2 .1  O il
7 .2 .2  D ebris
7 .2 .3  Water
7 .3  An Assessm ent o f  th e  L abora to ry  S im ulation
7 .3 .1  L ab o ra to ry  T est R igs
7 . 3 .2  Comparison o f  Track and L abora to ry  R e su lts
7 .4  W heel/R ail Adhesion
7 . 4 .1  Track Contam ination
7 . 4 .2  Loss o f Adhesion and i t s  P rev en tio n
7 .5  C onclusions

74
74
74
74
76
78
79
80
81
83
84
85 
87

APPENDIX 1 -  REFERENCES 89



-  1 -
I

CHAPTER ONE 

INTRODUCTION

1.1 INTRODUCTION

F r ic t io n  betw een ra ilw a y  w heels and r a i l s  ("ad h es io n ") i s  fundam ental to  

ra ilw a y  o p e ra tio n ; w ith o u t i t  locom otives could  n o t p u l l  t r a in s  no r be 

a b le  to  s to p . E ng ineers have in v e s t ig a te d  adhesion  s in ce  th e  concep tion  

o f  th e  ra ilw a y s  and, a lthough  e m p ir ic a l methods o f  im proving adhesion  

(such as th e  use o f sand) have been t r i e d ,  a more b a s ic  u n d e rs tan d in g  

o f  th e  phenomenon h as p roved e lu s iv e .  In  1968 B r i t i s h  Railw ays 

i n s t ig a te d  a comprehensive in v e s t ig a t io n  in to  th e  b a s ic  p a ram eters  

a f f e c t in g  w h e e l / r a i l  ad h esio n . The c o e f f ic ie n t  o f  f r i c t i o n  found 

between c lean  d ry  s t e e l  su rfa c e s  (0 ,6  to  0 .7 )  was known to  be much , 

h ig h e r th an  th a t  u s u a lly  found between w heels and r a i l s  (0 .2  to  0 ,4 ) .

I t  was th e re fo re  decided  to  s tudy  th e  t r a c k  con tam ination  in  d e t a i l  and 

to  su rvey  adhesion  u s in g  t r a c k  tr ib o m e te rs . This in fo rm a tio n  cou ld  th en  

be used  in  a la b o ra to ry  s im u la tio n , where th e  v a rio u s  p a ram ete rs  and 

c o n d itio n s  a f f e c t in g  w h e e l / r a i l  adhesion  cou ld  be c a r e f u l ly  c o n tro l le d . 

My own la b o ra to ry  ex perim en ts, vh ich  form th e  b a s is  o f  t h i s  th e s i s ,  

were p a r t  o f  t h i s  o v e ra l l  in v e s t ig a t io n  and would n o t have been p o s s ib le

w ithou t th e  h e lp  o f th e  o th e r  members o f  th e  R esearch Team.
■ '  • .  ■ ■ ■

1.2  AmESION, A RAILWAY PROBLEM

The * c o e f f ic ie n t  o f  adhesion* i s  a ra ilw a y  term  fo r  th e  e f f e c t iv e  

c o e f f ic ie n t  o f  f r i c t i o n  between a wheel and th e  t r a c k ;  i . e .  th e  maximum 

ta n g e n t ia l  fo rc e  th a t  can be e x e r te d  a t  the  r a i l  c o n ta c t b e fo re  g ro ss  

s l id in g  o c c u rs , d iv id ed  by th e  norm al s t a t i c  lo a d  on th e  w heel. The 

c o e f f ic ie n t  o f  adhesion  i s  found to  decrease  w ith  speed b u t th i s  does 

n o t im ply th a t  th e  c o e f f ic ie n t  o f  f r i c t i o n  between th e  wheel and r a i l  

has d ec rea sed . The v a r ia t io n  found between jo in te d  traC5k and con tinuous 

welded r a i l  (M arta and Mels 1969) and between d i f f e r e n t  locom otives 

(K ra ft 1968) vhen exam ining th e  ad h es io n /sp eed  r e la t io n s h ip  su g g ests
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t h a t  th e  decrease  may be due to  th e  v e r t i c a l  dynamic resp o n se  o f  the  

v h e e ls .  I t  can be a n t ic ip a te d  however t h a t  a d ecrease  in  th e  s t a t i c  

c o e f f ic ie n t  o f  f r i c t i o n  w i l l  a lso  cause a f a l l  in  th e  adhesion  o f  a 

locom otive t r a v e l l i n g  a t  speed. This th e s i s  i s  b a s ic a l ly  concerned w ith  

v a r ia t io n s  in  th e  fundam ental c o e f f ic ie n t  o f f r i c t i o n  r a th e r  than  dynamic 

e f f e c t s .  However in  th e  l a t e r  c h ap te rs  th e  v e lo c i ty  o f th e  t r a i n  i s  shown 

to  be im p o rtan t under some c ircum stances which a re  n o t a s s o c ia te d  w ith  

dynamic v a r ia t io n  in  lo a d  between wheel and r a i l .

The p r e d i c t a b i l i t y  and m agnitude o f  the  c o e f f ic ie n t  o f  adhesion  i s

im p o rtan t in  many a sp e c ts  o f  ra ilw a y  o p e ra tio n . The a v a ila b le  adhesion

w i l l  determ ine th e  lo a d  a t r a i n  can p u l l  up a g ra d ie n t as  w e ll as i t s

s to p p in g  d is ta n c e .  T ra in s  a re  g e n e ra lly  lo ad ed  assum ing a minimum

c o e f f ic ie n t  o f  ad h esio n  o f  0 .2 . As a s a f e ty  m easure, however, s to pp ing

d is ta n c e s  a re  c a lc u la te d  assum ing a c o n se rv a tiv e  c o e f f ic ie n t  o f  adhesion  
-/ . 

o f  0 .0 7  -  0 . 09. These design  param eters  a re  th e  optimum v a lu es  adopted

by ra ilw a y  e n g in ee rs  a f t e r  y ears  o f  o p e ra tio n a l e x p e rien c e . However,

problem s do o ccu r. Over h e a v ily  u t i l i s e d  ro u te s  p u n c tu a l i ty  can be

a f f e c te d  by s l ip p in g  lo co m o tiv es. O ccasio n a lly  adhesion  i s  so low th a t

t r a in s  s l i p  p a s t  s ig n a l s .  The m ajor c o s t to  BR due to  th e  lo s s  o f

adhesion  i s  th e  p ro v is io n  o f  banking eng ines on some in c l in e s  and the

damage th a t  occu rs  to  t r a c t io n  m otors and to  wheels and r a i l s .  A wheel

th a t  develops a f l a t  from sk idd ing  a long  th e  tr a c k  must be r e tu rn e d , and

r a i l s  t h a t  develop "burns" due to  vdieels sk id d in g  and sp in n in g  must be

re p la c e d  to  improve th e  r id e  and p re v e n t in c ip ie n t  c racks develop ing  in to

r a i l  f r a c tu r e .  The c o s t  o f  th e  l a t t e r  has r e c e n t ly  in c re a s e d  d ra m a tic a lly

due to  th e  ad o p tio n  o f  continuous welded r a i l s .
' . '  , I

The modern g e n e ra tio n  o f  t r a i n  design  imposes fu r th e r  demands on adhesion , 

f a s t e r  t r a in s  r e q u ir in g  h ig h e r adhesion  to  s top  w ith in  p re s e n t  s ig n a l l in g  

d is ta n c e s . Furtherm ore, r e c e n t  developm ents in  t r a i n  suspension  u t i l i s e  

l a t e r a l  adhesion , a t  r ig h t - a n g le s  to  th e  t r a c k ,  on curves (Wickens 1973). 

The Advanced P assenger T rain  i s  designed  fo r  h ig h  speed t r a v e l  on p re s e n t
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t r a c k ,  u n lik e  th e  Jap an se se t r a in s  t h a t  re îju ire  th e i r  own s t r a ig h t  t r a c k . 

The fla n g e  c o n ta c t t h a t  u s u a lly  occurs during  curv ing  i s  p re v e n ted  on the 

APT by fo rc e s ,  g en e ra ted  by a new wheel p r o f i l e  combined w ith  th o se  due 

to  l a t e r a l  adh esio n , t h a t  h e lp  s te e r  th e  r e l a t i v e l y  s o f t  suspension  

around the  curve .

I t  i s  hoped th a t  th e  s tu d y  o f  adhesion  in  th i s  th e s i s  w i l l  n o t  o n ly  h e lp  

improve th e  e f f ic ie n c y  o f  p re s e n t  ra ilw a y  o p e ra tio n  b u t w i l l  a ls o  le a d  to  

methods o f  in c re a s in g  ad h esio n . F lu ids, designed  to  improve adhesion  may

e i th e r  be s q u ir te d  onto  th e  r a i l  by l in e  s id e  a p p lic a to r s  s i tu a te d  where
, -

h igh  adhesion  i s  demanded e .g .  s teep  in c l in e s ,  or be a p p lie d  from t r a i n  

mounted dev ices du rin g  a c c e le ra t io n  o r b ra k in g . Devices have been 

experim ented w ith  fo r  many y ears  b u t no f l u i d  has y e t  proved s u c c e s s fu l .  

The r e s u l t s  d e sc rib e d  in  t h i s  th e s i s  p ro v id e  a  new b a s is  fo r  choosing  

such a f l u i d .  Any method g u a ran tee in g  adhesion  above 0 .2  w i l l  have a 

tremendous im pact on BR. Even improvements o f  th e  o rd e r o f  0 .0 2  would 

r e s u l t  in  la rg e  f in a n c ia l  sav ings from th e  in c re a se d  t r a i n  lo a d s  and the  

re d u c tio n  in  wheel and r a i l  damage th a t  would be ach iev ed .

1 .3  EXPERIMENTAL APPROACH

F ig . 1 .1  shows a r e p l i c a  o f  th e  d e b ris  coverage o f a ty p ic a l  main l i n e

t r a c k ,  o b ta in e d  by a p p ly in g  a p ie ce  o f  foam backed adhesive  tap e  to  th e

r a i l .  The c e n tr a l  p o r t io n  along which most t r a i n  wheels ru n  i s  term ed

th e  wear band and has a b r ig h t  m e ta l l ic  sh in e . There i s  v e ry  l i t t l e  s o l id

d e b r is  on th e  wrear band compared w ith  th e  more h e a v ily  co rroded  a re a s  a t

th e  s id e .  This type o f  t r a c k  i s  a lso  ty p ic a l ly  covered w ith  th e
 ̂ —7 2

e q u iv a le n t o f a  few m onolayers (2 x  10” gm/cm ) o f  o i l y  co n tam ination  

(B ro s te r  e t  a l  1974). O il con tam ination  can o c c a s io n a lly  be s e v e ra l  / 

o rd e rs  o f  m agnitude more s u b s ta n t ia l  when lu b r ic a n ts  d r ip  from t r a i n s  

o r where f lan g e  lu b r i c a to r s  app ly  g rease  to  th e  s id e  o f  th e  t r a c k  to  

p re v e n t flan g e  w ear. The s o l id  con tam ination  on the  wear band i s  

b a s ic a l ly  r u s t  (B eagley e t  a l  1975,2) and i t s  coverage i s  dependent on

tr a c k  u t i l i s a t i o n .  A ty p ic a l  a n a ly s is  shows a la rg e  p ro p o r tio n  o f  i ro n
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ox ide  (FCgOg), some hydrox ides and sm all q u a n t i t ie s  o f  m e ta l l ic  i r o n .  

O ccasio n a lly  r a i l s  can a lso  be contam inated  w ith  o th e r  ex traneous m a tte r  

such as  le a v e s  o r  cem ent. N a tu ra lly  th e  wear band i s  a lso  wet when i t  

r a in s  o r  when dew forms on th e  r a i l s .  Adhesion may a lso  be in f lu e n c e d  

by th e  r e l a t i v e  hum id ity  o f  th e  su rround ing  a i r .

Track con tam ination  can th e re fo re  be b ro ad ly  d iv id ed  in to  th re e  

c a te g o r ie s ,  o i l ,  w a te r and s o l id  d e b r is .  The f r i c t i o n a l  phenomena 

a s s o c ia te d  w ith  each one o f  th e se  groups were examined i n  th e  la b o ra to ry .  

The in te r a c t io n s  were th en  explored  so t h a t  a com prehensive d e s c r ip t io n  

o f  w h e e l / r a i l  ad h esio n  could  be e s ta b l is h e d . Concepts o f  boundary 

lu b r i c a t io n  a re  a p p lic a b le  to  a wide range o f  c o n d itio n s  when su rfa ce s  

a re  con tam inated  w ith  o i l  an d /o r w a te r . However th e se  concep ts a re  

shown to  have t h e i r  l im i t a t i o n s  when s o l id  d e b r is  i s  trap p ed  i n  th e  

c o n ta c t a r e a .  S e rio u s  lo s s e s  o f  adhesion  can occur under th e se  c o n d itio n s  

when sm all q u a n t i t i e s  o f  w ater mix w ith  th e  s o l id  d e b r is .  These 

e f f e c t s  have been reproduced  i n  th e  la b o ra to ry  and a new th e o r e t ic a l  

e x p la n a tio n  fo r  them has been  developed .



FIG. 1.1.

OUTER EDGE O F  RAIL

,V  . . .  f  Y

FIG. I. I. TAPE REPLICA O F  RAIL SURFACE
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CHAPTER TWO 

LABORATORY SIMULATION

2.1  INTRODUCTION

In  C hapter 1 , th e  p h y s ic a l q u a n t i t ie s  o f  t r a c k  con tam in a tio n  were found

to  be sm all (m onolayers o f  o i l  and ^  1 x  10 ^ g/cm^ o f  s o l id  d e b r is ) .

This co n tam in a tio n  to g e th e r  w ith  th e  su rround ing  atm osphere c o n tro ls  th e

tra c k  a d h es io n . C le a r ly , c o n tro l le d  experim ents could  n o t be c a r r ie d
■ ■ . 

o u t i n  s i t u ,  so la b o ra to ry  r ig s  were used to  s im u la te  tra c k  c o n d itio n s .

The c o n d itio n s  to  be s im u la ted  a re  th o se  encountered  by a locom otive

w heel, which ty p ic a l ly  su p p o rts  a  lo a d  o f  100 kN (10 to n s ) and has

a d iam e te r o f  abou t 1 m (40 i n . ) .  The r a i l  head i s  curved i n  c r o s s -  °

s e c t io n  w ith  a  ra d iu s  o f  0 .3  m. The r a i l  su rfa c e  c o n ta c ts  th e  wheel over
2an e l l i p t i c a l  a re a  about 150 mm i n  s iz e ,  and w ith  an average  p re s su re  o f

2 . 2  '650 MN/m (40 to n s / in  ) .  The roughness o f  th e  wear band on main l i n e

tra c k  i s  u s u a l ly  between f iv e  and te n  m ic ro -in  C.L.A; t h a t  o f  wheels

sometimes exceeds 200 m ic ro -in  C.L.A. w ith  th e  h ig h  a s p e r i t i e s  be ing

worn f l a t  (B ro s te r  e t  a l  1974). ,

The m a jo r ity  o f  th e  experim en tal work was perform ed on th e  two r ig s  

d e sc rib e d  i n  t h i s  c h a p te r .  The r o l l i n g  d is c  tr ib o m e te r  was e s p e c ia l ly  

designed  by th e  au th o r as a  m achine, o f  sim ple d e s ig n , on which i t  was 

p o s s ib le  to  ex p lo re  th e  in f lu e n c e  o f  a la r g e  number o f  f a c to r s  upon 

ad h es io n . The o th e r  r i g  was a  s tan d a rd  Amsler wear t e s t in g  m achine. 

F u r th e r  r i g s  used  i n  th e  in v e s t ig a t io n  a re  d e sc rib e d  a t  th e  r e le v a n t  

p o in ts  i n  th e  t e x t .

Both m achines m easure th e  f r i c t i o n  betw een s t e e l  specim ens, which 

re p re s e n t  th e  wheel and r a i l ,  and can  be r e a d i ly  c o n d itio n ed  to  s im u la te  

th e  p resen ce  o f  r a i l  head co n tam in a tio n . A lthough r e l a t i v e l y  l i g h t  

lo ad s  a r e  employed, c o n ta c t p re s s u re s ,  c lo se  to  th o se  o f  th e  p r a c t ic a l  

s i t u a t i o n ,  a re  reproduced by v i r t u e  o f  th e  sm all c o n ta c t a r e a s .  The 

c o n ta c t s iz e  was co n sid e red  to  be th e  l e a s t  im p o rtan t o f  th e  param eters 

to  be rep ro d u ced , f u l l  s c a le  s im u la tio n  being  im p ra c tic a b le . Although
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b o th  m achines use r o l l i n g  components, th e  r o l l i n g  d is c  tr ib o m e te r  

e s s e n t i a l l y  m easures s t a t i c  f r i c t i o n  whereas th e  Amsler machine p ro v id es  

c o n tin u o u s ly  r o l l i n g  s u r fa c e s .

2 .2  ROLLING DISC TRIBOMETER

The specim ens used  in  t h i s  r i g  (F ig . 2 ,1 , 2 ,2 )  a re  a 152 mm (6 in .  )

d iam eter d is c  and a f l a t  p la te  over which th e  d is c  r o l l s .  The d is c  i s

w eigh ted  so th a t  th e re  i s  a n o rm a l'lo a d  N between th e  specim ens o f  11.3 kg

wt (25 l b ) .  The edge o f  the  d is c  i s  crowned w ith  a ra d iu s  o f  76 mm (3 i n . )

and t h i s  r e s u l t s  in  th e  average H ertz ian  c o n ta c t p re s su re  betw een d is c
2 2

and p la te  be in g  abou t 240 MN/m ( l6  to n s / in  ) about one t h i r d  o f  t h a t  

between a locom otive wheel and th e  r a i l .  However, th e  c o n ta c t a re a  i s  

o n ly  0 .4 6  mm̂  (7 x  1 0 i n^ ) ,  about th re e  hundred tim es sm a lle r  th an  th a t  

o f  a  locom otive .

F r ic t io n  measurem ents a re  made by p u l l in g  by hand a t  p o in t  0 on th e  le v e r  ' 

a t ta c h e d  to  th e  d is c .  The d is c  r o l l s  forw ard  and ex tends th e  sp r in g  

b a lan ce  which e x e r ts  an in c re a s in g  r e ta r d in g  fo rc e . F in a l ly  th e  d is c  

s l i p s  r a th e r  th an  r o l l s  a g a in s t  the  p la te  and th e  re a d in g , x ,  o f  th e  

sp r in g  b a lance  i s  n o te d . By t r i a l ,  th e  i n i t i a l  p o s i t io n  o f  th e  d is c  can 

be a d ju s te d  so t h a t  th e  o p e ra tin g  le v e r  i s  v e r t i c a l  when g ro ss  s l i p  o ccu rs . 

Then, ta k in g  moments ab o u t 0 (F ig . 2 ,1 )

:Dc X s =  F X t  where F = f r i c t i o n  fo rce

Now, ILL =  F N = norm al lo a d
N_

■ . Nt

The d is c  r o l l s  25 to  50 mm b e fo re  g ro ss  s l id in g  o c cu rs . To ach ieve
/ .

s im ila r  r o l l i n g  d is ta n c e  when th e  f r i c t i o n  v a r ie s  w ide ly , sp rin g  

b a lan ces  o f  d i f f e r e n t  s t re n g th s  a re  used . D if fe re n t specimen m a te r ia ls  

can be u sed . The f l a t  p la t e  specimen i s  e a s i ly  re p la c e d , th e  r o l l i n g  

d is c  l e s s  e a s i l y .  T es ts  have been made w ith  d is c s  o f  ty re  s t e e l  

(BR Spec. No. 100) and o f  En. 58 s t a in le s s  s t e e l .  P la te s  have been used
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m anufactured  from r a i l  s t e e l  (B S .ll)  and s t a i n le s s  s t e e l .

To c lean  th e  specim ens, th e  p rocedure f i n a l l y  adopted  i s  to  abrade the  

su rfa c e  to  a su rfa ce  f in i s h  o f  about 25 m ic ro -in . C.L.A. (0 .6  x  lO” .̂ m) 

w ith  No. 2 grade (60 g r i t )  emery paper and then  to  c lean  w ith  s o lv e n t . 

S e v e ra l tim es d u ring  the  a b ra s io n  th e  specim ens a re  wiped c lean  u s in g  

paper t i s s u e s  soaked in  A nalar grade a ce to n e . The p la te s  a re  then  p la ce d  

in  a vapour d eg reas in g  a p p ara tu s  in  which pure is o -p ro p y l  a lc o h o l vapour 

i s  condensed and a llow ed  to  d rip  over th e  specimen s u r fa c e . The f r i c t i o n  

c o e f f ic ie n t  between s u rfa c e s  p rep a red  in  th i s  way i s  about 0 .70  in  d ry  

a i r .  Use o f  r a d io a c t iv e  t r a c e r  compounds has shown th a t  a l l  b u t a f r a c t io n  

o f  a monomolecular la y e r  o f  o i l  i s  removed by t h i s  c lea n in g  te ch n iq u e .

The p la te  i s  then  t r e a te d  w ith  a known q u a n tity  o f  con tam inan t, such a s  

o i l  o r t r a c k  d e b r is ,  and i s  p la ce d  under th e  c lean  d is c .  S ev e ra l 

measurem ents a re  made, each tim e th e  p la te  be in g  moved l a t e r a l l y  so t h a t  

th e  d is c  r o l l s  over a f r e s h  t r a c k .  I n . t h i s  way th e  d is c  becomes 

" e q u i l ib ra te d "  and th e  con tam ination  i s  sh ared  between th e  d is c  and the  

p l a t e .  The l a t e r  f r i c t i o n  m easurem ents, which ach iev e  a c o n s ta n t v a lu e , 

a re  n o te d . The f r i c t i o n  c o e f f ic ie n t  i s  determ ined  in  t h i s  way to  an 

accu racy  o f  about +  0 .0 1 . I t  i s  assumed th a t  th e  con tam ination  i s  even ly  

a p p lie d . The m ajor source o f  e r r o r  p ro b ab ly  l i e s  in  a ch iev in g  an even 

c o a tin g  o f  th e  sm all q u a n t i t ie s  o f  contam inant in v o lv e d . O ils  a re  u s u a lly  

made up in  a ch loroform  s o lu t io n  and sprayed  from an a e ro so l b o t t l e .

To s tu d y  the  e f f e c t  o f  in c re a s in g  am bient hum id ity , th e  a p p a ra tu s  i s  

en c lo sed  in  a p e rsp ex  box. The o p e ra tin g  le v e r  p ro tru d e s  th rough  a s lo t  

which i s  s e a le d  by two ru b b e r s t r i p s .  A ir i s  pumped in to  th e  p e rsp ex  

box a f t e r  be in g  bubbled  th rough  w a te r , o r through a d ry in g  a g e n t, and th e , 

change in  h um id ity  i s  m easured by a p aper d ia l-h y g ro m e te r . Enough w ater 

vapour can be in tro d u c e d  to  form dew, w ith  w ater condensing over th e  

a p p a ra tu s . A l te r n a t iv e ly ,  th e  a i r  can be d r ie d  to  below  1% r e l a t i v e  

hum id ity .
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2 .3  CORRESPONDENCE WITH TRACK MEASUREMENTS

The a c t io n  o f th e  r i g  i s  designed  to  s im u la te  a locom otive s t a r t i n g  a 

t r a i n .  To determ ine how re p re s e n ta t iv e  a re  i t s  m easurem ents, a  tem porary  

frame was b u i l t  so t h a t  th e  ap p ara tu s  cou ld  be taken  o u t to  m easure 

f r i c t i o n  on ru n n in g  r a i l s .  S ev e ra l s i t e s  were chosen and th e  adhesion  

was determ ined  u s in g  th e  la b o ra to ry  r i g  a l t e r n a t iv e ly  w ith  a p o r ta b le  

t r a c k  tr ib o m e te r (B eagley e t  a l  1971). O ils  and o th e r  contam inants were sprayed

on th e  r a i l  su rfa c e s  to  g ive a range o f  adhesion  v a lu e s . F igure  2 .3 a

shows th e  c o r r e la t io n  o b ta in ed  between th e  two types o f  a p p a ra tu s .

On one s i t e  th e  m easurements were compared w ith  those  o f  a locom otive 

which i s  in s tru m en ted  to  measure s t a t i c  f r i c t i o n  by ap p ly ing  power to  

i t s  le a d in g  ax le  u n t i l  the  wheels s l i p .  F igure  2.3b shows th e  c o r r e la t io n  

betw een the  m easurem ents. They were o b ta in e d  on a l i t t l e  used , worn 

t r a c k .  The p o r ta b le  t r a c k  tr ib o m e te r  had p re v io u s ly  been compared w ith  the  

locom otive in  a s im ila r  way. The r e s u l t s  o f  F igure  2 .3 a  a re  in c lu d e d  in  

F igu re  2 .3b by making use o f  t h i s  p rev io u s  c o r r e la t io n  to  de te rm in e , from 

th e  t r a c k  tr ib o m e te r m easurem ents, th e  adhesion  t h a t  would be m easured by 

th e  locom otive . The r e s u l t s  o b ta in e d  seemed to  in d ic a te  t h a t  th e  a c t io n  

o f  the  r o l l i n g  d is c  tr ib o m e te r  s im u la ted  q u ite  w e ll th e  s t a r t i n g  a c tio n  

o f  a locom otive .

2 .4  the amsler WEAR MACHINE

The Amsler machine (F ig . 2 .4 . )  i s  a s ta n d a rd  r i g  th a t  can be used  fo r  a 

number o f  f r i c t i o n  and wear e^qperiments. Two d is c s  (ap p ro x im ate ly  40 mm 

d iam eter and 10 mm wide) a re  mounted a x ia l ly  on two co u n ter r o t a t i n g  

g eared  a x le s  and a re  loaded  edge to  edge so t h a t  th ey  r o l l  a g a in s t  each   ̂

o th e r .  Creep ( s l i d e / r o l l  r a t i o )  in  th e  c o n ta c t a re a  i s  governed by 

m achining th e  r o l l e r s  to  p red e term in ed  d iam e te rs . The low er s h a f t  

r o t a t e s  a t  200 r /m in , a f a c to r  o f  1.104 1 tim es f a s t e r  th an  th e  top  

s h a f t .  A to rq u e  dynamometer on th e  in p u t s h a f t  en ab le s  th e  f r i c t i o n  

g e n e ra te d  because o f  th e  creep between th e  r o l l e r s  to  be re c o rd ed .
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Thus i f  r o t a t i o n a l  speed o f  top  r o l l e r  =  W

diam. o f  top  r o l l e r  =  A

diam o f  bottom  r o l l e r  =  B

su rfa c e  v e lo c i ty  o f  top  r o l l e r  =  oj x  7T x  A

su rfa c e  v e lo c i ty  o f  bottom  r o l l e r  = cj x tv  x  B x 1,104 1

and c reep , in  r e l a t i o n  to  bottom  r o l l e r  ,

=  (co x  n  x  B X 1.104 1) -  ( w X 7T x A)
(w X 7T X B X 1. 104 1)

creep  =  (B x  1.104 l )  -  A
(B X i ; i o 4 1)

Assuming p e r f e c t ly  smooth and a lig n e d  d is c s ,  th e  p re s su re s  produced by a

g iven  lo a d  can be c a lc u la te d  u sin g  H e r tz ’s e q u a tio n s .

e .g .  fo r  50 kgm lo a d , Po (maximum p re s su re )  =  433 MN/m  ̂ (30 to n s / in ^ )
2 2100 kgm lo a d , Po =  866 MN/m (40 to n s / in  )

The fo llo w in g  p rocedu re  was adopted

The specim ens, s u i ta b ly  machined to  produce th e  d e s ire d  c re ep , were 

mounted on th e  s h a f t s .  The r o l l e r s '  were th en  lo ad ed  to g e th e r  and run  

under d ry  c o n d itio n s  u n t i l  th e  to rque  ( f r i c t i o n )  s t a b i l i s e d  and the  

s u r fa c e s  developed a c h a r a c te r i s t i c ,  run  in ,  appearance (F ig . 2 .5 ) .

F ig . 2 .4  a lso  shows th e  v a r ia t io n  in  th e  c o e f f ic ie n t  o f  f r i c t i o n  norm ally  

observed  as th e  r o l l e r s  were ru n  in .  E a r l i e r  e x p lo ra to ry  measurements o f  

f r i c t i o n  showed a g re a t  d ea l o f s c a t te r  u n t i l  t h i s  ru n n in g  in  p rocedure  

was adop ted , which m arkedly inq)roved th e  r e p e a t a b i l i t y .

The rea so n  why th e  f r i c t i o n  v a r ie s  during  ru iu iing  in  i s  n o t  c le a r ly  

u n d e rs to o d , a lth o u g h  v a rio u s  te n ta t iv e  mechanisms have been proposed  

(Krause 1971). The i n i t i a l  wear conceivab ly  c lean s  th e  s u r fa c e s , a llow s

th e  r o l l e r s  to  ach iev e  g re a te r  conform ity , and so causes th e  f r i c t i o n  to
' ■ ' ' ■ / 

r i s e .  Subsequen tly  th e  f r i c t i o n  d ecreases as th e  slow er r o l l e r  i s  seen

to  develop a sh in y  m e ta l l ic  su rface  w hile wear d e b ris  ad h eres  to  th e  low er,

f a s t e r  r o l l e r .  The low ering  o f  f r i c t i o n  i s  p o s s ib ly  because th e

accum ulated  wear d e b r is  has a low shear s t r e n g th ,  in  com parison to  the

th in  ox ide f ilm s  i n i t i a l l y  formed by oxygen /iron  d i f f u s io n .



— 10 —

' . • . '

The accum ulation  o f  d e b r is  on the  f a s t e r  o f  th e  two r o l l e r s  in  t h i s

c o n f ig u ra tio n  has been observed  by many w orkers, Dawson & Coyle (1969)

d e sc rib e d  some sim ple s im u la tio n  experim ents u s in g  " P la s t ic in e "  as

a r t i f i c i a l  wear d e b r is .  Sm all b i t s  o f " P la s t ic in e "  fed  in to  th e  c o n ta c t

a re a  always emerged ad h erin g  to  th e  su rfa ce  w ith  th e  f a s t e r  r e l a t i v e

v e lo c i ty .  No mechanism fo r  t h i s  accum ulation  o f  d e b ris  has  been p ro v e n ,>

a lth o u g h  Heath (1972) su g g es ts  t h a t  n a sc e n t c racks in  the  d e b r is ,  c lo se

to  th e  su rfa ce  o f  th e  slow er d is c ,  ten d  to  open and grow, th u s  a llo w in g

th e  m a te r ia l  to  le av e  th e  c o n ta c t a re a  adhering  to  th e  f a s t e r  s u r fa c e .

T h is  mechanism has n o t been d i r e c t l y  observed  on th e  t r a c k ,  a lth o u g h  i t

h a s  been n o ted  th a t  th e  ascend ing  r a i l  on in c l in e s  ten d s  to  be c le a n e r  than

th e  descending  l i n e .  This ag re es  w ith  th e  la b o ra to ry  o b se rv a tio n , th e

r a i l  be in g  th e  "slo w er’̂ o f  th e  two su rfa c e s  when th e  locom otive i s

e x e r t in g  t r a c t i o n .

2 .5  the CREEP CURVE ,

A t th e  r o l l i n g / s l i d i n g  in te r f a c e  between a ty re  and th e  r a i l ,  th e re  a re  

two im p o rtan t " f r i c t io n "  p a ram e te rs ; f i r s t l y  th e  maximum f r i c t i o n  th a t  

can be tra n s m itte d , which governs th e  maximum lo a d  a locom otive can h a u l 

and th e  maximum b rak in g  fo rc e  t h a t  can be e x e r te d ; second ly  th e  degree 

o f  s l i p  a s s o c ia te d  w ith  th e  tra n sm iss io n  o f  a p a r t i c u la r  f r i c t i o n  fo rc e , 

\h ic h  i s  im p o rtan t when c o n s id e rin g  t r a c t io n  motor c h a r a c t e r i s t i c s ,  

v e h ic le  guidance and r a i l / t y r e  su rfa c e  damage (Wickens 1973). Both 

p a ram ete rs  a re  shown in  the  fundam ental "creep  curve" where th e  r a t i o  

(T/N) o f  th e  f r i c t i o n a l  fo rc e  to  th e  norm al lo a d  i s  p lo t t e d  a g a in s t  th e  

r a t e  o f  s l i p  between th e  s u r fa c e s , ex p ressed  as a p e rcen tag e  o f  th e  r o l l i n g  

speed (known as "creep" o r " s l i p " ) .

F ig . 2 .6  shows a ty p ic a l  creep  curve o b ta in e d  on th e  Amsler m achine. At 

2% creep  th e  r a t i o  T/N approaches th e  l im i t in g  c o e f f ic ie n t  o f  f r i c t i o n  o f 

th e  s u r fa c e . T h e o re tic a l a n a ly s is  by bo th  Vermeulen and Johnson ( 1964) 

and K alker ( 1966) ,  p r e d ic ts  a s te e p e r  creep curve which re a ch e s  the  

l im i t in g  v a lu e  a t  ap p ro x im ate ly  c re ep . In  th e se  th e o r e t i c a l  models
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s l i p  i s  env isaged  as o c c u rr in g  in  on ly  p a r t  o f  the  c o n ta c t a re a  formed 

by two smooth s u r fa c e s . Nayak (1972) co n sid e red  th e  c o n ta c t formed by 

rough s u r fa c e s . Using t h i s ,  more a cc u ra te  model, he p re d ic te d  shallow er 

creep cu rv es, s im ila r  to  F ig . 2 .6  and to  measurements made on the  tra c k  

(Yokose 1973, Hobbs 1967).

In  t h i s  th e s i s  em phasis i s  p la c e d  on th e  l im i t in g  c o e f f ic ie n t  o f f r i c t i o n .  

This i s  shown to  be j u s t i f i e d  in  Chapter 5 where th e  shape o f the  creep
I

curve rem ains e s s e n t i a l l y  u n a lte re d  as the  l im i t in g  c o e f f ic ie n t  o f 

f r i c t i o n  between two su rfa c e s  i s  changed.
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FIG. 2 .2

FIG.2.2.  ROLLING-DISC BENCH TRIBOMETER.



FIG. 2 . 3

0 6

^  0  5

0 4

to

0  3

0  2

to

O I 0-2 0  3 0*4 0  5
ADHE SIO N ( p o r t a b l e  T R IB O M E T E r )

0 - 6

0  5

a
UJh*U1 
2  
Og
cc
I -

u
5  0 .3

0 .4

O
z
3_j
Occ

w
z
Q
to
UJX
Û
<

0 2

0-1

-(b)

-r " ,

O O 
<

„  ° ° AO 0  o ^

o / o f ^

/
/

/

/
/

/
/

/

/
/

/
MEASUREMENTS BY 
O LOCOMOTIVE

X PORTABLE TRIBOMETER 
(From Fig2.3a^>t^lcutt»l 1171)

i
0-1 0 -2  0  3 0 4  0  5

ADHESION (LOCOMOTIVE)
0  6

FIG.2.3. COMPARISON O F  ADHESION MEASUREMENTS.



FIG. 2 4

G E A R IN G GEARING

R O L L E R  SPECIMENS

T O R Q U E  INDICATOR

MOTOR

RAIL STEEL 

5 0 K  LOAD 

3 2 %  CREEP

0  5

0  4

0  3

0 2

HOURS RUN

FRICTION TRACE DURING RUNNING IN

F I G . 2 - 4  A M S L E R  FICTIO N  AND WEAR M A CH IN E

14/17398



FIG .2.5.

FIG.2.5. A PP E A R A N C E  O F ROLLERS,  RU N  AT lO O  Kg m AND 3 - 1 %  C R E E P .

1/14945



LIMITING T /N  COEFF ICI ENT  O F  FRICTION (m) OF S U R F A C E
0  6

0 5

0 4

r / N

0  3

0 2

432O

P E R C E N T A G E  C R E E P

FIG. 2 .6 .  C R E E P  C U R V E  OBTAINED ON A M S L E R .



— 12 —

CHAPTER TIiREE

LABORATORY STUDIES OF THE EFFECTS OF OILY FLUIDS ON PRICTION

3 .1  INTRODUCTION

T his ch ap te r d e sc r ib e s  work c a r r ie d  o u t on o i l s .  F r ic t io n  measurements 

were made u s in g  th e  s p e c i f i c a l l y  designed  r o l l i n g  d is c  tr ib o m e te r . On 

t h i s ,  c a r e f u l ly  c o n tro lle d  measurements could  be made ta k in g  s p e c ia l  

p re c a u tio n s  a g a in s t  unwanted su rface  co n tam ination . F u rth e r t e s t s  on th e  

chem ical d e g rad a tio n  o f  o i l s  were made on th e  Amsler wear m achine.

F r ic t io n  i s  found to  depend s e n s i t iv e ly  on th e  amount o f  o i l  on th e  

s u rfa c e s  and, to  a l e s s e r  e x te n t ,  on chem ical changes. S u b s ta n t ia l  

chem ical changes a re  d e te c te d  in  o i l s  sampled from ru n n in g  r a i l s .  The 

a d so rp tio n  c h a r a c te r i s t i c s  o f  th ese  o i l s  a re  d e sc rib e d , and an a ly ses  have 

been c a r r ie d  o u t which have enab led  s u i ta b le  chem icals to  be chosen to  

s im u la te  tr a c k  contam inants in  th e  la b o ra to ry  ex perim en ts. The way in  

vh ich  m ix tu res  o f  th e se  chem icals govern f r i c t i o n  has been s tu d ie d  in  

some d e t a i l .  R e su lts  on the  e f f e c t s  o f w ater and d e b ris  on o i ly  su rfa c e s  

a re  d e sc rib e d , in  th e  fo llo w in g  c h a p te rs ,

3 .2  BOUNDARY LUBRICATION

I t  h as been c a lc u la te d  (B ro s te r  e t  a l ,  1974) th a t  i f  th e  amount o f  o i l  

found on ru n n in g  r a i l s  i s  assumed to  be sp read  even ly  over th e  su rface  

then  i t s  th ic k n e ss  i s  o f  th e  o rd e r o f  the  le n g th  o f  f iv e , o i l  m olecu les ,

1 X 10 gm/cm . Because t h i s  i s  such a th in  la y e r  th e  chem ical n a tu re  o f 

th e se  m olecu les i s  assumed to  be o f  g re a te r  im portance th an  a re  th e  bu lk  

p h y s ic a l p ro p e r t ie s  o f  th e  o i l ,  and lu b r ic a t io n  i s  then  o f  th e  type which 

i s  term ed "boundary lu b r i c a t io n " ,  in v e s t ig a t io n s  (Bowden and

Tabor, 1950) in to  boundary lu b r ic a t io n  in d ic a te d  th a t  th e  c o e f f ic ie n t  o f 

f r i c t i o n  on a m eta l su rfa ce  was reduced  to  about 0 ,1  by the  a p p lic a t io n  o f 

as l i t t l e  as one m onolayer o f  lu b r i c a n t .  Our surveys show th e re  i s  enough 

to  form more than  one m o lecu lar la y e r  on runn ing  r a i l s  and y e t th e  average 

adhesion  i s  as h ig h  as  0 .3 0 , C le a rly  i t  i s  d e s ira b le  to  in v e s t ig a te  why 

th i s  shou ld  be so . I f  i t  i s  accep ted  th a t  th e  o i l s  on r a i l s  a c t  as
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boundary lu b r i c a n ts ,  s e v e ra l  th e o r ie s  can be invoked to  d e sc rib e  how such 

lu b r ic a t io n  ta k e s  p la c e , A s im p lif ie d  summary o f  th e  g e n e ra lly  accep ted  

f e a tu re s  a s  as  fo llo w s

M etal s u rfa c e s  c lean  o f  o i l  and \vLth no oxide p re s e n t  weld vhen s l id in g  

a g a in s t  each o th e r  and th e  f r i c t i o n  c o e f f ic ie n t  i s  g r e a te r  than  1 .0 ,

Normal su rfa c e s  a re  covered w ith  oxide which a c ts  as a b a r r i e r  so th a t ,  

a lthough  some m e ta l l ic  welds a re  formed, most f r i c t i o n  i s  due to  o x id e - 

oxide in te r a c t io n  and, in  th e  absence o f o i l ,  th e  f r i c t i o n  i s  about 0 ,7 .

The s tre n g th  o f  th e  oxide in te r a c t io n s  i s  p o s s ib ly  weakened by in c re a se d  

h um id ity  or by becoming wet w ith  w ater and t h i s  may e x p la in , a t  l e a s t  in  

p a r t ,  \diy adhesion  on r a i l s  i s  red u ced  in  wet c o n d itio n s . O ils  on the 

su rfa c e  w i l l  a lso  a f f e c t  th e  s tr e n g th  o f th e  ox ides a lthough  boundary 

lu b r ic a t io n  has u s u a lly  been e x p la in ed  on th e  b a s is  o f th e  o i l  form ing 

s tro n g ly  bonded su rfa c e  la y e r s .  The " s t r e n g th ” o f th e se  la y e r s ,  a measure 

o f  how e f f e c t iv e  th e y  a re  in  p re v e n tin g  c o n ta c t between s u r fa c e s , i s  

g re a te r  vdien th e  o i l s  a re  s u r f a c e - a c t iv e .  S u rfa c e -a c tiv e  o i l s  may th e re fo re  

be ex pec ted  to  cause th e  lo w est f r i c t i o n .  However, f r i c t i o n  may a lso  be 

governed by th e  c lo se n e ss  o f  th e  p ack ing  o f  th e  o i l  m o lecu les . This can 

depend on th e  shape and le n g th  o f  th e  m olecules in v o lv ed , which a re  

sometimes en v isag ed  as s tan d in g  away from th e  su rfa ce  r a th e r  as b r i s t l e s  

on a b rush  (F ig , 3 i g iv es  a p i c t o r i a l  r e p r e s e n ta t io n ) .  The lo n g er s t r a ig h t  

chain  m olecu les a re  u s u a lly  th o u g h t to  p ro v id e  low er f r i c t i o n  c o e f f ic ie n t s .

From a sim ple m ix tu re  o f  two o i l s ,  th e  most s u r fa c e -a c t iv e  w i l l  

t h e o r e t i c a l l y  adsorb  in  p re fe re n c e  on a m eta l s u r fa c e . I t  may then  be 

expec ted  th a t  th e  lu b r i c a t in g  p ro p e r t ie s  o f th e  m ix tu re  vvdll be governed 

by th e  p ro p e r t ie s  o f  th e  most s u r fa c e -a c t iv e  c o n s t i tu e n t .  With more 

complex m ix tu re s , a l l  ty p es  o f  m olecule w i l l  compete fo r  th e  a v a ila b le  

surfa.ce s i t e s  and th e  f r i c t i o n  p r o p e r t ie s  o f th e  r e s u l t i n g  adsorbed  la y e r s  

may th en  be in te rm e d ia te  between th o se  o f th e  b e s t  and the  w orst lu b r i c a n ts .
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3 .3  '̂-CHARACTERISATION OF OILS BY CHROMATOŒAPHIC SEPARATION 

R a i ls  a re  con tam inated  w ith  fu e l  o i l  and v a rio u s  lu b r ic a n ts  t h a t  d rip  from 

p a ss in g  t r a i n s ,  a s  w e ll as g reases  th a t  a re  a p p lie d  d i r e c t ly  to  th e  tra c k  

from fla n g e  lu b r i c a to r s .  However, compared w ith  a f r e s h  m in e ra l o i l ,  the  

f lu id s  sam pled from runn ing  r a i l s  a re  g e n e ra l ly  d a rker in  c o lo u r, more 

v is c o u s , and th e  p ro p o r tio n  o f  s u r fa c e -a c t iv e  compounds i s  much g re a te r  

(B eagley e t  a l  1 975 ,1 ). The o i ly  con tam ination  undergoes a c c e le r a te d  

o x id a tio n  w hile  sp read  th in ly  on th e  r a i l  su r fa c e , and because th e  f lu i d  

i s  a v e ry  complex m ix tu re  f u l l  a n a ly s is  i s  im p ra c tic a b le . The o i l s  have 

co n seq u en tly  been c h a ra c te r is e d  la r g e ly  by th e i r  a d so rp tio n  b eh av io u r. The 

o i l s  a re  s e p a ra te d  in to  th re e  o r fou r " f r a c t io n s "  acco rd in g  to  th e  s tre n g th  

w ith  \d iich  th ey  adsorb  on s i l i c a  g e l (Jen k in s  and Humphreys 1955). Table

3 .1  shows th e  p ro p o r tio n s  sep a ra te d  from an unused lu b r i c a t in g  o i l  

(Talona 945 ), th e  same o i l  o x id ise d  by b e in g  h e ld  a t  l80°C fo r  12 hours 

w hile  hav ing  a i r  bubbled through i t  in  th e  p resen ce  o f i ro n  f i l i n g s  (w h ich , 

p o s s ib ly  s im u la te s  th e  e f f e c t s  o f a r a i l  s u r fa c e ) ,  and ty p ic a l  o i l s  

sampled from th e  t r a c k .  I t  i s  e v id en t t h a t  the  p ro p o r tio n  o f s u r fa c e -  

a c t iv e  m a tte r  in  th e  o i ly  contam ination  sampled from th e  tra c k  i s  even 

g re a te r  th an  in  the  o x id ise d  o i l .

TABLE 3.1

SEPARATION OF OILS INTO THREE FRACTIONS

P ro p o rtio n  o f O il in  : -

O il Wt o f
Sample
(grams)

L east - 
A ctive 
F ra c tio n  

(^)

2nd
F ra c tio n

(%)

Most
A ctive
F ra c tio n

(^)

T o ta l
Recovered

(%)

Unused lu b r i c a t in g  
o i l

0 .497 67.5 25.9 2 .0 9 5 .4

O xidised  
lu b r ic a t in g  o i l

0 .483 60.7 23 .6 12.6 96 .9

O ils  sam pled from 
t r a c k

0 .1 30-60 5-20 ' 20-50 80 •

I  am in d e b te d  to  Dr. I . J .  McEwen fo r  exam ining th e  chem ical n a tu re  o f the  

o i l s  which supplem ents my own measurements o f t h e i r  f r i c t i o n a l  p r o p e r t ie s .
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The f i r s t ,  l e a s t  a c t iv e ,  f r a c t io n  i s  e lu te d  by hep tane and i s  alm ost 

alw ays a c o lo u r le s s  or l ig h t ,s t r a w -c o lo u re d ,  c le a r  l iq u id  o f  r e l a t i v e l y  

low  v is c o s ity . A n a ly sis  has shown th a t  i t  i s  u s u a lly  made up o f  an alm ost 

p u re  m ixture o f a l i p h a t i c  branched  chain  hydrocarbons o f  carbon number 

Cjg and above, S qualane, a r e a d i ly  a v a i la b le  pure  compound, i s  ty p ic a l  

o f  th i s  type o f  hydrocarbon and has been used  in  la b o ra to ry  s im u la tio n  

experim ents as be in g  r e p r e s e n ta t iv e  o f th e  n o n -su rf a c e -a c t iv e  f r a c t io n  o f 

t r a c k  con tam ination .

The second f r a c t io n ,  e lu te d  by to lu e n e , i s  darker and more v isco u s than  

th e  f i r s t  f r a c t io n ;  i t  has been found to  c o n ta in  a ro m atic  as w e ll as 

a l i p h a t i c  m a tte r and in  s e v e ra l  cases  th e  e s t e r  grouping h as been found to  

be p re s e n t .  Most o f th e  m olecu les a re  l a r g e ,  in  the  C^q -  carbon 

number ran g e .

The th i r d ,  most a c t iv e  f r a c t io n ,  e lu te d  by m ethanol, i s  always ve ry  dark 

in  c o lo u r. A n alysis  r e v e a ls  m olecu les o f  th e  same carbon number range as 

in  th e  second f r a c t io n ,  b u t th e  C = 0 grouping i s  a lm ost always p re s e n t ,  

p ro b ab ly  as a c id , e s t e r  or k e to n e . Amines a re  a lso  found. This f r a c t io n  

forms 20 to  50^ o f  th e  o i ly  con tam ination  and because o f i t s  a b i l i t y  to  

form s tro n g ly  bound su rfa ce  lu b r i c a t in g  film s  i s  p robab ly  th e  most 

im p o rtan t in  term s o f  lu b r i c a t io n .  Because i t  i s  d i f f i c u l t  to  choose any 

one m a te r ia l  as  be ing  r e p r e s e n ta t iv e  th re e  a l t e r n a t iv e s  have been used  to  

sim u la te  th i s  f r a c t io n  :

a) the  th i r d  f r a c t io n  s e p a ra te d  from a la rg e  q u a n ti ty  o f o i l  

o x id ise d  in  th e  la b o ra to ry  ;

b ) o le ic  a c id , a sim ple pure o rg a n ic  a c id  \diich has a carbon 

number C^g, j u s t  w ith in  th e  c o r r e c t  carbon number range ;

c) n ap h th en ic  a c id , th e  g e n e ra l name fo r  a number o f  compounds 

c o n ta in in g  an a c id  group a t ta c h e d  to  one or two naphthene r in g s  

by a s t r a ig h t  carbon ch a in , A r e p re s e n ta t iv e  form ula i s  :

l(CHg)g(CgH^^ (CH2 )^C00H, where n 8
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A fo u r th ,  even more a c t iv e ,  f r a c t io n  has sometimes been o b ta in e d  by u sin g  

a c e t i c  a c id  to  d isp la c e  any rem aining o i l  sample from the  s i l i c a  g e l 

column. However, t h i s  forms a very  sm all p ro p o r tio n , 1 o r 2^ o n ly , o f o i l  

sam pled from th e  t r a c k ,

3 .4  FRICTION MEASUREMENTS

The lu b r ic a n ts  to  be t e s t e d  were d is so lv e d  in  chloroform  and sp rayed  on th e  

t e s t  su rfa c e  u s in g  an a e ro so l sp ray . The o i l s  were " la b e lle d "  w ith  a 

r a d io - a c t iv e  t r a c e r  so t h a t  the  amount a p p lie d  to  th e  su rfa ce  cou ld  be 

c a lc u la te d  by m on ito rin g  w ith  a G eiger-M uller tu b e . The accu racy  o f  th ese
I

m easurem ents i s  determ ined  by th e  a c t i v i t y  o f th e  la b e l le d  o i l  and the

background count from a n o n -ra d io a c tiv e  su rfa ce  (g e n e ra l ly  50 counts/iO O

s e c ) .  For th e  most a c c u ra te  d e te rm in a tio n s  enough t r a c e r  was added so th a t

one monolayer o f  th e  l a b e l le d  o i l  would g ive a count o f  about 100 c o u n ts /

100 sec . Care was tak en  to  ensure  th a t  th e  o i l  sp ray  was a p p lie d  even ly .

The q u a n ti ty  o f  o i l  on th e  su rfa ce  was then  c a lc u la te d  in  term s o f  w eight

p e r  u n i t  a re a .  To p ro v id e  a rough guide t h i s  can be co n v erted  in to  the

number o f  m o lecu lar la y e r s  p re s e n t  u s in g  two assum ptions. The t ru e  su rface

a re a  i s  assumed to  be eq u a l to  th e  ap p aren t a re a , vhereas m easurements

in d ic a te  t h a t  th e  t ru e  a re a  o f  an abraded  su rfa ce  can be as  much as  3 .4

tim es th e  a p p a ren t a re a  (O’Connor and U hlig , 1957). The second

assum ption (which i s  su g g ested  by boundary lu b r ic a t io n  th e o ry ) i s  th a t  the

o i l  m olecu les a re  a rra y e d  w ith  t h e i r  le n g th s , about 25 x 10 m,
—20 2p e rp e n d ic u la r  to  the  s u r fa c e , each m olecule occupying 25 x  10 m o f the  

su rface  a re a ,

3 .4 .1  F r ic t io n  o f  O ils

The f r i c t i o n  o b ta in e d  u s in g  an o i l  e x tra c te d  by h o t so lv e n ts  from r u s t  

scraped  from the  head o f  a runn ing  r a i l  i s  shown in  F ig , 3 .2  The shape 

o f the cu rves i s  c h a r a c t e r i s t i c  o f  a l l  o i l s ;  the  f r i c t i o n  f a l l s  u n t i l  th e  

amount o f  o i l  i s  g re a te r  th an  5-10 x  10 ^ g/cm^ (%  ̂ 5-10 x  10 r̂a th ic k )  

when th e  f r i c t i o n  approaches a c o n s ta n t va lue  which i s  c h a r a c t e r i s t i c  o f 

th e  p a r t i c u l a r  o i l  b e in g  te s t e d .  The r e s u l t s  shown in  F ig , 3 .2  were
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o b ta in e d  on two days, one humid, one d ry . Mien l i t t l e  o i l  was p re s e n t ,  

f r i c t i o n  was low er a t  h igh  hu m id ity . The same e f f e c t s  were observed  

u s in g  an o th er sample o f  o i l  e x tra c te d  from r a i l  r u s t  and a lso  u s in g  

n ap h th en ic  a c id  as th e  t e s t  l u b r i c a n t ,  A few t e s t s  were a lso  made on 

c lean  main l in e  t r a c k  u sin g  a tem porary  r i g  to  accommodate th e  d is c  o f 

the  r o l l i n g  d is c  tr ib o m e te r  (B ro s te r  e t  a l  1974). A s im ila r  r e la t io n s h ip  

was again  found between f r i c t i o n  and the  amount o f o i l  a p p lie d .

Gross s c u f f in g  or adhesive  wear ta k e s  p la c e  Mien th e  f r i c t i o n  i s  h igh ; 

as more lu b r i c a n t  i s  a p p lie d  th e re  i s  a t r a n s i t i o n  s tag e  u n t i l ,  when the  

f r i c t i o n  i s  l e s s  th an  about 0 .3 , wear becomes w holly o f a m ild  n a tu re .  The 

arrow s in  F ig  3 .2  in d ic a te  how th e  f r i c t i o n  in c re a se d  Mien th e  humid a i r  

su rround ing  th e  a p p a ra tu s  was d r ie d .  These r e s u l t s  a re  d isc u sse d  in  more 

d e t a i l  l a t e r  ( in  C hapter 5) to g e th e r  w ith  th e  e f f e c t s  o f add ing  b u lk  w ater 

to  o i l  con tam inated  s u r fa c e s .

For rea so n s  d e sc r ib e d  e a r l i e r  (S ec tio n  3 .3 ) squalane was chosen as  a 

ty p ic a l  n o n -s u r fa c e -a c t iv e  m a te r ia l  and n ap h th en ic  a c id  as  a ty p ic a l  

s u r fa c e -a c tiv e  m a te r ia l  found in  an o i l .  R ig, 3 .3  shows th e  f r i c t i o n  

measured as a fu n c tio n  o f  th e  amounts o f th ese  m a te r ia ls  a p p lie d  to  the  

t e s t  s u r fa c e . Curves o f  s im ila r  shape to  th a t  shown in  F ig , 3 .2  were 

o b ta in ed , th e  f r i c t i o n  due to  an ex cess  o f  lu b r ic a n t  be in g  s l i g h t l y  h ig h e r 

fo r  th e  squalane (jw. 0 .1 9 ) th an  i t  i s  fo r  the  s u r fa c e -a c t iv e  n ap h th en ic  

a c id  0 .1 5 ) .

3 ,4 .2  F r ic t io n  o f  S ep a ra ted  " O il jv a c t io n s "

F ig , 3 .4  shows th e  f r i c t i o n  o b ta in e d  w ith  th e  fo u r f r a c t io n s  se p a ra te d  

from an o i l  sampled from th e  t r a c k .  A ll measurements were made u s in g  an 

excess o f  f l u i d .  As m ight be ex p ec ted , th e  l e a s t  s u r fa c e -a c t iv e  f r a c t io n  

r e s u l te d  in  th e  h ig h e s t  f r i c t i o n .  The s e p a ra tio n  p rocedure  d id  n o t  y ie ld  

enough m a te r ia l  to  perform  many experim en ts and, to  overcome t h i s  

d i f f i c u l t y ,  s e p a ra tio n s  were su b seq u en tly  made u s in g  a much la r g e r  column 

o f  s i l i c a  g e l  (B eagley e t  a l  1972), Two o i l s  r e p re s e n ta t iv e  o f  th o se  

s p i l l e d  on th e  t r a c k  were examined in  d e t a i l  : rap e  o i l  which i s



-  18 -

n a tu r a l l y  s u r f a c e -a c t iv e ,  and a m in era l o i l  which i s  r e l a t i v e l y  i n e r t  

and which co n ta in ed  no s u r fa c e -a c t iv e  a d d i t iv e s .  The f r a c t io n s  o b ta in ed  

from th e se  o i l s  were measured s e v e ra l  tim es bo th  on r a i l  s t e e l  and on 

s t a i n l e s s  s t e e l  p l a t e s .  The lu b r ic a n t  was l e f t  on th e  p la c e  fo r  vary ing  

le n g th s  o f  tim e , du rin g  which th e  f r i c t i o n  was u s u a lly  found to  d ecrease . 

This i s  p o s s ib ly  due to  th e  m olecu les becoming b e t t e r  o r ie n ta te d  on the 

su rfa c e  o r ,  a l t e r n a t iv e ly ,  to  some chem ical r e a c t io n  slow ly  ta k in g  p la c e .

F ig . 3*5 shows th e  r e s u l t s  o b ta in e d  w ith  the  m in e ra l o i l .  As w ith  the 

t r a c k  o i l ,  the  f r i c t i o n  o f  th e  com plete o i l  i s  h ig h e r than  th e  f r i c t i o n  o f 

i t s  s u r f a c e -a c t iv e  c o n s t i tu e n ts .  I t  appears t h a t  a "w eighted  average" 

f r i c t i o n  i s  o b ta in e d , in  which each f r a c t io n  c o n tr ib u te s  to  th e  f r i c t i o n  

in  p ro p o r tio n  to  the  r e l a t i v e  amount p re s e n t .  This w eighted average i s  

o b ta in e d  by adding  to g e th e r  th e  p ro d u c ts  o f th e  f r i c t i o n  o f  the in d iv id u a l  

f r a c t io n s  and the  p ro p o r tio n  in  which th ey  o ccu r. The agreem ent between 

th e  m easured c o e f f ic ie n t  o f f r i c t i o n  o f  the  com plete o i l  and the  w eighted 

average was s u r p r is in g ly  good u s in g  bo th  r a i l  s t e e l  and s t a in le s s  s t e e l  

p l a t e s .

The r e s u l t s  o b ta in ed  w ith  rap e  o i l  a re  shown in  F ig . 3 .6 , I t  i s  more 

d i f f i c u l t  to  o b ta in  a good s e p a ra tio n  from rape  o i l  because o f  i t s  

s u r fa c e -a c t iv e  n a tu re ,  A r e g u la r  flow  through th e  la rg e  column was 

d i f f i c u l t  to  o b ta in  because o f  th e  l im i te d  s o lu b i l i t y  o f  ra p e  o i l  in  

h ep tan e , ( S o lu b i l i ty  i s  r e l a t e d  to  th e  a c t i v i t y  o f  th e  m o lecu les).

F urther, rap e  o i l  i s  so s u r fa c e -a c t iv e  t h a t  a c e t ic  a c id  e lu te d  a la rg e  

p ro p o r tio n  and t h i s  i s  th e  l e a s t  dependable p a r t  o f th e  f r a c t io n a t in g  

p ro c e ss . The r e s u l t s  show th e  same e f f e c t s  a s  w ith  th e  m in e ra l o i l ,  b u t 

the  f r i c t i o n  caused by Üie com plete o i l  i s  much c lo se r  to  t h a t  o f the 

fo u r th  f r a c t io n  because o f  the  la rg e  p ro p o r tio n  o f  fo u r th  f r a c t io n  

p re s e n t ,

3 , 4 ,3  F r ic t io n  o f  M ixtures o f M a te r ia ls

The above experim ents su g g est t h a t  th e  e f f e c t  on f r i c t i o n  o f  the 

s u r f a c e -a c t iv e  components in  o i l s  i s  ro u g h ly  in  p ro p o r tio n  to  t h e i r
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co n cen tra tio n so  In c o n t r a s t ,  the  f r i c t i o n  o f  n o n -s u rfa c e -a c tiv e  a l ip h a t ic  

hydrocarbons was found to  be h ig h ly  su sc e p tib le  to  the  s l i g h t e s t  amount o f 

im p u rity . The f r i c t i o n  caused by nom inally  pure  f lu id s  (> 99^) was 

in c re a se d  by as much as  0 ,1 0  when th ey  were fu r th e r  p u r i f i e d  by being  

p a ssed  th rough a s i l i c a  g e l column (Beagley e t  a l  1972), O ther workers 

(Bowden and Tabor 1950) have found th a t  th e  f r i c t i o n  o f a m ixture i s  

reduced  to  th a t  o f  i t s  m ost s u r fa c e -a c t iv e  c o n s t i tu e n t  p ro v id ed  th a t  

enough i s  p re s e n t  to  form one m olecu lar la y e r  on th e  s u rfa c e . I f  t h i s  were 

tru e  on ru n n in g  r a i l s  adhesion  would be ve ry  low . To stu d y  th e se  e f f e c t s  

more d i r e c t ly ,  m ix tu res  were s p e c ia l ly  made up and th e i r  f r i c t i o n  m easured.

F ig , 3 .7  shows th e  e f f e c t  o f adding n ap h th en ic  a c id  to  he xa de cane. In  

each t e s t  th e  same w eight o f  th e  m ix ture  was a p p lie d  to  a known a re a  o f 

th e  p la te  b e fo re  th e  c o e f f ic ie n t  o f  f r i c t i o n  was m easured. I t  can 'be 

seen th a t  the  n ap h th en ic  a c id  had a dominant e f f e c t .  The lo w est f r i c t i o n  

was reach ed  Mien th e  c o n c e n tra tio n  was on ly  0 .4 ^ , vhich was enough to  form 

se v e ra l m onolayers on th e  p la te  i f  a l l  th e  n ap h th en ic  a c id  was a s s o c ia te d

w ith th e  s u r fa c e . However, to  determ ine th e  amount a t ta c h e d  to  the
/

su rfa c e , a d so rp tio n  measurem ents were made in  which th e  amount o f 

naph then ic  a c id  adsorbed  on to  iro n  oxide power was m easured. The iro n  

oxide s im u la te s  th e  oxide covering  the  s t e e l  s u r fa c e s . The amount 

adsorbed i s  shown in  F ig . 3 .7  where i t  can be seen th a t  a d so rp tio n  in c re a s e s  

u n t i l  th e  c o n c e n tra tio n  i s  0.6%, a f t e r  Miich a p la te a u  i s  reach ed .

A dsorption th e o ry  in d ic a te s  t h a t  th i s  p la te a u  marks th e  fo rm ation  o f  on^ 

m olecular la y e r  adsorbed  on th e  su rfa c e . Taken to g e th e r ,  th e se  r e s u l t s  

suggest t h a t  th e  one m o lecu lar la y e r  o f n ap h th en ic  a c id  from hexadecane 

so lu tio n  i s  s u f f i c i e n t  to  cause the  lo w est f r i c t i o n .

Experim ents were then  made op m ix tu res  o f  " n a tu r a l ly  o ccu rrin g "  f r a c t io n s  

to  compare w ith  th e  id e a l iz e d  m a te r ia ls  used  in  F ig , 3 .7 . F ig s . 3.8 and 

3.9 show th e  r e s u l t s  o f  m ixing the  components o f o i l s  s e p a ra te d  by the  

s i l i c a  g e l columns. In  th e  f i r s t  experim ent (F ig . 3 .8 ) th e  fo u r th  f r a c t io n

*  these  m easurem ents were made by Dr. I . J .  McEwen
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o b ta in e d  from rap e  o i l  was added to  the  f i r s t  f r a c t io n  from a m in e ra l o i l  

and , in  th e  second, (F ig . 3 .9 ) th e  th i r d  and f i r s t  f r a c t io n s  o f a p a r t i a l l y  

o x id is e d  lu b r i c a t in g  o i l  (Talona 945) were mixed. In  bo th  c a se s , a lthough  

sm a ll c o n c e n tra tio n s  o f  th e  s u rfa c e -a c t iv e  component had a g re a te r  than 

p ro p o r t io n a l  e f f e c t  on f r i c t i o n ,  n e i th e r  was as dominant as n ap h th en ic  a c id . 

For exam ple, i t  was n e c e ssa ry  to  add 55% o f the  fo u r th  f r a c t io n  (F ig . 3 .8 ) 

b e fo re  th e  f r i c t i o n  was a t  i t s  lo w est. Mien the  th i r d  and f i r s t  f r a c t io n  

from th e  same o i l  were mixed, 100% o f the  t h i r d  f r a c t io n  was n e c e ssa ry  

b e fo re  th e  lo w est f r i c t i o n  was a t ta in e d  (F ig . 3 .9 ) .  (In  t h i s  l a s t  

exp erim en t, o n ly  sm all q u a n t i t ie s  were a v a i la b le ,  so th a t  about l / l 2 t h  o f 

th e  volume, compared w ith  th e  e a r l i e r  t e s t ,  was a p p lie d  to  th e  t e s t  p la t e .  

Even so , 100% o f  th e  s u r fa c e -a c t iv e  f r a c t io n  p ro v id ed  enough to  form l65 

m o lecu lar l a y e r s ) .

F ig . 3.10 shows th e  r e s u l t s  o f  a d e c is iv e  s e t  o f  ex p erim en ts . Squalane 

was mixed w ith  two s u r fa c e -a c t iv e  components and, u n lik e  th e  p rev io u s  

ex p erim en ts , th e  amount o f  the a c t iv e  component was h e ld  c o n s ta n t, so th a t  

th e  number o f  s u r fa c e -a c t iv e  m olecules p re s e n t  in  each a p p l ic a t io n  was the  

same (ex cep t o b v io u sly  fo r  100% sq u a la n e ). A m ix ture  o f t h i r d  f r a c t io n  

and squalane behaved in  th e  same way as th e  m ix ture  o f t h i r d  and f i r s t  

f r a c t io n s ,  M iile  th e  r e s u l t  o f  m ixing n ap h th en ic  a c id  and squalane  was 

s im ila r  to  t h a t  o f m ixing n ap h then ic  a c id  and hexadecane.

I t  i s  th u s  e v id e n t t h a t  n ap h th en ic  a c id  in  s o lu tio n  a f f e c t s  f r i c t i o n  fa r  

more r e a d i ly  th an  do th e  n a tu r a l ly  o c cu rrin g  th i r d  and fo u r th  f r a c t io n s  

a lth o u g h  th e  s u r f a c e - a c t iv i t i e s  o f th e se  f r a c t io n s  (as ran k ed  by s i l i c a  g e l 

chrom atography)are s im ila r  to  th a t  o f  n ap h th en ic  a c id  and Mien m easured 

on t h e i r  own reduce  f r i c t i o n  to  a s im ila r  l e v e l .  However, th e  n a tu r a l  

f r a c t io n s  a re  complex m ix tu res  o f  compounds each o f  M iich competes to  be 

adsorbed  on th e  s u r fa c e . In d iv id u a lly , some o f th e  compounds p ro b ab ly  

g ive f r i c t i o n  c o e f f ic ie n t s  g re a te r  than  th a t  o f  n ap h th en ic  a c id  ( e .g .  such 

a s  s u r f a c e -a c t iv e  a l i p h a t i c  a c id s )  and some l e s s .  The low f r i c t i o n  o f 

the  t h i r d  f r a c t io n ,  u sed  a lo n e , may be due to  one c o n s t i tu e n t  p re s e n t  in
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such a sm all p ro p o r tio n  th a t  i t  i s  adso rbed  in  s u f f i c i e n t ly  la rg e  q u a n tity  

o n ly  when the  f r a c t io n  i s  n o t d i lu te d ,

A p r e c is e ly  "w eighted average" f r i c t i o n  i s  n o t o b ta in ed  from any o f th e se  

two-component m ix tu res ; i f  i t  were so , th e re  would be a s t r a ig h t  l in e  

r e la t io n s h ip  between the  f r i c t i o n  and th e  c o n ce n tra tio n  o f  the  m ix tu re .

A com plete o i l  i s  made up o f  a m ix tu re  o f  th re e  or fo u r f r a c t io n s  each o f 

which i s  i t s e l f  a m ix tu re  and, a lth o u g h  three-com ponent m ix tu res  have n o t 

been in v e s t ig a te d ,  t h e i r  a c tio n  ivould p ro b ab ly  be to  smooth o u t the  f r i c t i o n  

cu rves (o f , fo r  exam ple. F ig . 3 .9 )  so th a t  th e  in f lu e n c e  o f  each f r a c t io n  

was more c lo s e ly  in  p ro p o r tio n  to  i t s  c o n c e n tra tio n .

S u r fa c e -a c tiv e  m a te r ia l  on ru n n in g  r a i l s  has a co n sid e rab le  tim e 

a v a i la b le  d u ring  Miich i t  can become s tro n g ly  ad so rb ed  on th e  s u rfa c e . To 

stu d y  M iether such adsorbed  m a te r ia ls  were a f f e c te d  by subsequent 

a p p l ic a t io n  o f n o n -s u r fa c e -a c t iv e  f l u i d s ,  experim ents were done in  which 

pure  s u r fa c e -a c t iv e  compounds were l e f t  on th e  su rfa ce  o f a t e s t  p la te  

fo r  a c o n sid e ra b le  tim e . The f r i c t i o n  was m easured and th en  a n o n -su rfa c e -  

a c t iv e  f l u i d  was added and th e  f r i c t i o n  m easured ag a in . Fuel o i l ,  vh ich  

i s  o f te n  s p i l l e d  on t r a c k ,  and squalane  were chosen as th e  n o n -a c tiv e  

f l u i d s 0 Table 3 .2  shows th a t ,  ex cep t vhen n ap h th en ic  a c id  was the  i n i t i a l  

lu b r i c a n t ,  th e  f r i c t i o n  was always in c re a s e d  on a d d itio n  o f  th e  fu e l  o i l  

o r sq u a lan e . This in d ic a te s  t h a t ,  even though the  m olecu les had tim e to  

form adsorbed  la y e r s ,  th e y  were tak en  in to  s o lu tio n  by th e  newly a p p lie d  

hydrocarbon m olecules v h ich , p resum ably , then  competed in  th e  

a d so rp tio n  p ro c e ss  as b e fo re .
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TABLE 3 .2

FRICTION OF SURFACE LUBRICATED FIRST WITH A SURFACE-ACTIVE COMPOUND TO 
WHICH A NON-SURFACE-ACTIVE FLUID IS ADDED

S u rface -A c tiv e  L u b rica n t I n i t i a l
F r ic t io n

A fte r  Subsequent 
Fuel O il

A p p lica tio n  o f 
Squalane

lap e  O il 0 .1 3 0.19 0.19

O xid ised  L u b r ic a tin g  O il 0 .1 5 0.20 0 .22

M ineral O il 0 .1 5 0.19 0 .19

N aphthenic Acid 0 .1 5 0 .15 0 .15

3 .5  OXIDATION AND SHEAR OF TRACK OILS

I t  h as been shown in  Table 3 .1  t h a t  t h e ' o i l s  sampled from th e  tr a c k  a re  

composed o f a much g re a te r  p ro p o r tio n  o f th e  s u r fa c e -a c t iv e  t h i r d  f r a c t io n  

th an  a re  th e  m a te r ia ls  from vh ich  th ey  o r ig in a te .  Contam ination on the 

t r a c k  i s  n o t o n ly  exposed in  a th in  la y e r  to  th e  atm osphere and th e  sun 

b u t i s  a lso  s u b je c te d  to  shear d u rin g  th e  passage  o f t r a i n s .  This 

sh e a rin g  a c t io n ,  to g e th e r  w ith  tFie h ig h  lo c a l  tem p era tu res  i t  could  

p roduce , may p la y  an im p o rtan t p a r t  in  the  m o d if ic a tio n  o f  tra c k  

con tam inan ts (F ein  and Kreuz 1964). S ev e ra l a ttem p ts  were made to  

s im u la te  th e  o x id a tio n  th a t  occurs  on th e  tra c k  by h e a tin g  o i l s  and 

b ubb ling  a i r  th rough  them. The v i s c o s i ty  and s u r f a c e - a c t iv i ty  were found 

to  in c re a s e  and Fi.g. 3 .11  re c o rd s  how th e  f r i c t i o n  decreased  as th e se  o i l s  

were o x id is e d , b u t i t  was n o t p o s s ib le  to  produce a ty p ic a l  tra c k  sample

in  t h i s  manner (see  Table 3 .1 ) .

To s tu d y  how a sh e a rin g  a c tio n  a f f e c t s  o i l s ,  a few t e s t s  were perform ed

u sin g  an Amsler wear t e s t in g  m achine. Two 40 mm d iam eter r a i l  s t e e l

r o l l e r s  were r o l l e d  to g e th e r  under a lo a d  o f  100 kg, a t  a speed o f /

200 r /m in , and were geared  so t h a t ,  in s te a d  o f  undergoing pu re  r o l l i n g ,

th ey  s l ip p e d  a g a in s t  each o th e r w ith  a s l i d e / r o l l  r a t i o  o f  0 .1 0 . The

t e s t s  were ru n  fo r  abou t f o r ty  ho u rs  w ith  th e  bottom  r o l l e r  d ipp ing  in to

about 1 cm o f  th e  f l u i d  co n ta in ed  in  a g la s s  d ish . F resh  r o l l e r s  were

used fo r  each t e s t ,  th e  c o e f f ic ie n ts  o f  f r i c t i o n  were n o ted , th e  su rfa c e s
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o f  th e  r o l l e r s  were examined and the chem ical changes in  th e  lu b r i c a t in g  

f l u i d s  were examined u s in g  I .R .S . and G.L.C. te  clinique s .

Hexadecane, p a r a f f in  o i l  and squalane were used to  s im u la te  th e  non

s u r f a c e -a c t iv e  f r a c t io n s .  M ineral o i l ,  Talona 945 and rap e  o i l  were used 

because  th e y  a re  ty p ic a l  o f  o i l s  used in  t r a i n s .  The f r i c t i o n  to  beg in  

w ith  was ap p ro x im ate ly  th e  same as th a t  found u sin g  th e  r o l l i n g  d is c  

t r ib o m e te r ,  b u t a f t e r  a few m inutes i t  u s u a lly  f e l l  s u b s ta n t ia l ly ,  

ty p i c a l ly  from abou t 0 .1  to  0 .0 7  in  f i f t e e n  m inu tes. Most o f  th e  f lu id s  

underw ent o n ly  sm all chem ical changes. A nalyses re v e a le d  in c re a s e d  

c a rb o x y la te , c a rb o x y lic  a c id , and o x id ise d  a l ip h a t i c  hydrocarbon 

c o n c e n tra t io n s . -

Hexadecane, however, s t a r t e d  w ith  a f r i c t i o n  o f  0 .32  which, a f t e r  

f i f t e e n  m in u tes , f e l l  to  0 .1 3 . A fte r  tw e n ty -e ig h t h o u rs , a n a ly s is  o f  the  

hexadecane re v e a le d  th e re  was about S% o f  a s tro n g  a c id  p re s e n t .  H iis  

shows how e a s i l y  th e  a c t i v i t y  and th u s  the  lu b r i c a t in g  p ro p e r t ie s  o f  a 

n o n -s u r fa c e -a c tiv e  m a te r ia l  can be changed.

In  t h i r t y  m inutes th e  f r i c t i o n  o f  rap e  o i l  f e l l  from 0 .09  to  0 .0 3 . 

I n te r e s t in g  chem ical changes were observed . More carboxyl and a c id  

su b stan ces  were found b u t some a c id s  used  in  id e n t i fy in g  rap e  o i l  -  

e ru c ic ,  o l e i c ,  l i n o l e i c  and l in o le n ic  a c id  -  were g re a t ly  reduced  in  

volume. I t  th u s  ap p ears  t h a t  th e  absence o f  th e se  id e n t i f y in g  a c id s  in  

t r a c k  sam ples cannot be tak en  as  ev idence th a t  rap e  o i l  was n o t d e p o s ite d  

on Üie r a i l  in  th e  f i r s t  in s ta n c e .

With each o i l ,  a  la c q u e r  appeared  to  b u i ld  up on th e  r o l l i n g  su r fa c e s  

a f t e r  f o r ty  h o u rs . T his la c q u e r  v a r ie d  in  th ic k n e ss  and, because i t  was 

in s o lu b le  in  s o lv e n ts ,  had to  be removed fo r  exam ination  by sc ra p in g . ' 

A n a ly sis  o f  th e se  la c q u e rs  by I .R .S .  always showed a h ig h e r p e rcen tag e  

o f  chem ical change th an  in  th e  su rround ing  o i l  in  th e  d is h , in d ic a t in g  

th a t  th e  changes were caused  by t r i b o lo g ic a l  a c t io n  a t  th e  s u r fa c e . There 

was too l i t t l e  f l u i d  to  do e x te n s iv e  t e s t s  b u t .  Mien m easured on th e  

r o l l i n g  d is c  tr ib o m e te r , th e  f r i c t i o n  o f the r e s id u a l  o i l  was found to  be
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s u b s ta n t i a l ly  low er than  th a t  o f  the no n -sh eared  o i l .  I t  was n o t 

e s ta b l is h e d  how much o f  th e  red u ced  f r i c t i o n  m easured on th e  Amsler was 

due s o le ly  to  th e  changes in  th e  lu b r ic a t in g  p ro p e r t ie s  o f the  f lu id s  and 

how much was due to  th e  b u i ld in g  up o f th e  su rfa ce  la c q u e r .

3 .6  CONCLUSIONS

F r ic t io n  has been shown to  depend both  on th e  n a tu re  o f  th e  o i l  under t e s t
I
and on th e  q u a n ti ty  a p p lie d  to  th e  su rfa c e .

When v a r ie d  in  q u a n ti ty , a l l  f lu id s  produce a s im ila r  curve in  which 

f r i c t i o n  f a l l s  as  more f l u i d  i s  a p p lie d , u n t i l  a c o n s ta n t low v a lu e , 

c h a r a c t e r i s t i c  o f  th e  p a r t i c u l a r  f lu id ,  i s  reach ed . This v a r ia t io n  in  

f r i c t i o n  could  accoun t fo r  much o f  the  v a r ia t io n s  in  adhesion  observed  on 

ru n n in g  r a i l s  on dry  days.

The c h a r a c t e r i s t i c  f r i c t i o n  c o e f f ic ie n t  i s  dependent on th e  n a tu re  o f th e  

p a r t i c u la r  f l u i d .  For most lu b r ic a n ts  i t  i s  abou t 0 .1 3 , However, the  

n a tu re  o f th e  o i l  can be s u b s ta n t ia l ly  changed by o x id a tio n  o r shear such 

t h a t ,  in  the  la b o ra to ry ,  f r i c t i o n  c o e f f ic ie n ts  as low as 0 .03  to  0.08 

have been m easured.

In agreem ent w ith  c l a s s i c a l  boundary lu b r i c a t io n  th e o ry , th e  most a c tiv e  

f r a c t io n s ,  s e p a ra te d  from o i l s ,  have lower c o e f f ic ie n ts  o f  f r i c t i o n .  

However, th e  f r i c t i o n  o f  an o i l  i s  n o t th a t  o f  i t s  most a c t iv e  c o n s t i tu e n t ,  

Experim ents w ith  o i l s  have shown th a t  th e i r  complex mix r e s u l t s  in  a 

"w eighted average" f r i c t i o n ,  a p p a re n tly  caused by co m p etitiv e  a d s o r p t io " .
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CHAPTER FOUR

LABORATORY STUDIES ON THE EFIiTlCTS OF SOLID DEBRIS ON FRICTION

4 .1  INTRODUCTION

P a r t i c l e s  o f  s o l id  d e b ris  a re  p re s e n t  on even th e  c le a n e s t  lo o k in g  r a i l  

(B ro s te r  e t  a l  1974). The s o l id  con tam ination  i s  u s u a lly  in  th e  form o f 

sm all compacts made up o f  v e ry  f in e  p a r t i c l e s .  Chemical a n a ly s is  shows 

th a t  t r a c k  d e b ris  i s  la r g e ly  a m ix tu re  o f  v a ry in g  p ro p o r tio n s  o f  iro n  oxide 

and h y d ro x id es .

In  t h i s  ch ap te r the  e f f e c t s  o f  s o l id  d e b ris  on f r i c t i o n  a re  examined. As 

many o x id es/h y d ro x id es  as were com m ercially a v a ila b le  in  pure  form were 

t e s t e d  to  see i f  any s in g le  component o f t r a c k  d e b ris  could  cause low 

f r i c t i o n .  Experim ents on m ix tu res  o f  s o l id  d e b ris  and o i l  e s ta b l is h e d  

th e  r e l a t i v e  im portance o f  a b ra s iv e  and a d so rp tiv e  mechanisms.

4 .2  LABORATORY EXPERIMENTS ON THE ROLLING DISC TRIBOMETER

In  Chapter 3 c lea n , uncontam inated , s t e e l  specimens were found to  g ive a 

c o e f f ic ie n t  o f f r i c t i o n  o f  about 0 ,6 5  oh th e  r o l l i n g  d is c  tr ib o m e te r . 

However, when samples o f  tr a c k  d e b r is  were . sp r in k le d  onto th e  p la te  th e  

f r i c t i o n  f e l l  to  approx im ate ly  t h a t  measured on th e  tra c k  from viiich  th ey  

were sc rap ed . On su b seq u en tly  s o x h le tin g  th e  d e b ris  sam ples to  remove any 

o i l ,  a f r i c t i o n  o f  0 .6 5  was once more a t ta in e d .  The fo llo w in g  s e r ie s  o f  

t e s t s  were conducted in  o rd e r to  examine th e  e f f e c t  o f  adsorbed  o i l s .

4 .2 .1  E xperim ental Method

Known w eigh ts o f oxide and n ap h th en ic  a c id  were mixed in  ch lo ro fo rm . The 

chloroform  was then  c a r e fu l ly  ev ap o ra ted  to  le av e  a homogeneous m ix ture

th a t  cou ld  then  be a p p lie d  to  th e  r a i l  s t e e l  p la te  u s in g  e i th e r  a s iev e  or
/

a s p a tu la , acco rd ing  to  th e  c o n s is te n c y . C onveniently  th e  f r i c t i o n  was 

found to  be independent o f  th e  q u a n ti ty  o f m ixture a p p lie d . The r e l a t i v e  

movement between th e  d isc  and p la te  appeared  to  push a s id e  a l l  b u t a  sm all 

q u a n ti ty  o f  m ixture from th e  c o n ta c t . M e ta llic  c o n ta c t s t i l l  o ccu rred  

between th e  p la te  and d is c ; severe  m e ta l l ic  wear accompanying h igh  f r i c t i o n
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w ith  c lean  or s l i g h t l y  o i ly  powder, m ild  wear accompanying th e  low 

f r i c t i o n  produced by o i l y  m ix tu res .

The "adsorbency" o f  th e  powders was measured u s in g  s o lu tio n s  o f 

n ap h th en ic  a c id . The p ro p o r tio n , by w eigh t, o f n ap h th en ic  a c id  needed to  form 

one monolayer was found by a d so rp tio n  from a heptane so lu tio n  u s in g  a m icro c a lo r i 

m eter to  measure th e  Langmuir iso therm  p la te a u  (B eagley e t  a l  19 7 5 ,2 ).

4 .2 .2  E xperim enta l R e su lts

The r e s u l t s  a re  shown in  F ig s . 4 .1  and 4 .2 . In  F ig . 4 .1  th e  ex p erim en ta l 

p o in ts  a re  shown b o th  fo r  th e  m ix tu res vhen dry  and vhen su b seq u en tly  , 

sp rayed  w ith  w ater ( t h i s  i s  d iscu ssed  in  th e  fo llo w in g  c h a p te r ) . In 

F ig , 4 .2  th e  forms o f  th e  r e s u l t s  fo r  a l l  th e  v a rio u s  powders used  a re  

compared. In  bo th  f ig u r e s  the  ad so rp tiv e  q u a l i ty  o f th e  powders i s  

denoted  by th e  w eight o f  nap h th en ic  a c id  re q u ire d  to  form one monolayer 

p e r gram o f  powder ( in  m g/g). However, i t  must be c a r e f u l ly  n o ted  th a t  

in  F ig . 4 .1  the  m ix tu re  o f  o i l  to  lu b r ic a n t  i s  exp ressed  in  mg/g, b u t in  

F ig . 4 .2  t h i s  r a t i o  h as been converted  in to  th e  number o f e q u iv a le n t 

m onolayers (u s in g  th e  r a t i o  o f w eiglits needed to  form the  f i r s t  m onolayer).

The above r e s u l t s  were o b ta in e d  by m ixing a powder w ith  an o i l  and then  

ap p ly in g  th e  m ix ture  to  th e  specimen p l a t e s .  In  p r a c t ic e ,  o i l  w i l l  d rip  

from t r a i n s  onto a d e b r is  covered r a i l .  As a rough s im u la tio n  o f  t h i s ,  

f u r th e r  experim ents were c a r r ie d  o u t in  which a th in  covering  o f Fe^O^ 

powder was d isp e rse d  over one o f  two c lean  s t e e l  p l a t e s .  An o i l  so lu tio n  

was then  even ly  sprayed  over both  th e  p la te s  u s in g  an a e ro so l d ev ice , 

ta k in g  care  th a t  th e  d e b r is  p a r t i c l e s  were n o t blown away. The amount 

o f  d e b ris  and o i l  f a l l i n g  on th e  p la te s  was m easured by w eighing and the  

r e s u l t in g  f r i c t i o n  c o e f f ic ie n ts  a re  shown in  Table 4 .1 . I t  was a lso  

p o s s ib le ,  knowing th e  o il/p o w d er r a t i o  and r e f e r r in g  to  F ig . 4 .2 , to  

e s tim a te  what th e  f r i c t i o n  would be i f  a l l  the  o i l  and powder was 

th o ro u g h ly  mixed. These f ig u re s  a re  a lso  shown in  Table 4 .1

■“ Measurements made by Dr. I . J .  McEwen
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TABLE 4 .1

FRICTION OF OIL SPRAYED ON DEBRIS COVERED SURFACE

Wt o f  D ebris 
(g/cm^)

Wt o f  O il 
(g/cm^)

Measured F r ic t io n C a lcu la te d  F r ic t io n

O il on ly O il & D ebris O il & D ebris

2.7 X 8.0  X 10"-̂ 0.17 0.57 0 .6 6

0 .6  X lO"^ 3.2 X 10~5 0 .20 0.36 0.64

0.4  X 10“ ^ 2 ,7  X 10"^ 0.19 0.30 0 .6 l

The c a lc u la te d  c o e f f ic ie n ts  o f f r i c t i o n  a re  h ig h e r than  th o se  measured in  

th e  t e s t .  This s u g g e s ts , n o t s u rp r is in g ly ,  t h a t  the  o i l  sp rayed  on the  

d e b ris  covered p la t e s  d id  n o t mix com pletely . However in  each case th e  

p resen ce  o f d e b r is  m ain ta in ed  a h ig h e r f r i c t i o n  than  was o b ta in e d  on the  

d e b ris  f r e e  p l a t e ,  and th e  g re a te r  th e  d e b r i s /o i l  r a t i o  the  g re a te r  was 

th e  f r i c t i o n .

4 .2 ,3  D iscussion

In  S ec tio n  4 .2 .1  i t  was n o ted  th a t  m e ta l- to -m e ta l c o n ta c t s t i l l  occu rred  

even when the  p la te  was i n i t i a l l y  covered w ith  a th ic k  la y e r  o f  d e b r is .

A "boundary lu b r ic a t io n "  model can s t i l l  be co n sid ered  as be in g  

a p p ro p r ia te . However, in  F ig . 4 .2  the  minima in  the curves o b ta in e d  w ith  

th e  powders w ith  h ig h  su rfa ce  a re a s  ( p r e c ip i ta te d  r u s t  and alum ina) 

o ccu rred  vdien th e  m ix tu res  appeared  to  be v isco u s enough to  com pletely  

su p p o rt the  d is c  and p re v e n t m e ta l- to -m e ta l c o n ta c t. O bviously under th e se  

c o n d itio n s  a  boundary lu b r ic a t io n  model i s  no lo n g e r a p p ro p r ia te .  The 

rh e o lo g ic a l  eq u a tio n s  in v o lv ed  under th e se  c ircu m stan ces , and those  where 

a moving locom otive wheel and r a i l  does n o t make m e ta l- to -m e ta l c o n ta c t, 

a re  examined in  C hapter 6.

In  F ig . 4 .2  i t  can be seen th a t  in  the  absence o f  o i l  none o f  th e  powders

ex cep t Fe 0 . and alum ina had any e f f e c t  on the  f r i c t i o n  o f  a c lean  p l a t e ,  o 4
Fe^O^ has p re v io u s ly  been a s s o c ia te d  w ith  low f r i c t i o n  under dynamic
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c o n d itio n s  (B isson  e t  a l  1957), and so to  has FeO. FeO i s  found in  sm all 

q u a n t i t ie s  on th e  t r a c k  b u t was found to  be u n s ta b le  in  i t s  pure  form in  

th e  la b o ra to ry . However m ix tu res  o f  ox ides t h a t  co n ta in ed  30% FeO s t i l l  

gave h igh  f r i c t i o n  when a p p lie d  to  a c lean  p la te .

Alumina, im lik e  th e  o th e r  samples i s  n o t a c o n s t i tu e n t  o f  r a i l  d e b r is , b u t 

was used  in  o rd e r  to  observe th e  e f f e c t s  o f  i t s  h a rd n ess  (2 100 kg/mm in  

c o n tr a s t  to  th e  h a rd n ess  o f  i ro n  and i t s  ox ides o f  approx im ate ly  250 kg/mm 

(Tabor 1951)). The alum ina caused more su rface  damage, r a i s e d  th e  f r i c t i o n  

o f  c lean  s t e e l  to  0 .8 , and even when mixed w ith  excess o i l  m a in ta in ed  a

f r i c t i o n  o f  0 .2 4 . The o th e r  o x id e s , whose hard n ess  i s  s im ila r  to  th a t  o f

s t e e l ,  on ly  cause sm all changes in  th e  f r i c t i o n  \dien c lean  (0 .7 )  and when 

mixed w ith  excess  o i l  (0 .1 3 ) .

As more o i l  was added to  th e  pow ders, th e  f r i c t i o n  o f  th e  m ix tu res f e l l  

and th e  c o n s is te n c y  changed from th a t  o f  a lo o se  powder, to  th a t  o f a 

th ic k  p a s te  and f i n a l l y  to  an o i ly  s lu r r y .  From F ig . 4 .2  i t  can be seen 

t h a t  th e  number o f  e q u iv a le n t m onolayers n e ce ssa ry  to  re a c h  th e  low 

f r i c t i o n  s ta t e  i s  dependent on th e  su rfa ce  a re a  o f  th e  powders (p ro p o r tio n a l

to  the  number o f  mg/g o f n ap h th en ic  a c id  needed to  form 1 m onolayer).

In  F ig . 4 .3  th e ' su rfa c e  a re as  o f  the  powders i s  p lo t te d  a g a in s t  the  amount 

o f  o i l  needed to  cause low f r i c t i o n .  The amount o f  o i l  i s  p lo t te d  bo th  in  

te rm s o f th e  p e rcen tag e  o i l  co n ten t and th e  number o f e q u iv a le n t m onolayers. 

S im ila r  curves can be p lo t te d  u s in g  in te rm e d ia te  f r i c t i o n a l  v a lu e s .

The rem arkably  smooth curves in  F ig . 4 .3  show th e  im portance o f  th e  

a d so rp tio n  p r o p e r t ie s  o f th e  powders. The f r i c t i o n a l  behav iou r o f  a l l  

th e  powders and o i l  m ix tu res  a re  governed by th e i r  a d so rp tio n  p ro p e r t ie s  

(even i f ,  l i k e  a lum ina, th ey  a re  s ig n i f i c a n t ly  h a rd e r th an  s t e e l ) ,  i t  

shou ld  be n o ted  th a t  th i s  w e ll d e fin ed  behav iour was n o t ap p a ren t u n t i l  

th e  a d so rp tio n  q u a l i t i e s  o f  the  powders were m easured in  a  manner s im ila r  

to  th a t  used d u rin g  th e  p re p a ra t io n  o f  th e  m ix tu res ( i . e .  a d so rp tio n  from 

s o lu t io n ) .  These r e s u l t s ,  to g e th e r  w ith  the f a c t  th a t  o n ly  the  h a rd  

alum ina r a i s e s  th e  f r i c t i o n  o f an o i ly  s lu r r y ,  in d ic a te s  t h a t  n a tu r a l
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d e b ris  adds l i t t l e  or no a b ra s iv e  component to  the  f r i c t i o n a l  mechanisms.

The rea so n  \diy powders o f  h i ^  su rface  a re a  need fewer e q u iv a le n t 

m o lecu lar la y e r s  o f  o i l  to  form a low f r i c t i o n  o i ly  p a s te  i s  p robab ly  

because o f the  geom etry and a d so rp tio n  q u a l i t i e s  o f th e  p a r t i c l e s .  The 

su rfa ce  a rea  o f th e  powders i s  i n i t i a l l y  im p o rtan t in  adso rb ing  the  f i r s t  

m o lecu lar la y e r s ,  in  a l l  th e  p o res  and f is s u r e s  o f  the  p a r t i c l e s .

Subsequent la y e r s  a re  l e s s  s tro n g ly  bound u n t i l  th e  p a r t i c l e s  have e f f e c t iv e ly  

soaked up a l l  th e  o i l  p o s s ib le .  F u rth e r o i l  e v e n tu a lly  jo in s  so t h a t  the  

m ix tu re  co a le sce s  in to  an o i ly  p a s te .  One "e q u iv a le n t m olecu lar la y e r"  

n a tu r a l ly  c o n ta in s  more o i l  \dien the  su rface  a re a  o f th e  powder i s  h ig h , 

each la y e r  re p re s e n tin g  a la r g e r  volume o f  o i l .  I t  can be co n sid ered  th a t  

th e  su rp lu s  o i l ,  vdiich i s  n o t t i g h t l y  bound to  th e  p a r t i c l e s ,  i s  f r e e  to  

adsorb  on the su rfa c e s  o f  the  s t e e l  specimens and th u s  c o n tro l  ad h esio n .

4 .3  LABORATORY EXPERIMENTS ON THE AMSLER WEAR MACHINE

U nlike th e  r o l l i n g  d is c  tr ib o m e te r , f r i c t i o n  m easuring m achines in  which 

th e  t e s t  su rfa c e s  a re  co n tin u o u sly  r o l l i n g  to g e th e r  g en e ra te  t h e i r  own 

wear d e b r is .  This d e b ris  i s  found to  adhere to  th e  specimens and i t s  

e f f e c t  on the  f r i c t i o n  measurements can be profound . In  o rd e r to  u n d ers tan d  

th e se  e f f e c t s ,  measurements were c a r r ie d  o u t on th e  Amsler wear m achine.

4 .3 .1  E xperim ental Method

Two r a i l  s t e e l  r o l l e r s  were loaded  to g e th e r  and run  w ith  a creep r a t i o  o f  

3.1%. P re lim in a ry  experim ents showed th a t  t h i s  "creep  r a t i o "  i s  enough 

to  ensure  th a t  th e  f r i c t i o n  fo rce  e x e r te d  between th e  d is c s  i s  the  

l im i t in g  f r i c t i o n ,  i . e .  i s  the  h ig h e s t  a t t a in a b le .  Wear d e b ris  in v a r ia b ly  

b u ild s  up d is p ro p o r t io n a te ly  on the  two su rfa c e s , th e  g re a te r  volume 

v i s ib ly  ad h ering  to  the  lower f a s t e r  moving d is c .  Sm all amounts o f  o i l  

were sprayed  on th e  specimens in  a so lv e n t and th e  r e s u l t a n t  f r i c t i o n  was 

n o te d  as th e  t e s t  co n tin u ed . As in  th e  experim ents in  Chapter 3 the  amount 

o f  o i l  on the  specimens was m onitored  by u s in g  ra d io a c tiv e  t r a c e r s  added 

to  th e  o i l .
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4 .3 .2  E xperim en ta l R esu lts

F ig . 4 .4  shows what happened to  the  f r i c t i o n  and to  th e  amount o f o i l  on 

bo th  th e  top and bottom  r o l l e r  (ex p ressed  as i f  th e re  were no d e b ris  

p r e s e n t ) .  The s to p s  n e ce ssa ry  to  measure th e  q u a n t i t ie s  o f o i l  p re s e n t  

a re  shown by b reaks in  th e  f r i c t i o n  t r a c e .  R ad io ac tiv e  measurements were 

a lso  made im m ediately  a f t e r  each a p p lic a t io n  o f  o i l .  (S u b s id ia ry  t e s t s  

showed th a t  th e  d e b r is  was n o t th ic k  enough to  mask the  counts from th e  

u n d e rly in g  o i l ) ,

;  . ,

4 .3 .3  D iscussion

I t  can be seen th a t  the f r i c t i o n  f a l l s  im m ediately  o i l  i s  a p p lie d  and 

then  re c o v e rs  to  a h ig h  va lue  as th e  coverage o f o i l  d ec reases  due to  wear. 

Note however t h a t  the  amount o f  o i l  rem ain ing  on th e  s u r fa c e s , even when 

th e  f r i c t i o n  c o e f f ic ie n t  i s  as h ig h  as 0 .5 5 , was u s u a lly  enough to  p ro v id e  

as many as  100 m o lecu lar l a y e r s .  In  th e  experim ents u s in g  c lean  p la te s  on 

th e  r o l l i n g  d is c  tr ib o m e te r  th i s  amount o f  o i l  in v a r ia b ly  caused th e  f r i c t i o n  

to  f a l l  to  i t s  lo w est v a lu e . However, th e se  s t e e l  p la te  specimens were 

f r e e  o f  d e b ris  p a r t i c l e s  whereas th e  o i l  in  th e  Amsler t e s t s  i s  adsorbed  

onto th e  wear d e b r is .  As f re s h  d e b ris  i s  formed d u ring  r o l l i n g ,  the  

o i l / d e b r i s  r a t i o  becomes p ro g re s s iv e ly  le s s  and, in  acco rd  w ith  th e  r e s u l t s  

shown in  F ig , 4 .2 , th e  f r i c t i o n  r i s e s .  More o i l  i s  always d e te c te d  on the  

f a s t e r  specimen su rfa ce  which i s  v i s ib ly  coated  w ith  th e  g re a te r  amount 

o f  d e b r is .  At th e  b eg inn ing  o f  the  experim ent, when th e  d e b ris  i s  

i n i t i a l l y  o i l  f r e e ,  th e  f r i c t i o n  in c re a s e s  q u ick ly  as th e  o i l  i s  ra p id ly  

mixed and adsorbed  by th e  p a r t i c l e s .  A fte r  many cy c le s  th e  d e b ris  i s  

i n i t i a l l y  co a ted  w ith  o i l  and more tim e i s  needed to  g en e ra te  f r e s h  

d e b ris  b e fo re  th e  f r i c t i o n  re c o v e rs  to  i t s  h igh  v a lu e .

The wear d e b ris  was found, n o t s u rp r is in g ly ,  to  be ra d io a c t iv e  vdien 

b rushed  from th e  s u r fa c e s . A rough c a lc u la t io n  o f  th e  q u a n ti ty  o f  o i l  

and d e b r is  p re s e n t  on the  r o l l e r s ,  coupled  w ith  a measurement o f  the 

su rfa ce  a re a  o f  th e  wear p a r t i c l e s ,  showed th a t  the  f r i c t i o n  c o e f f ic ie n ts  

were c lo se  to  th o se  p re d ic te d  by F ig . 4 .1  and 4 .2 .
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4 .3 .4 , Relevance o f  Dynamic R esu lts

These r e s u l t s  a re  im p o rtan t s in ce  th ey  in d ic a te  a mechanism whereby o i l  

i s  removed from th e  t r a c k .  The o i l  i s  adsorbed  on to  th e  d e b ris  which i s  

e v e n tu a lly  thrown c le a r  o f  the  wear band. However th e  e x ac t c o r r e la t io n  

between the  f r i c t i o n  r e s u l t s  on th e  Amsler and the  tra c k  i s  d i f f i c u l t .  

Because t ru e  m e ta l- to -m e ta l  c o n ta c t does n o t occur between the  r o l l e r s  theI

boundary lu b r i c a t io n  model i s  no lo n g er a p p lic a b le .  The shear s tre n g th  o f 

th e  d e b ris  m ix tu res  s e p a ra tin g  the  su rfa c e s  becomes im p o rtan t, and a lthough  

th i s  w i l l  decrease  w ith  in c re a s in g  o i l  c o n te n t, c o e f f ic ie n ts  o f  f r i c t i o n  

a re  no lo nger u n iv e r s a l ly  a p p lic a b le  fo r  the  same su rface  c o n d itio n . This 

w i l l  be d isc u sse d  f u r th e r  in  Chapter 6.

4 .4  CONCLUSIONS

The c o n s t i tu e n ts  o f  r a i l  d e b r is , a p a r t  from F e .0 , behave in  a s im ila r
3 4

manner. Fe^O^ low ers th e  c o e f f ic ie n t  o f  f r i c t i o n  o f  c lean  s t e e l  to  0 ,4 8 .

D ebris r a i s e s  th e  f r i c t i o n  o f an o i ly  su rfa ce  depending on how much o i l  

i t  ad so rb s .

The f r i c t i o n  caused by a m ix ture  o f  o i l  and d e b ris  o f  known su rface  a rea  

can be p re d ic te d .

Iro n  oxide and hydroxide do n o t appear to  r a i s e  f r i c t i o n  due to  a "keying 

in "  o r "ab ra s iv e "  mechanism.

O il i s  worn from su rfa c e s  in  r o l l i n g  c o n ta c t by being  adsorbed  on n a tu r a l ly  

o ccu ring  wear d e b r is .
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CIÎAPTER FIVE

LABORATORY STUDIES ON THE EFFECTS OF WATER ON FRICTION

5 .1  INTRODUCTION

This c h ap te r d e a ls  w ith  th e  f r i c t i o n a l  e f f e c t s  a s s o c ia te d  w ith  r a i n f a l l  

and changes in  r e l a t i v e  h um id ity . The tr a c k  i s  n o t o n ly  w etted  by r a i n ,  

b u t a lso  by condensa tion  (dew) which forms vhen th e  su rfa ce  tem p era tu re  o f  

th e  r a i l  f a l l s  below th e  dew p o in t  o f the  su rround ing  a i r .  Railwaymen 

have always a s s o c ia te d  wet r a i l s  w ith  low adhesion  and, when exam ining 

t r a c k  c o n d itio n s , measurements w ith  a p o r ta b le  tr ib o m e te r  have confirm ed 

t h a t  low adhesion  i s  o f te n  a s s o c ia te d  w ith  the  tr a c k  be in g  wet (B ro s te r  e t  

a l  1973). .

5 .2  RESULTS ON THE ROLLING DISC TRIBOMETER

F ig , 5 .1  (and F ig , 3 .2 )  shows how the  c o e f f ic ie n t  o f  f r i c t i o n  depends on 

th e  amount o f  o i l  a p p lie d  to  a r a i l  s t e e l  p l a t e .  On a humid day low er 

f r i c t i o n  c o e f f ic ie n ts  were o b ta in ed  compared w ith  th o se  measured on a dry  

day. Arrows show th e  in c re a s e  in  f r i c t i o n  observed  when, on a humid day, 

th e  atm osphere su rround ing  the  ex p erim en ta l r i g  was d r ie d  and h e ld  a t  a 

hu m id ity  l e s s  than  1% R.H. fo r  a p e r io d  o f  t h i r t y  m in u tes . The f r i c t i o n  

d id  n o t re a ch  as  h ig h  a va lue  as  was found on a n a tu r a l ly  d ry  day even 

when th e  d ry in g  p e r io d  was ex tended to  s e v e ra l h o u rs . P o ss ib ly  the  

p r o p e r t ie s  o f  th e  oxide f ilm  formed during  th e  c lean in g  o p e ra tio n , vh ich  

in c lu d e s  a b ra s io n , i s  dependent on the  hum id ity  d u ring  th e  a b ra s io n  

p ro c e ss  in  such a way as to  in f lu e n c e  a l l  subsequent f r i c t i o n  m easurem ents, 

F ig , 5 .1  a ls o  shows how adhesion  was low ered vhen w ater was sprayed  on 

th e  o i ly  t e s t  s u r fa c e . The same r e s u l t s  were o b ta in e d  b o th  on humid and 

d ry  days. With l i t t l e  lu b r ic a n t  p re s e n t  the  f r i c t i o n  f a l l s  and, p ro v id ed  

th e re  i s  enough lu b r ic a n t  to  p re v e n t r u s t in g ,  f r i c t i o n  r i s e s  to  i t s  

o r ig i n a l  v a lu e  as th e  w ater d r ie s .  When th e re  i s  so much lu b r ic a n t  t h a t  

th e  i n i t i a l  f r i c t i o n  i s  a t  i t s  lo w est v a lu e , then  n e i th e r  w ater n o r h ig h  

h u m id ity  h a s  any e f f e c t .
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ï i g .  5 .2  shows how th e  c o e f f ic ie n t  o f f r i c t i o n  o f a p l a t e ,  on which a few 

e q u iv a le n t m onolayers o f t r a c k  o i l  had been sp rayed , changed when th e  

hum id ity  of th e  su rround ing  atm osphere was in c re a s e d . The r e l a t i v e  

hum id ity  was changed from 50 to  lOO^ in  30 m in u tes , and th e  f r i c t i o n  was 

reduced  only when 100^ R.H. was ach ieved  and co n d en sa tio n  formed on th e  

rubb ing  s u r fa c e s . When th e  en c lo su re  around th e  ap p ara tu s  was opened to  

th e  la b o ra to ry ,  th e  a i r  r a p id ly  d r ie d  ( to  approx 50^ R .H .) and th e  f r i c t i o n  

im m ediately  in c re a s e d , to  0 .2 5 , a g a in . ^

I t  was observed  t h a t  th e  change in  f r i c t i o n  depends on th e  s u r f a c e - a c t iv i ty  

o f th e  lu b r ic a n t  on to  which th e  w a ter i s  sprayed . S u rfaces lu b r ic a te d  

by s u r f a c e -a c t iv e  compounds such as lu b r i c a t in g  o i l ,  rap e  o i l ,  naph then ic  

a c id ,  o le ic  a c id  and s t e a r i c  a c id  behave in  a  s im ila r  way to  t h a t  shown in  

F ig . 5 .1 ; th e  f r i c t i o n  i s  low ered by th e  a d d it io n  of w a te r . F r ic t io n  

measured when w ater i s  sprayed on su rfa c e s  lu b r i c a te d  by n o n -s u rfa c e -a c tiv e  

compounds such as sq u a lan e , hexadecane, and f u e l  o i l  approaches t h a t  

measured on a c le a n  wet s u r fa c e . C onsequently , when excess of a  non

s u r fa c e -a c t iv e  lu b r ic a n t  i s  p r e s e n t ,  th e  f r i c t i o n  u s u a lly  in c re a s e s  on th e  

a p p l ic a t io n  o f w ater (F ig . 5 .5 ) .  I t  was observed  t h a t  th e se  m a te r ia ls  

f lo a te d  on th e  w a ter and r u s t  sp o ts  cou ld  be seen  to  form on th e  m eta l 

s u r fa c e . In  c o n t r a s t ,  w ater sprayed  on s u r f a c e -a c t iv e  m a te r ia l  formed 

c h a r a c te r i s t i c  beads on th e  o i ly  su rfa c e  and produced no r u s t .  To 

e lim in a te  th e  f r i c t i o n a l  changes due to  r u s t  fo rm a tio n , t e s t s  w ere 

conducted u sin g  d is c s  and p la te s  of s t a i n le s s  s t e e l .  F ig s . 5 .3 , 5 .4 ,  5 .5  

and 5 .6  show th e  r e s u l t s  o b ta in ed  when u s in g  naph then ic  a c id  and squalane  

on bo th  th e  r a i l / t y r e  s t e e l  and s t a i n l e s s / s t a i n l e s s  s t e e l  system s. As

p re v io u s ly  m entioned , naph then ic  a c id  i s  r e p re s e n ta t iv e  o f th e  s u r fa c e -
. ■ • / ' 

a c t iv e  components o f an o i ly  lu b r i c a n t ,  squalane o f th e  n o n -s u r fa c e -a c tiv e

components.

f i g .  4 .1  showed how s im ila r  re d u c tio n s  in  f r i c t i o n  occu rred  when w a te r was 

sprayed  on to  a p la t e  covered  by m ix tu res  of i ro n  oxide and n ap h then ic  

a c id .  This shows two in te r e s t in g  p o in t s :  f i r s t l y  th e  re d u c tio n  i n  f r i c t i o n
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ap p ea rs  to  be dependant on th e  r a t i o  of o i l  to  s o l id ,  secondly  th e  f r i c t i o n  

caused  by c le a n  wet d e b ris  i s  h ig h e r (^  = 0 .4 )  th a n  th a t  of a c le a n  wet 

p la t e  a lo n e  (fC= 0 .3 ) .  P o ss ib ly  th e  wet oxides he lp  remove th e  l a s t  

v e s t ig e s  o f o i l .

5 .3  DISCUSSION OF RESULTS OBTAINED USING ROLLING DISC TRIBOMETER 

I t  can be seen  from F ig s . 5 .1  and 5 .3  th a t  th e  p re sen ce  o f w ater reduces 

th e  f r i c t i o n  c o e f f ic ie n t  between c le a n  r a i l  s t e e l  su rfa c e s  from 0 .7  to  

about 0 .3 ,  and FLg. 5 .1  f u r th e r  shows th a t  f r i c t i o n  can be red u ced , to  

about 0 .6 ,  when no l i q u id  w ater i s  p re s e n t b u t sim ply when th e  r e l a t i v e  

hum id ity  i s  h ig h . On a su rfa c e  l i g h t l y  con tam inated  w ith  a s u r fa c e -a c tiv e  

compound w ater red u ces  th e  low ered f r i c t i o n  s t i l l  f u r th e r .  I t  appears 

th e re  a re  two f r i c t i o n a l  mechanisms to  be e x p la in ed : f i r s t l y ,  what i s  

th e  mechanism t h a t  causes th e  f r i c t i o n  of a wet o i l - f r e e  su rfa c e  to  be 

reduced  and , seco n d ly , why i s  th e  f r i c t i o n  of a s l i g h t ly  o i ly  ( s u r fa c e -  

a c t iv e )  su rfa c e  f u r th e r  reduced  by th e  a c tio n  of w a ter?

Any f l u i d  p re s e n t  on a su rfa c e  red u ces  th e  c o e f f ic ie n t  o f f r i c t i o n  between 

two bo d ies  by becoming e i th e r  p h y s ic a l ly  o r ch em ica lly  adsorbed  and th u s  

red u c in g  th e  e x te n t  o f  t r u e  s u rfa c e  to  su rfa c e  c o n ta c t a t  th e  s l id in g  

i n t e r f a c e .  F r ic t io n  between wet r a i l  s t e e l  and ty r e  s t e e l  i s  O .3I ,  and 

th e  wear i s  of a m ild  n a tu re ,  ap p earing  to  be co n fin ed  w ith in  th e  oxide 

la y e r s .  The c o e f f ic ie n t  of f r i c t i o n  between wet s t a i n le s s  s te e l  specimens 

i s  0 .57  and th e  su rfa c e s  s t i l l  s u f f e r  damage due to  se v e re , s c u f f in g  ty p e  

w ear. I t  seems l i k e l y  t h a t  i t  i s  th e  s tre n g th  o f th e  wet ox ide which 

governs th e  f r i c t i o n  under th e se  c o n d itio n s . I t  i s  known t h a t ,  i n  g e n e ra l , 

th e  oxide on r a i l  s t e e l  i s  th ic k e r ,  l e s s  cohesive  and l e s s  ad h eren t th a n  

th a t  on s t a i n l e s s  s t e e l .  The d i f f e r e n t  behaviour of th e  two ty p e s  of s t e e l  

can th u s  be account,ed f o r  by th e  low er sh ea r s tre n g th  o f th e  wet oxide 

la y e r  on r a i l  s t e e l  and th e  f u r th e r  f a c to r  t h a t ,  whenever a f r e s h  s t e e l  

su rfa c e  i s  b a red  by oxide being worn away, th e  p re sen ce  o f w ater 

g e n e ra te s  more oxide more r a p id ly  on r a i l  s t e e l  th a n  i t  does on s t a in le s s  

s t e e l .  Thus, i n  th e  w e t, m etal to  m etal bonding ta k e s  p la c e  w ith  l e s s
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in te r f e r e n c e  from oxide fo rm atio n  on s t a i n le s s  s te e l  su rfa c e s  and 

co n seq u en tly  ad h es iv e  ty p e  wear more r e a d i ly  occurs and f r i c t i o n  rem ains 

h ig h .

The re a so n  why w a ter f u r th e r  red u ces  th e  f r i c t i o n  of s u rfa c e s  l i g h t l y  

con tam inated  w ith  s u r fa c e -a c t iv e  o i l s  can be ex p la in ed  by assuming th a t

w ater adds i t s  lu b r i c a t in g  e f f e c t  to  t h a t  o f th e  o i l  a lre a d y  p re s e n t .  Less
!

th a n  excess o i l  i s  p o s tu la te d  to  lu b r i c a te  on ly  a p ro p o r tio n  o f th e  t r u e  

c o n ta c t s u rfa c e  w h ile  th e  rem ain ing  a re a  ex p erien ces  e i th e r  th e  d ry  

f r i c t i o n  c o e f f ic ie n t  o f about 0 .6 5  o r ,  when w et, a c o e f f ic ie n t  o f 0*31. 

Although t h i s  g iv e s  a good q u a l i t a t iv e  p ic tu r e ,  i t  i s  r a th e r  u n s a t i s f a c to r y  

s in ce  f r e q u e n t ly  th e r e  can be enough o i l  p re s e n t to  com ple te ly  cover th e  

su rfa c e s  w ith  s e v e ra l  m onolayers.

A r i v a l  th e o ry  su g g es ts  t h a t  th e  lu b r ic a t in g  a c t io n  of s u r fa c e -a c t iv e  o i l  

i s  enhanced because th e  w ater in c re a s e s  the  m o b ility  o f th e  lu b r ic a n t  

m olecu les w i th in 'th e  c o n ta c t r e g io n , so t h a t  f r e s h ly  worn s u rfa c e s  a re  

•more r a p id ly  p ro te c te d  by a lu b r ic a n t  f i lm . S u r fa c e -a c tiv e  compounds a re

n o t r e a d i ly  s o lu b le  i n  w ater b u t ,  f o r  exam ple, s t e a r i c  a c id  i s  so lu b le
o 2enough a t  20 C to  p ro v id e  15 m o lecu lar la y e r s  on 1 cm o f su rfa c e  from

n
1 cm of w a ter s o lu t io n  (Markley I 96O). Any lu b r ic a n t  m olecule n o t 

s tro n g ly  bonded to  th e  m etal s u r fa c e , o r any m olecule which becomes 

te m p o ra r ily  deso rb ed , may th u s  e n te r  in to  w ater i n  s o lu t io n  from where i t  

i s  r e a d i ly  a v a i la b le  and m obile enough to  adso rb  on any f r e s h  su rfa c e  

exposed by w ear.

I t  i s  d i f f i c u l t  to  conceive  o f a t e s t  to  t e l l  which of th e s e  th e o r ie s  

i s  c lo s e s t  to  th e  t r u t h ,  b u t a number o f experim ents have been conducted 

which show th a t  s u r f a c e -a c t iv e  m olecules can be tr a n s p o r te d  in  w a te r .

These a re  d e sc rib e d  n e x t .  In  a l l  o f them , lu b r ic a n t  m olecules a re  found 

to  be m obile over r e l a t i v e l y  long d is ta n c e s .  I t  i s  p ro b ab le  t h a t  th e  

sm a lle r d is ta n c e s  and h ig h  p re s su re s  and sh ea r fo rc e s  t h a t  e x is t  i n  th e  

c o n ta c t a re a  of a f r i c t i o n  experim ent a re  even more conducive to  th e  

movement of o i l  m o lecu les .
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5 .4  EXAMINATION OF THE MOBILITY OF OIL MOLECULES IN WATER 

In  th e  f i r s t  s tudy  o f o i l  m o b ility  a f l a t  s t e e l  p la t e  was l i g h t l y  

con tam inated  w ith  o le ic  o r naph then ic  a c id  and th e n  w etted  w ith  w a te r . A 

second, c le a n  p la te  was th en  brought in to  c o n ta c t ,  and subsequent f r i c t i o n  

m easurem ents showed th a t  th e  second p la te  had become con tam inated  w ith  th e  

lu b r ic a n t  (f^=  0 . 17- 0 . 20).

S im ila r  r e s u l t s  were o b ta in ed  when th e  second p la te  was n o t brought in to

c o n ta c t ,  b u t was h e ld  c lo se  enough to  a llo w  th e  w ater la y e r  to  b rid g e  th e

gap . S evera l experim ents were conducted to  show t h a t  th e  o i l  d id  no t

f l o a t  on th e  su rfa c e  o f th e  w a te r , b u t was in  f a c t  t r a n s f e r r e d  in  s o lu tio n

(or as  an em u ls io n ). For example, a p la te  was sprayed  w ith  a few
o

m onolayers o f r a d io a c t iv e  o i l ,  and su b seq u en tly  w ith  100 cm of w a te r . The 

w a ter was th e n  c o l le c te d  and p la ce d  i n  a m easuring c y lin d e r  so t h a t  any 

su rfa c e  f i lm  would be com pressed in to  a sm all a re a . There was no a c t i v i t y  

a s s o c ia te d  \vLth th e  s u r fa c e ,  b u t when th e  w ater was evapo ra ted  to  d ryness 

v e ry  h igh  a c t i v i t y  was re c o rd ed .

In  an o th er s e r ie s  o f t e s t s  th e  p h y s ic a l mixing o f o i l s  and w ater was 

examined. Both s u r fa c e -a c t iv e  m a te r ia ls  (Talona 945 o i l ,  o le ic  a c id , 

naph then ic  a c id )  and n o n -su rf  ac e - a c t iv e  m a te r ia ls  (sq u a lan e , hexadecane, 

f u e l  o i l ,  m in e ra l o i l )  were a g i ta te d  w ith  w a ter ( in  a r a t i o  of 1 :10 ) in  a 

s e p a ra tin g  fu n n e l and th e n  allow ed to  s e t t l e  f o r  one h o u r. An a l iq u o t  

from th e  w ater f r a c t i o n ,  which appeared  to  be com pletely  c l e a r ,  was th e n  

sprayed  on a c le a n  r a i l  s t e e l  p l a t e .  Mien s u r f a c e -a c t iv e  m a te r ia ls  were 

used  t h i s  w a ter f r a c t i o n  reduced th e  f r i c t i o n  of th e  c le a n  s t e e l  p la t e  

ty p ic a l ly  to  0 .18  (low compared w ith  th e  f r i c t i o n  of c le a n  w a te r , 0 .3 ) ,  

th e  p la te s  had a g rea sy  appearance , and b lo tc h y  r u s t  marks formed as th e  

w a ter ev ap o ra ted . When n o n -s u rfa c e -a c tiv e  m a te r ia ls  were u sed , th e  w ater 

f r a c t io n  behaved sim ply  as pu re  w a te r , r e s u l t in g  in  a f r i c t i o n  o f  0 .3  and 

th e  fo rm atio n  of an even r u s t  l a y e r .  1

I t  i s  n o t c le a r  w hether th e  above r e s u l t s  a re  because th e  o i l s  a re  r e a l l y  

so lu b le  in  th e  w ater o r because th e y  form a f i n e ,  i n v i s ib le  em ulsion . A
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few t e s t s  were perform ed le a v in g  th e  w a te r /o i l  m ix tu res  to  s tan d  fo r 

d i f f e r e n t  le n g th s  o f  tim e , b u t the  r e s u l t s  were in c o n c lu s iv e . With 

o le i c  a c id  the  lu b r i c a t in g  p ro p e r t ie s  o f  the  w ater f r a c t io n  d id  appear 

to  worsen w ith  tim e , whereas lu b r ic a t io n  by w ater shaken w ith  n ap h th en ic  

a c id  s t i l l  r e s u l t e d  in  a f r a c t io n  o f  0 ,l8  a f t e r  hav ing  been l e f t  s tan d in g  

fo r  two weeks,

5 .5  WASHING EXPERIMENTS

The im portance o f  th e  s o lu b i l i t y  o f  o i l s  in  w ater i s  connected n o t on ly  

w ith  th e se  f r i c t i o n  mechanisms b u t a lso  w ith  th e  p o s s ib le  rem oval o f  o i l  

from th e  t r a c k  by r a i n .  S ev e ra l experim ents were perform ed to  examine 

t h i s  a s p e c t .

F i r s t ,  a s t e e l  p la te  contam inated w ith  a sm all q u a n ti ty  o f  a s u r fa c e -  

a c t iv e  o i l ,  enough to  reduce  the  f r i c t i o n  c o e f f ic ie n t  to  0 ,4 0 , was p laced  

under a shower o f  w a ter, r e p re s e n tin g  heavy r a i n f a l l .  I n i t i a l l y  the  

c o e f f ic ie n t  o f  f r i c t i o n  f e l l  b u t th en  s te a d i ly  in c re a se d  as th e  t e s t  

p roceeded  (F ig , 5 .7 ) .  V is ib le  r u s t  formed on th e  p la t e ,  vh ich  made i t  

d i f f i c u l t  to  d is t in g u is h  v h e th er th e  o i l  was be ing  washed o f f  o r be in g  

adso rbed  on th e  r u s t .  Some such d u a l mechanism i s  p ro b ab ly  r e p re s e n ta t iv e  

o f  th e  a c tio n  o f  r a in  on the  t r a c k .  The f i n a l  d ry  f r i c t i o n  was as  h igh  

as 0 ,68  b u t, because o f  the  p resen ce  o f  the  r u s t ,  i t  was n o t p o s s ib le  to  

say v h e th er t h i s  corresponded  to  th e  su rface  being  th o rough ly  c leaned  o f 

o i l .  I t  i s  o f  i n t e r e s t  to  n o te  t h a t ,  under th e se  c o n d itio n s , the  f r i c t i o n  

on a wet r u s ty  p la te  ( | jl  = 0 ,4 5 ) can be h ig h e r than  th a t  on a wet c lean  

n o n -ru s ty  p la te  (|^ =  0 ,3 0 ) ,  This r e s u l t  i s  r e l a t e d  to  t h a t  observed

e a r l i e r  (F ig , 4 . l )  vhere th e  f r i c t i o n  o f  a wet c lean  p la te  i s  r a i s e d  by

th e  a p p l ic a t io n  o f  an iro n  oxide powder. In  t h i s  case , however, th e  r e a l

a re a  o f  c o n ta c t i s  in c re a s e d  by th e  th ic k  ten ac io u s  r u s t  la y e r ,  which i s

n o t p e n e tra te d  by th e  r o l l i n g  d is c .

E xperim ents were a lso  perform ed in  which th e  amount o f  o i l  on the  s t e e l  

su rfa c e  was m onito red  by adding a sm all q u a n tity  o f  a ra d io a c t iv e  

compound to  th e  o i l .  The r e s u l t s  showed th a t  o i l s  were washed from th e
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s t e e l  su rfa c e  by w a te r , a lthough  th e  f i n a l  la y e r s  were more

' .te n a c io u s .
■ f '

5 .6  ERICTION RESULTS USING THE AMSLER WEAR MACHINE 

The re le v an c e  o f th e  creep  curve has a lre a d y  been d iscu ssed  in  

C hapter 2 . T his curve ex p resses  th e  r e la t io n s h ip  between th e  r a t i o  of 

th e  norm al to  ta n g e n t ia l  fo rc e  a t  th e  c o n ta c t and th e  r e l a t i v e  movement 

betw een th e  s u r f a c e s ,  exp ressed  as a  p e rcen tag e  o f th e  d is ta n c e  r o l l e d .

Experim ents were perform ed on th e  Amsler machine in  o rd e r to  examine 

th e  e f f e c t s  o f b o th  w ater and changes i n  hum id ity  under dynamic 

c o n d itio n s .

5 .6 .1  The E ffe c t o f Humidity Under Dynamic C onditions

5 .6 .1 .1  E xperim enta l Method

In  o rd e r to  examine th e  e f f e c t  o f r e l a t i v e  hum id ity  on th e  c reep  cu rv e , 

a p p a ra tu s  was c o n s tru c te d  th a t  cou ld  supply  a c o n s ta n t flow  o f a i r ,  of 

v a r ia b le  m o is tu re  c o n te n t ,  to  th e  specim ens w h ile  being  r o l l e d  a g a in s t 

each o th e r  (F ig . 5 .8 ) .  The two d is c s  were enclosed  in  a p o ly th en e  bag 

which was s e a le d  a g a in s t  th e  fa c e p la te s  from which th e  s tu b  s h a f ts  t h a t  

c a r ry  th e  specim ens emerge. The bag was n o t co m ple te ly  a i r - t i g h t  bu t 

p o s i t iv e  p re s su re  from th e  a i r  supply  ensured a c o n tr o l la b le  atm osphere. 

The m o is tu re  c o n te n t was m onitored  u s in g  a dew p o in t  hygrom eter in  th e  

a i r  supply  l i n e .

When specim ens were ru n  in  an atm osphere of c o n s ta n t m o is tu re  co n ten t 

th e  r e l a t i v e  hum id ity  experienced  by th e  runn ing  su rfa c e s  slow ly  

d ecreased  because f r i c t i o n a l  h e a tin g  warmed th e  r o l l e r s .  C onsequently , 

to  c a lc u la te  th e  r e l a t i v e  hum id ity  a t  th e  specim en su rfa c e  i t s  

tem p era tu re  had to  be known. In  th ese  t e s t s  i t  was measured w ith  a 

tem pera tu re  sen s in g  th e rm is to r  p robe , vhich  j u s t  touched the  su rfa c e .

The r e l a t i v e  hu m id ity  was then  c a lc u la te d  as the  w ater vapour p re s su re  

in  th e  atm osphere ex p ressed  as a pe rcen tag e  o f  the  s a tu r a te d  w ater 

vapour p re s s u re  a t  th e  tem pera tu re  o f  th e  su r fa c e .
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T e s ts  were conducted  to  check w hether f r i c t i o n a l  h e a tin g  due to  th e  c o n ta c t 

p re s s u re  o f th e  p robe  i t s e l f  in c re a se d  th e  reco rd ed  te m p e ra tu re . F ig , 5 ,9  

shows th e  te m p e ra tu re  changes reco rd ed  on two p ro b e s , one secu red  a g a in s t  

th e  su rfa c e  as d e sc r ib e d  and one h e ld  in  c lo se  p ro x im ity  t o ,  b u t never 

to u c h in g , th e  specim en. In  one experim ent th e  tem p era tu res  were measured as 

th e  d is c s  r o l l e d  in  c o n ta c t a t  3»33% c reep  under 50 kg lo a d . In  a second 

experim ent th e  d is c s  were h e ld  a p a r t  so th a t  any h e a t g e n e ra te d  co u ld  only 

have been conducted  along  th e  s tub  s h a f t  from th e  motor and b e a r in g s . As 

can be seen , th e  c o n ta c t  probe reco rd ed  tem p era tu res  l e s s  th a n  1°C g re a te r  

th a n  th a t  re co rd ed  by th e  probe h e ld  c lo s e ,  and alm ost th e  same as th e  

tem p e ra tu re  reco rd ed  u sin g  a t h i r d ,  s t a t i c  c o n ta c t probe im m ediately  

r o l l i n g  stopped . Thus, w ith in  th e  accuracy  of th e  m easurem ents, th e  

f r i c t i o n a l  h e a tin g  due to  th e  p re s su re  o f th e  c o n ta c t probe had no

s ig n i f ic a n t  in f lu e n c e  upon th e  measured tem p e ra tu re .
‘ .

Using c le a n , o i l  f r e e  r o l l e r s  runn ing  a t  v a r io u s  p e rcen tag e  c reep  r a t e s ,  

th e  c o e f f ic ie n t  o f f r i c t i o n  was determ ined  a t  many d i f f e r e n t  r e l a t i v e  

h u m id itie s . The slow ly  in c re a s in g  su rfa ce  tem p era tu re  o f th e  specim ens 

p ro v id ed  a range o f r e l a t i v e  h u m id itie s  w ith o u t th e  m o is tu re  c o n te n t o f th e  

a i r  flow  having  to  be changed. The specimens were a ls o  h ea ted  a f u r th e r  

10°C by an in f r a - r e d  lamp (used in  F ig . 5 .1 0 ) . Thus, th e  same s u rfa c e  

r e l a t i v e  hum id ity  was ach ieved  by v a rio u s  com binations o f su rfa c e  

tem p e ra tu re  and a i r  m o is tu re  c o n te n t . However, h igh  su rfa c e  hum id ity  le v e ls  

co u ld  n o t be reach ed  a t  a l l  tem p era tu res  because i t  was on ly  p o s s ib le  to  

supply  s a tu r a te d  a i r  a t  room te m p e ra tu re . In  l a t e r  t e s t s  t h i s  problem  was 

p a r t i a l l y  so lv ed  by p re -c o o lin g  th e  specim ens. '

Most r e s u l t s  were re c o rd ed  as th e  runn ing  su rfa c e s  h e a te d  up. O bviously 

t h i s  i s  v a l id  on ly  i f  th e  c o e f f ic ie n t  o f f r i c t i o n  responds q u ic k ly  enough 

to  changes in  su rfa c e  r e l a t i v e  hum id ity . T es ts  were th e re fo re  made to  f in d  

ou t how q u ic k ly  th e  f r i c t i o n  changed. F ig . 5 .8  shows a to rq u e  re c o rd  

t r a c e d  out as th e  a i r  supp ly  was sw itched  from la b o ra to ry  a i r  to  a h igh  

hum id ity  supply  and th e n  back to  dry a i r .  I t  dem onstra tes q u i te  c l e a r ly
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t h a t  th e  c o e f f ic ie n t  o f f r i c t i o n  changes r a p id ly  and r e v e r s ib ly ,  A 

sim ple c a lc u la t io n ,  based  on th e  r a t e  of a i r  su p p ly , showed t h a t  th e  tim e 

ta k e n  co rresponded  to  th e  tim e fo r  th e  atm osphere in  th e  p o ly th en e  bag to  

change to  th e  new le v e l  of hum id ity . T his ra p id  change o f f r i c t i o n  

confirm s t h a t  v a l id  r e s u l t s  cou ld  be o b ta in ed  as th e  r o l l e r s  h ea ted  up 

r e l a t i v e l y  slow ly  due to  f r i c t i o n a l  h e a tin g . Furtherm ore i t  shows t h a t  th e  

mechanisms in v o lv ed  in  changes in  th e  f r i c t i o n  must be b o th  ra p id  and 

r e v e r s ib le .  C le a r ly  t h i s  co n c lu s io n  e lim in a te s  any th e o r ie s  connected
V  '  'w ith  long  term  oxide grow th.

5 .6 .1 .2  F kperim en ta l R e su lts

F ig s . 5 .10 and 5.11 show r e s u l t s  o b ta in ed  a t  c reep  r a t e s  of 3*4^ and 2.4% 

r e s p e c t iv e ly .  I t  i s  ev id en t from both  s e ts  o f d a ta  t h a t  th e  f r i c t i o n  i s  

d e fin e d  by th e  r e l a t i v e  hum id ity  c a lc u la te d  as d e sc rib e d  above, r e l a t i v e  

to  th e  s a tu r a te d  w a te r vapour p re s su re  a t  th e  tem p era tu re  o f th e  r o l l in g  

s u r fa c e s . At 2.4% creep  th e  s c a t t e r  o f f r i c t i o n  r e s u l t s  a t  any g iv en  

hum id ity  i s  w ith in  +  0 .02  (a t 3.4% c o rru g a tio n s  t h a t  o c c a s io n a lly  formed on 

th e  r o l l e r s  r e s u l te d  i n  in c re a se d  s c a t t e r ) .

In  F ig . 5 .12 th e  r e s u l t s  o f F ig . 5.11 a re  shown w ith  th e  f r i c t i o n  r e p lo t te d  

a g a in s t  th e  r e l a t i v e  hum id ity  o f th e  surround ing  a i r .  I t  i s  im m ediately  

ev id en t t h a t  th e re  i s  an u n accep tab le  s c a t t e r  and th a t  co n seq u en tly  th e re  

i s  no obvious r e la t io n s h ip  to  be d e riv ed  between f r i c t i o n  and am bient 

hum id ity . T his e x p la in s  why many w orkers in  th e  p a s t  have re p o r te d  no 

co n n ec tio n  between f r i c t i o n  and hu m id ity . For example, B arw ell (1963) 

found q u i te  h ig h  f r i c t i o n  c o e f f ic ie n ts  under c o n d itio n s  o f h ig h  hu m id ity .

I t  seems c l e a r ,  how ever, from th e  s iz e  of th e  machine u sed  t h a t  th e  

r o l l i n g / s l i d i n g  su rfa c e s  must have become h o t and th e r e f o r e  th e  r e l a t i v e  

hum id ity  a t  th e  specim en su rfa ce  must have rem ained r e l a t i v e l y  low .

F ig . 5 .13  shows l e s s  e x te n s iv e  r e s u l t s  o b ta in e d .a t  o th e r  c reep  r a t e s ,  and 

a l l  th e se  r e s u l t s  a re  p re se n te d  in  F ig , 5 .14 in  th e  form o f c reep  cu rves 

a t  f iv e  d i f f e r e n t  le v e l s  o f su rfa ce  r e l a t i v e  h u m id ity . The l im i t in g
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f r i c t i o n  s te a d i ly  red u ces  as th e  hum id ity  in c re a s e s .  In  some t e s t s  th e  

lo a d  between the  r o l l e r s  was doubled to  100 kg. No d if fe re n c e  in  the 

in te rd ep en d en ce  betw een f r i c t i o n  and hum id ity  was found.

F ig u res  5 .10  -  5 .14  show th a t  th e  c o e f f ic ie n t  o f  f r i c t i o n  d ecreases

r a p id ly  a s  th e  su rfa c e  r e l a t i v e  hum id ity  approaches 100%. However,

experim en ts were d i f f i c u l t  to  c a r ry  o u t a t  h ig h  r e l a t i v e  h u m id itie s  s in ce  

n o n -rep ro d u c ib le  r e s u l t s  were o b ta in ed  i f  w ater was a llow ed to  condense 

on th e  r o l l e r s  o r th e  p o ly thene  bag. F ig . 5 .15  shows th e  r e s u l t s  o f four

t e s t s  in  which th e  r o l l e r s  were f i r s t  cooled  by packing  th e  machine w ith

ic e  w hile  d ry  a i r  was p assed  over th e  r o l l e r s .  The machine was then  s t a r t e d  

and, s im u ltan eo u s ly , s a tu r a te d  a i r  a t  room tem peratu re  was ad m itted  in to  

the  p o ly th en e  bag . A lthough th e re  was some sp read  o f  r e s u l t s  i t  can be 

seen th a t  th e  f r i c t i o n  f e l l  below 0 .2  when th e  tem pera tu re  o f  th e  r o l l e r s  

was below th e  dew p o in t  o f th e  su rround ing  a i r .  Under th e se  c o n d itio n s  

w ater must condense on to  th e  specimen s u r fa c e s . S u rp r is in g ly , however, 

th e se  c o e f f ic ie n ts  o f  f r i c t i o n  were lower than  those  produced when th e  

r o l l e r s  were sp rayed  w ith  w aterJ

5 .6 .2  The E f fe c t  o f  Water under Dynamic C onditions

5 .6 .2 .1  E x p erim en ta l R e su lts

Since e^qperlments a t  h ig h  r e l a t i v e  h u m id itie s  p roved d i f f i c u l t  and 

u n r e l ia b le ,  experim en ts were made in  vh ich  th e  degree o f  w etness o f  the  

r o l l e r  s u rfa c e s  was v i s u a l ly  n o ted .

F ig . 5. l6  shows th e  v a r ia t io n  o f  f r i c t i o n  w ith  tem pera tu re  when the  

r o l l e r s  were p u rp o se ly  ru n  w et, and were p re -c o o le d  u sin g  dry  i c e .  The 

f r i c t i o n  was low a t  tem p e ra tu res  below 0°C, vhen ic e  formed on th e  rubb ing  

s u r fa c e s , b u t i t  in c re a s e d  vhen th e  ic e  m elted . The d e b ris  formed was 

c o n tin u a lly  washed away and th e  c o e f f ic ie n t  o f  f r i c t i o n  was 0 .3  -  0 .3 5 . 

However i f . th e  w ater was a llow ed to  d ry  o u t, th e  s l i g h t ly  wet d e b r is  

adhered  to  th e  f a s t e r  ru n n in g  r o l l e r  as a su rfa ce  f ilm  and th e  f r i c t i o n  

f e l l  to  app ro x im ate ly  0 ,2 ,  As th e  d e b ris  fu r th e r  d r ie d , some f la k e d  o f f ,  

le a v in g  a s ta b le  wear c o n d itio n . The f r i c t i o n  in c re a se d  and th e  r o l l e r s
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re g a in e d  th e i r  c h a r a c te r i s t i c  dry-worn appearance .

Figo 5 .17 i l l u s t r a t e s  th e  th re e  ru nn ing  c o n d itio n s , s p e c if ie d  A, B and 

C, d ia g ra m a tic a l ly . I t  was found th a t  th e  s l i g h t ly  wet co n d itio n  (B) 

cou ld  be m a in ta in ed  by c a r e fu l ly  a llo w in g  a v e ry  slow, s tead y  stream  o f 

w ater to  wet th e  r o l l e r  su rfa c e s  v ia  a w ick. This w ater re p la c e d  th a t  

l o s t  due to  ev ap o ra tio n  from th e  warm r o l l e r s ,  ( a t  double the  lo a d  e x a c tly  

double th e  r a t e  o f  flow  o f w ater was r e q u ir e d ) .

A t e s t  was d ev ised  to  examine how one co n d itio n  le a d  to  an o th er : -  

F i r s t ,  th e  d ry  specimens were a llow ed to  ru n - in  (C ondition  A).

Second th e  slow w e ttin g  ap p ara tu s  was used to  ach ieve th e  low f r i c t i o n  

o f  C ondition  B.

T h ird , b u lk  w ater was a p p lie d  (C ondition  C).

F ourth  the  w ater was allow ed to  d ry , going th rough C ondition B in

re tu rn in g  to  th e  o r ig in a l  s t a t e .  C ondition A.

F ig . 5 .17  i s  a s ty l i s e d  diagram  o f the  r e s u l t s  o b ta in e d . F ig . 5 . l8 shows 

a c tu a l  r e s u l t s  o f  s e v e ra l  experim ents a lig n e d  in  term s o f  the  v a rio u s  s ta g e s . 

A sp read  o f f r i c t i o n  measurements i s  e s p e c ia l ly  marked in  C ondition  B 

which was found to  be ex trem ely  s e n s i t iv e  to  the  amount o f  w ater p re s e n t .

F ig . 5.19 shows r e s u l t s  o b ta in e d  vhen ru n - in  specimens were sprayed  w ith  

d i f f e r e n t  q u a n t i t ie s  o f  w ater and a llow ed to  run  u n t i l  d ry , p ro ceed ing  

th rough C ondition  B as th ey  d r ie d  o u t .  N a tu ra lly , th e  more w ater i s  

a p p lie d  th e  lo n g e r th e  r o l l e r s  take  to  dry o u t. These t e s t s  were c a r r ie d  

o u t u s in g  creep r a t e s  o f 0.36% and 3.06%, F ig . 5 .20 shows th e  form o f 

th e  r e s u l t s ,  fo r  a  "fo u r m inute d ry ing  tim e" a t  0 . 36%, 0.86%, 1.5% and

3% c reep . Under d ry  co n d itio n s  r o l l e r s  ru n n in g  a t  h ig h e r p e rcen tag e  creep

appeared  to  c a r ry  la r g e r  q u a n t i t ie s  o f lo o se  wear d e b r is .  The d if fe re n c e s  

in  F ig . 5 .19  su g g ested  th a t  th e  r o l l e r s  ru n n in g  a t  0.36% creep  were 

form ing d e b r is  w hile  ru n n in g  w et. A lte rn a t iv e ly ,  i t  could  be t h a t  both  

s e ts  o f  r o l l e r s  needed to  ex p erien ce  a c e r ta in  amount o f  s l i p  in  o rd e r 

to  lo o sen  th e  d e b r is  th a t  had been compacted on th e  su rfa c e s  w hile 

ru n n in g  d ry . (N a tu ra lly , te n  tim es more s l ip  occurs  d u ring  a s p e c i f ic
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tim e fo r  r o l l e r s  ru n n in g  a t  3% creep  than  fo r  r o l l e r s  a t  0.3% c re e p ) .

5 .6 .2 .2  E x p erim en ta l R esu lts  on th e  E f fe c ts  o f  O il and Water 

Esqperiments were a lso  perform ed on r o l l e r s  lu b r ic a te d  by an o i l ,  to  which 

a r a d io a c t iv e  t r a c e r  compound had been added, in  a s im ila r  manner to. the  

t e s t  c a r r ie d  o u t in  S ec tio n  4 .3  o f  the  l a s t  c h a p te r . F ig . 5 .21 shows the  

c o e f f ic ie n t  o f  f r i c t i o n  as a fu n c tio n  o f  runn ing  tim e , to g e th e r  w ith  the  

amount o f  o i l  p re s e n t  on each r o l l e r .  More o i l  was found on th e  bottom  

r o l l e r  because o f  th e  b u i ld  up o f  wear d e b r is  a lre a d y  d e sc r ib e d . I t  can 

be seen th a t  w ater red u ces  th e  f r i c t i o n  w ith o u t hav ing  any a p p re c ia b le  

a f f e c t  on th e  amount o f  o i l  p r e s e n t .  F ig , 5 .22  shows two examples o f  the  

r e s u l t s  compared w ith  th e  ty p ic a l  curve o b ta in e d  vhen w ater was sprayed  

on to  c lean  r o l l e r s .  The same d ry ing  o u t co n d itio n s  were observed  to g e th e r  

w ith  an i n i t i a l l y  g re a te r  decrease  in  f r i c t i o n ,  p o s s ib ly  because th e  o i l  

and d e b ris  d id  n o t im m ediately  mix w ith  the a p p lie d  w a te r .

When w ater was sp rayed  on r o l l e r s  contam inated  w ith  n o n -s u rfa c e -a c tiv e  

m a te r ia ls  th e  f r i c t i o n  was found to  in c re a s e . Upon d ry ing  o u t, th e  

f r i c t i o n  fo llow ed  a s im ila r  p a t te r n  to  t h a t  o b ta in e d  on c lean  wet 

s u r fa c e s ,

5 .6 .2 .3  E xperim en ta l R e su lts  on th e  D isc-C ylinder Rig

The d is c -c y l in d e r  r i g  (F ig , 5 .23) can measure dynamic f r i c t i o n  under
,

v a r io u s  c o n d itio n s  o f  lo a d  and speed. A crowned 150 mm d iam eter d is c  i s  

loaded  a g a in s t  a r o t a t i n g  p a r a l l e l  c y lin d e r  t h a t  i s  t r a v e r s e d  a x ia l ly  so 

t h a t  l a t e r a l  and r o t a t i o n a l  m otions a re  superim posed. The d is c  i s  

e f f e c t iv e ly  dragged sideways v h i le  r o l l i n g  so t h a t  the  c o n ta c t a re a  

d e sc r ib e s  a h e l i c a l  p a th  over th e  c y lin d e r , th e  l a t e r a l  creep  fo rc e s  

b e in g  o b ta in e d  v ia  a  lo a d  c e l l  m easuring th e  a x ia l  fo rc e s  on th e  c y lin d e r . 

F r ic t io n  was m easured vhen t r a v e r s in g  th e  c y lin d e r  a t  a  s l i p / r o l l i n g  r a t i o  

g re a te r  than  0 .015  ( i . e .  vhen th e  creep i s  above th e  "Ipiee" o f  th e  creep 

curve and th e re fo re  th e  m easured value i s  o f  th e  l im i t in g  f r i c t i o n  

c o e f f i c i e n t ) .
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The c o e f f ic ie n t  o f  f r i c t i o n  was m easured by t r a v e r s in g  th e  c y lin d e r  every  

20 seconds; f r i c t i o n  cannot be measured co n tin u o u sly , so on ly  an in d ic a tio n  

o f  th e  changes a s s o c ia te d  w ith  d ry ing  could  be o b ta in e d . C onditions a re  

fu r th e r  com plicated  by th e  d is c  hav ing  a h ig h e r ru n n in g  tem pera tu re  than  

th e  c y l in d e r .  By ap p ly in g  an iro n  o x id e /w ater p a s te  to  th e  su rfa ce  o f 

th e  c y lin d e r  th e  d ry in g  r a t e s  were slowed down and th e  f r i c t i o n a l  

p ro c e sse s  more r e a d i ly  observed . F ig , 5 .24  shows f r i c t i o n  t r a c e s  m easured 

d u ring  su cc e ss iv e  t r a v e r s e s  o f  the  d is c  a c ro ss  th e  c y lin d e r  as the  w a te r /  

oxide m ix tu re  d r ie d .  E a c h .tra c e  shows th e  f r i c t i o n  m easured from th e  l e f t  

hand end o f  th e  c y lin d e r  to  th e  r i g h t  hand end; th e  c y lin d e r  was t ra v e rs e d  

in  th e  o p p o s ite  d i r e c t io n  between each m easurement. The low f r i c t i o n  s ta g e . 

C ondition  B, i s  once ag a in  observed  as d ry ing  o c cu rs . I t  was n o tic e d  th a t  

th e  m e ta l l ic  wear band o f  the  d is c  was obscured  by an oxide la y e r  as 

d ry in g  o ccu rred , th e  d is c  and c y lin d e r  be ing  p h y s ic a l ly  s e p a ra te d  by the  

d ry ing  oxide f i lm ,

5 ,6 ,2 .4  D iscu ssio n  o f  th e  E f f e c t  o f .Water under I^T^amic C onditions 

I t  ap p ears  from th e sé  r e s u l t s  th a t  low f r i c t i o n  can occur due to  the  

rh e o lo g ic a l  p r o p e r t ie s  o f  the d ry ing  d e b r is .  F u rth e r ev idence fo r  th i s  

was g a in ed  from experim en ts  u s in g  s t a in le s s  s t e e l  r o l l e r s  on th e  Amsler 

m achine. T heir behav iou r vhen w etted  was d i f f e r e n t  from th a t  observed  

u s in g  r a i l  s t e e l .  FLg. 5 .25 shows how th e  c o e f f ic ie n t  o f  f r i c t i o n  

d ecreases  to  o n ly  0 .4  and rem ains a lm ost c o n s ta n t b e fo re  r i s i n g  r a p id ly  

, as the  w ater d r ie s  o u t ,  w ith o u t p a ss in g  through the  low f r i c t i o n  stag e  

o f  C ondition  B. Far l e s s  wear d e b ris  was observed  to  b u i ld  up on th e  

r o l l e r s ;  t h i s  f r i c t i o n a l  behaviour was th e re fo re  a sc r ib e d  to  th e  

p ro te c t iv e  oxide f i lm  b e in g  r e l a t i v e l y  th in  and more r a p id ly  worn away as 

th e  w ater d r ie d . However, vhen a p a s te  o f  iro n  oxide and w ater

was a p p lie d  to  th e  s t a i n le s s  s t e e l  r o l l e r s ,  the  f r i c t i o n a l  behaviour was 

found to  become a lm ost i d e n t i c a l  to  th a t  o f  r a i l  s te e l*  The added 

d e b r is  c o l le c te d  on th e  f a s t e r  ru n n in g  r o l l e r ,  and a pronounced low 

f r i c t i o n  s tag e  ( j ^=  0 .2 )  due to  th e  d ry ing  p a s te  gave a c le a r
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i l l u s t r a t i o n  o f  the  occurrence  o f  C ondition B.

' F u r th e r experim en ts  were conducted to  a s s e s s  w hether f r i c t i o n  was 

dependent on th e  amount o f  s l i g h t l y  wet d e b r is ’on th e  r o l l e r s .*  In  one 

ex trem e, a  w ire b ru sh  was a llow ed to  rub  on th e  f a s t e r  o f  th e  two r a i l  

s t e e l  r o l l e r s ;  th e  b u i ld  up o f d e b ris  was impeded and no re d u c tio n  in  

f r i c t i o n  was observed  as th e  su rfa c e s  d r ie d . However, when two h e a v ily  

ru s te d ,  s l i g h t l y  w et, r o l l e r s  were lo ad ed  to g e th e r , f r i c t i o n  low er than  

0 .0 5  was i n i t i a l l y  re c o rd e d . A ll th e se  r e s u l t s  sup p o rt the  view th a t  i t  

i s  th e  rh e o lo g ic a l  p r o p e r t ie s  o f  th e  wet d e b ris  t h a t  cause th e  changes in  

f r i c t i o n  and th a t  th e  lo w est f r i c t i o n  i s  found when th e  d e b r is ,  t h a t  has 

e i th e r  b u i l t  up o r been p a in te d  on the  r o l l e r s ,  p a sse s  th rough a s l ig h t ly  

wet s t a t e  v ii i le  d ry in g  o u t, '
I

5 .7  DISCUSSION

The agreem ent between m easurements made on th e  s t a t i c  and dynamic r i g s  

i s  c lo se  vdien th e  s u rfa c e s  a re  c lean  and dry  (p. =  0 .6 )  and viien th e  su rfa c e s  

a re  c lean  and v i s ib ly  wet ( f l=  0 .3 )»  The changes in  f r i c t i o n  observed  

when th e  s u rfa c e s  a re  lu b r ic a te d  by bo th  s u r fa c e -a c tiv e  and n o n -su rfa c e -  

a c t iv e  m a te r ia ls  and then  su b seq u en tly  w etted  a re  a lso  s im i la r . However, 

th e  su rfa c e s  used  in  th e  s t a t i c  t e s t s  a re  more se v e re ly  worn du rin g  th e  

f r i c t i o n  measurement than  those  used in  th e  dynamic t e s t s .  The c o n s tru c tio n  

o f  th e  s t a t i c  r i g  i s  such th a t  the  su rfa c e s  move r e l a t i v e  to  one an o th er 

u n t i l  th e re  i s  100% s l i p ,  Wien the  d is c  s l id e s  approx im ate ly  ,3 cm a g a in s t  

th e  p l a t e .  R e la tiv e  movement a lso  occurs w ith  th e  dynamic r i g s  b u t ttie 

s l i p  d is ta n c e  ex p erien ced  by a p o in t  on one o f  th e se  su rfa c e s  p a ss in g  

th rough the  c o n ta c t re g io n  i s  m inute ( s l i d e / r o l l  r a t i o  x  Length o f
_ _  o

c o n ta c t W  10 mm). I t  can be p o s tu la te d  t h a t  the  c o n t r a s t  in  wear 

behav iour i s  due to  th e  d if fe re n c e  between th e  e f f e c t iv e  s l i p  d is ta n c e s .

A rchard (1958) showed th a t  r e l a t i v e  movement has to  occur between su rfa c e s  

b e fo re  th e  su rfa ce  ox ide la y e r  sh ea rs  to  expose th e  m e ta l l ic  " s u b s t r a te " .
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When co n s id e rin g  how th e se  tr ih o m e te rs  s im u la te  t ru e  co n d itio n s  i t  may 

be co n sid e red  c ru d e ly  t h a t  th e  s t a t i c  r i g  s im u la tes  the  s l ip p in g  Wieel 

o f  a s t a t i c  locom otive W iereas the  dynamic r i g s  more c lo s e ly  s im u la te  

th e  W ieels o f  a locom otive a t  speed e x e r t in g  t r a c t io n  o r b rak in g  fo rc e s ,

5 .7 .1  The In f lu e n c e  o f  Hum idity

Changes in  hu m id ity  were found to  have a s u b s ta n t ia l  e f f e c t  on th e  f r i c t i o n  

between th e  r o l l i n g  d is c s  o f  th e  Amsler and o f  th e  d is  c -c y lin  der machines 

(B eagley and P r i tc h a rd ,  1973)> b u t to  have l i t t l e  e f f e c t  on th e  s t a t i c  r i g .  

F r ic t io n  on th e  Amsler changed iiranediately  th e re  was an ad ju stm en t o f  th e  

r e l a t i v e  h u m id ity . On th e  s t a t i c  r i g ,  i t  was on ly  Wien humid co n d itio n s  

were ex p erien ced  over an extended p e rio d  th a t  low er f r i c t i o n  c o e f f ic ie n ts  

. were o b ta in e d . This i s  p ro b ab ly  because th e  two r i g s  a re  m easuring

f r i c t i o n  under th e  two d i f f e r e n t  wear co n d itio n s  d e sc rib e d  above. I t  i s  

to  be e iç e c te d  th a t  th e  f r i c t i o n  in  the  m ild  wear regim e i s  more 

su sc e p tib le  to  changes in  h um id ity , s in ce  th e  f r i c t i o n  fo rc e s  a re  a t  a l l  

tim es t r a n s m itte d  by th e  su rfa ce  oxide la y e r s .  On th e  s t a t i c  r o l l i n g  

d is c  a p p a ra tu s  l i t t l e  d e b r is  i s  formed u n t i l  th e  moment f r i c t i o n  i s  

m easured. S u r fa c e - to -s u r fa c e  c o n ta c t then  occurs unimpeded by lo o se  

p a r t i c l e s  and, in  th e  absence o f  a lu b r ic a n t ,  severe  m e ta l l ic  wear ta k es  

. p la c e  and th e  f r i c t i o n  rem ains h ig h . During severe  wear, w ater adsorbed 

from a humid atm osphere has a com paratively  sm all e f f e d t  on th e  fo rc e s  

in v o lv ed .

A la y e r  o f  oxide wear d e b r is  forms on th e  su rfa ce  o f  th e  co n tin u o u sly  

r o l l i n g  Amsler specim ens. The wear p a r t i c l e s  Wiich adhere q u ite  s tro n g ly  

to  th e  r o l l i n g  s u r fa c e s  o b v io u sly  m odify th e  n a tu re  o f  th e  c o n ta c t . The 

la y e r  p re v e n ts  c o n ta c t between th e  tru e  su rfa c e s  o f th e  s t e e l  specimens 

and th e  e f f e c t  o f  h u m id ity  then  seems to  be one o f  c o n tro l l in g  i t s  shear 

s t r e n g th .  Presum ably th e  la y e r  i s  weakened as  w ater i s  adsorbed  from 

th e  su rround ing  a i r ;  i t  i s  th u s  more r e a d i ly  sh eared  and th e  f r i c t i o n  

f a l l s .  A dsorp tion  th e o ry  (Beagley e t  a l  1975;2) t e l l s  us th a t  th e  q u a n tity
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o f  w ater adsorbed  on a su rfa ce  i s  dependent on the  hum id ity  r e l a t i v e  to  

th e  tem p era tu re  o f  th e  s u rfa c e . The experim ents on th e  Amsler show 

co n v in c in g ly  t h a t  th e  f r i c t i o n  i s  d i r e c t ly  governed by t h i s  p a ram ete r.

I t  fo llo w s th a t  f r i c t i o n  under dynamic c o n d itio n s  must be a sim ple fu n c tio n  

o f th e  q u a n ti ty  o f w ater (per u n i t  w eight o f d e b r is )  adsorbed  on th e  th in  ' 

compacted su rfa ce  la y e r  o f  d e b r is .

5 .7 .2  The In f lu e n c e  o f  Water

When exam ining phenomena a s s o c ia te d  w ith  w ater th re e  f a c to r s  have to  be 

co n sid e red . F i r s t l y  i t  must be remembered th a t  a l l  l i q u id s ,  in c lu d in g  

w a te r , a c t  as " lu b r ic a n ts "  Wiose e f fe c t iv e n e s s  i s  governed by the  degree 

w ith  Wiich the  a d so rp tio n  o f the  m olecu les h in d e rs  s u r fa c e - to - s u r fa c e  

c o n ta c t. Secondly, w ater low ers th e  shear s tre n g th  o f  i ro n  ox ides and 

th u s  a l t e r s  th e  f r i c t i o n  between two su rfa c e s  acco rd in g  to  th e  degree 

o f  oxide con tam ination  p re s e n t .  T h ird ly , w ater r e a c t s  w ith  exposed iro n  

s u rfa c e s  and th e  r e a c t io n  p ro d u c ts  fu r th e r  com plicate  th e  f r i c t i o n  

mechanisms. The c o e f f ic ie n t  o f  f r i c t i o n  o f  wet s t a in le s s  s t e e l ,  when th e  

f i r s t  f a c to r  p red o m in a tes, i s  0 .5 7 . On wet r a i l  s t e e l ,  a l l  th re e  f a c to r s  

a re  in v o lv ed  and th e  f r i c t i o n  i s  0 .3 1 .
\

The r e s u l t s  d isc u sse d  above ap p ly  to  c lean  s t e e l  s u r fa c e s . On th e  s t a t i c  

r o l l i n g  d is c  r i g  i t  h as been shown th a t  w ater fu r th e r  red u ces  th e  f r i c t i o n  

o f  su rfa c e s  con tam inated  by sm all amounts o f o i l .  Experim ents w ith  o i ly  

s u rfa c e s  a re  d i f f i c u l t  to  perform  on dynamic r i g s  s in ce  th e  con tinuous 

r o l l i n g  and s l id in g  causes th e  fo rm ation  o f  wear d e b r is  t h a t  adso rbs th e  

o i l .  A d isc u ss io n  has a lre a d y  been given in  s e c tio n s  5 .3  and 5 .4  Wiich 

suggested  th a t  w ater e i th e r  adds i t s  lu b r ic a t in g  e f f e c t  to  t h a t  o f  th e  

sm all amounts o f  o i l ,  o r th a t  th e  w ater prom otes e x tra  m o b ili ty  and thus 

e x tr a  lu b r i c a t in g  e f f ic ie n c y  to  th e  sm all amounts o f o i l  a lre a d y  p re s e n t  

on th e  s u r fa c e s .

5 .7 .3  The F r ic t io n  o f  S l ig h t ly  Wet Surfaces

Using dynamic r i g s  a minimum value  o f f r i c t i o n  was observed  as  wet 

ru b b in g  su rfa c e s  d r ie d .  The phenomenon was most marked on th e  Amsler
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'
machine b u t was n o t  observed  on th e  s t a t i c  r o l l i n g  d isc  r i g .  This 

. d if f e re n c e  to g e th e r  w ith  the  v e ry  low f r i c t i o n  observed  w ith  h e a v ily  

r u s te d ,  s l i g h t l y  wet r o l l e r s  i s  n o t e a s i ly  e x p la in ed  in  term s o f  boundary 

lu b r i c a t io n .  . / , ,

The experim ent u s in g  s t a in le s s  s t e e l  specimens on the  Amsler m adiine 

dem onstrate  most c l e a r ly  th a t  th e  p ro p e r t ie s  o f th e  su rfa ce  la y e r  govern 

th e  f r i c t i o n  b eh av io u r . When coated  w ith  a s lu r r y  o f  i ro n  oxide powder th e  

f r i c t i o n a l  behav iou r becomes s im ila r  to  th a t  o f r a i l  s t e e l  r o l l e r s ;  as 

th e  m a te r ia l  d r ie s ,  a  ty p ic a l  minimum f r i c t i o n  c o e f f ic ie n t  o f  about 0 .2  

i s  o b ta in e d . These r e s u l t s  su g g est th a t  th e  rheo logy  o f  th e  s l i g h t ly  

wet oxide i s  im p o r ta n t. With excess w a ter, th e  d e b ris  forms a th in  s lu r r y  

and th e  c o e f f ic ie n t  o f  f r i c t i o n  i s  s im ila r  to  th a t  found on th e  s t a t i c  

r i g .  However, on th e  djmamic r ig s  th e  d e b ris /w a te r  m ix tu re  forms a th ic k  

p a s te  as i t  d r ie s ,  th e  su rfaces  a re  fo rce d  a p a r t  and th e  f r i c t i o n  f a l l s .

The low f r i c t i o n  observed  under s l i g h t l y  wet co n d itio n s  i s  im p o rtan t 

because o f th e  freq u en cy  w ith  which such co n d itio n s  could  a r i s e  on th e  

t r a c k .  However s in c e  th e  phenomenon i s  on ly  observed ,on  c e r ta in  r i g s  

th e  assum ption th a t  s im ila r  c o e f f ic ie n ts  o f  f r i c t i o n  w i l l  be observed  

on th e  t r a c k  and th e  Amsler machine under s im ila r  su rfa ce  c o n d itio n s  i s  

n o t  n e c e s s a r i ly  v a l id .  The f u l l  r h e o lo g ic a l  eq u a tio n s  and th e  p ro p e r t ie s  

o f  o x id e /w ate r m ix tu res  a re  examined in  th e  n e x t c h a p te r .

5 .8  CONCLUSIONS

The f r i c t i o n  between c lean  s t e e l  s u r fa c e s , f r e e  from o i l ,  has been found 

to  be s u b s ta n t ia l ly  d ecreased  by th e  a c t io n ,o f  w a ter, bo th  v i s ib l e  and

when adsorbed  from th e  atm osphere.

'

The hum id ity  o f  th e  su rround ing  a i r  a f f e c t s  th e  f r i c t i o n  between 

c o n tin u o u s ly  ru b b in g  s u r fa c e s . I t  i s  im p o rtan t to  ex p ress  t h i s  hum id ity  

r e l a t i v e  to  th e  tem p era tu re  o f  th e  s t e e l  su r fa c e , vh ich  may be c o n sid e ra b ly  

d i f f e r e n t  from th e  tem p era tu re  o f  th e  a i r .  When ex p ressed  r e l a t i v e  to  the

su rfa c e  tem p era tu re  a  d i r e c t  r e la t io n s h ip  i s  observed  between hum id ity  and 

f r i c t i o n .
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V is ib le  w ater f ilm s  decrease  the  f r i c t i o n  o f  c lean  s t e e l  su rfa c e s  to  a 

v a lu e , o f  about fX = 0 ,3 . I f  o i l  con tam ination  i s  p re s e n t  on th e  s t e e l ,  

w ater red u ces  th e  f r i c t i o n  s t i l l  f u r th e r ,  the  low er l im i t  b e in g  th e  

c o e f f ic ie n t  o f f r i c t i o n  o f  th e  o i l .  However i f  th e  contam inant i s  non

s u r fa c e -a c t iv e  ( i . e .  f u e l  o i l )  the  f r i c t i o n  due to  th e  o i l  can be r a i s e d  

bn th e  a p p lic a t io n  o f  w a te r .

S u f f ic ie n t  w a ter, from heavy r a in ,  r e s u l t s  in  adequate ad h esio n . Water 

has been shown to  wash most o i l  from th e  su rfa c e , a lthough  some rem ains 

f irm ly  adsorbed .

Under dynamic c o n d itio n s  th e  c o e f f ic ie n t  o f  f r i c t i o n  between two s l i g h t l y

wet r u s ty  specimens Can be 0,05* Furtherm ore the  f r i c t i o n  can f a l l  to  
Um.k

0 ,1 5  as^w et su rfa ce s  d ry . The wide v a r ia t io n  in  f r i c t i o n  due to  d e b r is  

and w ater i s  examined bo th  t h e o r e t i c a l ly  and ex p e rim en ta lly  in  th e  n e x t 

c h a p te r .
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FIG.5.2. FRICTION vs HUMIDITY ON OIL CONTAMINATED PLATE.
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CHAPTER SIX

THE RHEOLOGY OF RAIL CONTAMINANTS

6 .1  INTRODUCTION

Iji th e  p rev io u s  c h a p te rs  a boundary lu b r ic a t io n  model has been used  to  

e x p la in  th e  changes in  ad h esio n . In  t h i s  model th e  f r i c t i o n  c o e f f ic ie n t  

(p -=  F/N) between two su rfa c e s  i s  co n sid e red  to  be c o n s ta n t r e g a rd le s s  

o f  th e  norm al lo a d  a p p lie d . Track tr ib o m e te rs  and la b o ra to ry  experim ents 

can th en  in v e s t ig a te  changes in  th e  c o e f f ic ie n t  o f  f r i c t i o n  u s in g  l i g h t

lo a d s . This approach i s  a p p lic a b le  to  main l in e  t r a c k  where sm all changes
/-

in  o i l  con tam ination  s u b s ta n t ia l ly  change th e  f r i c t i o n  o f th e  d e b r is  f re e  

wear band.

However, when s o l id  con tam ination  i s  tra p p e d  between th e  wheel and r a i l  

th e .b o u n d ary  lu b r i c a t io n  model no lo n g e r h o ld s . The lo a d , v e lo c i t i e s  o f 

th e  s u r fa c e s , r e a l  a re a  o f  c o n ta c t and the  rh eo lo g y  o f  th e  tra p p e d  

m a te r ia l  become im p o rta n t. The c o e f f ic ie n t  o f  f r i c t i o n  between l i g h t l y  

lo ad ed  su rfa c e s  i s  no lo n g e r th a t  ex p erien ced  by a locom otive wheel under 

s im ila r  c o n d itio n s . E quations t h a t  a re  a p p lic a b le  to  a rh e o lo g ic a l  model 

o f  w h e e l / r a i l  adhesion  a re  developed in  t h i s  c h a p te r . The rh e o lo g ic a l  

p ro p e r t ie s  o f common tr a c k  contam inants a re  examined and c o n d itio n s  th a t  

can le a d  to  lo s s  o f  adhesion  on th e  t r a c k  a re  ex p lo red ,

6 .2  TRACK RESULTS

This s e c tio n  o u t l in e s  th e  v a rio u s  c o n d itio n s  during  which s o l id  t r a c k  

con tam ination  h as been found to  cause lo s s  o f  ad h esio n ,

I '
A common b u t lo c a l i s e d  source o f th ic k  f ilm  tra c k  con tam ination  i s  le a v e s  

(B ro s te r  e t  a l  1970), vh ich  have a bad re p u ta t io n  fo r  causing  wheel s l ip  

(Awdry 1953) and subsequen t d e lays (G uardian 1973). The te n ac io u s  film s 

th a t  form on main l i n e  t r a c k  a lso  le a d  to  th e  p ro d u c tio n  o f  wheel f l a t s  

and r a i l  burns ( P r i tc h a r d  and Tanvir 1973). S im ila r la y e r s  b u i ld  up due 

to  sawdust from saw m i l l s  and c o a l from co a l m erry-go-round h o p p ers .

Grease from fla n g e  lu b r i c a to r s ,  mixed w ith  s o l id  d e b r is ,  a lso  forms th ic k  

low f r i c t i o n  la y e r s  (B ro s te r  e t  a l  1973).
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In  c o n tra s t  to  th e  above' lo c a l i s e d  problem s, r u s t  can contam inate any 

r a i l .  The f i r s t  t r a in s  on Monday m ornings have a r e p u ta t io n  fo r  s l ip p in g  

(Greaves 1972), This i s  p o s s ib ly  due to  r u s t  la y e r s  b u i l t  up d u ring  th e  

week-end b e in g  dampened by the  e a r ly  morning dew, A r e c e n t  s p e c i f ic  case 

o f  wheel s l i p  u n d e rlin e s  t h i s  c o n d itio n . On 9 Jan  1973 an e^qperimental 

t r a i n  o v erran  i t s  p re s c r ib e d  s to p p in g  p o in t a t  45 m ile /h , even though i t  

had had over a m ile  to  s to p  from i t s  o r ig in a l  speed o f  60 m ile /h . The t e s t  

t r a c k  had n o t been used during  th e  p rev io u s  w in te r and was covered w ith  a 

th ic k  la y e r  o f  r u s t .  The c o n d itio n s  were m is ty  w ith  o c c a s io n a l r a in  and 

presum ably produced a " s l i g h t ly  wet" r a i l  c o n d itio n .

Although lo s s  o f  adhesion  has been connected w ith  s l i g h t l y  wet c o n d itio n s  

in  th e  p a s t  (Greaves 1972, A llen  1954, Marta and Mels 1969) n o t much 

ex p erim en ta l work has been p u rsued  where a l l  th e  r e le v a n t  f a c to r s  have 

been co n sid e red  under o p e ra t io n a l  c o n d itio n s . However, a thorough 

in v e s t ig a t io n  was conducted by H arw ell and W oolacott (1956 and 1963) viio 

re c o rd ed  in c id e n ts  o f  s l ip p in g  by d e te c t in g  th e  sudden change in  frequency  

o f  ex h au st b e a ts  o f  steam locom otives o p e ra tin g  on a 1 in  60 g ra d ie n t .

Some 4 000 measurements were made, th e  w eather co n d itio n s  and th e  w etness

o f  th e  tr a c k  be ing  n o te d . I t  was found th a t  on ly  8^ o f  a l l  locom otives
\

s u f fe re d  s l ip  b u t t h a t  215  ̂ s lip p e d  i f  th e re  had been s l i g h t  (0 , 05" to  

0 ,0 0 5 ") r a i n f a l l  in  the  p reced in g  hour and th a t  69/̂  s lip p e d  i f  th e re  had 

o n ly  been a t r a c e  o f  r a in  (< 0 ,0 0 5 "). I t  was a lso  n o ted  th a t  " d i r ty  r a i l s "  

were conducive to  wheel s l i p .  This was confirm ed in  a s u b s id ia ry  s e t  o f  

experim ents (Grunberg and Campbell 1956) where a c o r r e la t io n  was o b ta in ed  

between the  q u a n ti ty  o f  d e b r is  on th e  tra c k  and a h ig h  in c id e n ce  o f  s l i p .

F req u en tly  used main l in e  t r a c k  i s  g e n e ra lly  f re e  from d e b r is ,  When d ry ,
I

th e  d e b ris  i s  C o n tin u a lly  com pressed in to  sm all f la k e s  which a re  thrown 

c le a r  o f th e  wear band on th e  p assag e  o f a t r a i n  (B eagley e t  a l  1973).

When th e  t r a c k  i s  tho ro u g h ly  wet any d e b ris  o r r u s t  e a s i ly  mixes w ith  the  

w ater and i s  pushed to  th e  s id e  o f  th e  wear band. However, t r a c k  t e s t s  

u s in g  a sam pling device (B eagley 1974,1) have shown th a t  d e b r is  coverage
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on main l in e  tra c k  (Derby/Birmingham) can be s u b s ta n t ia l .  The q u a n ti ty

o f  d e b r is  on th e  wear band was determ ined  by s e a lin g  o f f  an oblong a rea

and b ru sh in g  up as  much d e b ris  as p o s s ib le  in to  a suspension  w ith  w ater

which was then  removed u s in g  a sy rin g e . Coverage v a r ie d  r a p id ly  and was

a complex fu n c tio n  o f  bo th  t r a f f i c  d e n s ity  and w eather c o n d itio n s . D irty

t r a c k ,  a lthough  r a r e ,  was more p re v a le n t  in  th e  morning and du rin g  s l i g h t ly

wet c o n d itio n s , and took th e  form o f  e i th e r  a " s l ic k "  o f oxide and w ater

o r o f  a compressed la y e r  o f  oxide th a t  was n o t e a s i ly  removed u s in g  th e

sam pling d e v ice , Ikider bo th  th e se  c o n d itio n s  th e  d e b ris  coverage 
—4. 2( l  -  4 X 10 g/cm ) on main l i n e  tra c k  was e q u iv a le n t to  th a t  found on 

l i t t l e  used  t r a c k .  F ig , 6 ,1  shows the  d if fe re n c e  between norm ally  c lean  

t r a c k  and th e se  two c o n d itio n s , . These r e s u l t s  su g g est th a t  wheel s l ip  

due to  r u s ty  r a i l  i s  n o t a problem  u n iq u e ly  connected w ith  l i t t l e  used 

branch  l i n e s ,  '

6 ,3 .  laboratory EXPERIMENTS

In  th e  p rev io u s  ch ap te r low f r i c t i o n  was observed  vhen su rfa c e s  were 

contam inated  w ith  s l i g h t l y  wet o x id e . P ig , 6 ,2  shows a ty p ic a l  r e s u l t  

u s in g  th e  Amsler wear m achine. Two r a i l  s t e e l  r o l l e r s  a re  r o l l e d  to g e th e r  

w ith  a  r e l a t i v e  s l ip  o f  3^, form ing o x id ise d  wear p ro d u c ts  on th e  s u r fa c e s , 

When th e  r o l l e r s  a re  sprayed  w ith  w ater th e  f r i c t i o n  c o e f f ic ie n t  f a l l s  

to  0 ,3 . Then, as  the  w ater d r ie s  (due to  f r i c t i o n a l  h e a tin g )  th e  oxide 

forms a ten ac io u s  p a s te  on th e  su rfa c e s  and th e  f r i c t i o d  f a l l s  to  0 ,1 7 . 

S ta in le s s  s t e e l  r o l l e r s  behave v ery  d i f f e r e n t ly  vdien sprayed  w ith  w ater 

(F ig , 6 ,3 )  because o f  t h e i r  r e s i s ta n c e  to  c o rro s io n . However, when an 

i ro n  oxide s lu r r y  i s  a p p lie d  to  th e  r o l l e r s  t h e i r  behaviour i s  s im ila r  to  

th o se  made o f  r a i l  s t e e l .  F u rth e r experim ents w ith  the  r a i l  s t e e l  r o l l e r s  

(F ig , 6 ,2 ) showed th a t  th e  low f r i c t i o n  o f  0 ,17  d id  n o t  occur i f  b rushes 

ru b b in g  th e  su rfa c e s  p rev en ted  th e  b u ild -u p  o f  th e  s l i g h t l y  wet oxide 

la y e r ,  . In  the  o th e r  extrem e tw o .r o l le r s  on viiich a th ic k  r u s t  la y e r  had 

been a llow ed  to  form gave a f r i c t i o n  o f  0 ,0 5  vhen su b seq u en tly  loaded  

to g e th e r  under s l i g h t l y  wet c o n d itio n s . This c o e f f ic ie n t  o f  f r i c t i o n
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i s  s ig n i f ic a n t ly  low er than  th a t  caused by most o i ly  contam inants] S im ila r 

behav iour was observed when co a l d u s t or l e a f  d e b ris  was a p p lie d  to  the  

Amsler r o l l e r s ,  F ig . 6 .4  In  t h i s  case , however, th e  s o l id  contam inant 

low ered th e  f r i c t i o n  even when dry  and in  c o n tr a s t  to  th e  dry  oxide formed
I

r e l a t i v e l y  th ic k  s ta b le  f i lm s .

An a i r  gauge was a tta c h e d  to  th e  Amsler machine in  o rd e r to  t r y  to  measure 

th e  p h y s ic a l s e p a ra tio n  between th e  r o l l e r s  as wet d e b ris  d r ie d . The
_  o

in s tru m e n t was a c c u ra te  to  2 ,5 4  x  10 mm ( l / lO  000") b u t no s e p a ra tio n  

cou ld  be d e te c te d  as th e  iro n  oxide p a s te  d r ie d , showing how l i t t l e  d e b ris  

i s  needed to  cause low f r i c t i o n .  Small s e p a ra tio n s  were observed  when 

o th e r  m a te r ia ls  such as co a l s lu r r y  d r ie d  on th e  r o l l e r s .

These experim ents on th e  Amsler machine show q u a l i t a t iv e ly  how a m ix ture

o f  i ro n  oxide and w ater can cause a s u b s ta n t ia l  low ering  o f  ad h esio n . The

r e s u l t s  a lso  seem to  in d ic a te  t h a t  th e  s l i g h t ly  wet oxide i s  behaving  as

a v isco u s  lu b r ic a n t ,  where th e  fo rc e  tra n s m itte d  by a v isco u s  f ilm  i s
1

in v e r s e ly  p ro p o r tio n a l to  i t s  th ic k n e ss  (th e  q u a n tity  o f d e b ris  tra p p e d ) ,

6 ,4  BASIC FRICTION EQUATIONS ,

In  t h i s  s e c tio n  we co n sid er how much ta n g e n t ia l  fo rce  can be s u s ta in e d  by 

su rfa c e  f ilm s  o f  m a te r ia ls  w ith  v a r io u s  id e a l i s e d  p r o p e r t ie s .  No 

i n t e r f a c i a l  s l i p  i s  assumed, the  fo rc e s  c a lc u la te d  be ing  th o se  a t  which th e  

m a te r ia l  i t s e l f  w i l l  y ie ld .  Under any given c o n d itio n  t h i s  fo rc e  can be 

d iv id e d  by th e  s u s ta in e d  lo a d  to  g ive th e  c o e f f ic ie n t  o f  f r i c t i o n .

The ta n g e n t ia l  fo rc e  tra n s m itte d  a c ro ss  a f ilm  o f  any m a te r ia l  can be 

e x p re ssed  in  a g e n e ra l form, as th e  a re a  (A) tra n s m it t in g  the  fo rce  

m u lt ip l ie d  by a fu n c tio n  o f  th e  r a t e  o f  sh e a r ,

Equat 6 ,1  F =  A X  f^  ( r a te  o f sh ea r)

Equat 6 ,2  o r F = A x f ,  ( ^ r ^ 2 )
\  h

vdiere (U^ -  U2) /h  i s  th e  r a t e  o f  sh ea r, Û  -  U  ̂ be ing  th e  v e lo c i ty  

d if fe re n c e  between th e  su rfa c e s  and h t h e i r  s e p a ra tio n . The r a t e  o f  shear 

i s  u s u a l ly  ex p ressed  in  sec“ l .  A l te rn a t iv e ly ,  O' th e  y ie ld  shear s t r e s s
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o f  th e  m a te r ia l  can be in tro d u ce d  in to  th e  e q u a tio n s .

Equat 6 ,3  F = |Â x O y J  +  jÂ x f^  (^1 ^2)^

Now i f  t h i s  eq u a tio n  i s  d iv id ed  through by the  a re a . A, th e  fo rc e , F,

becomes the  shear s t r e s s  (c ) su s ta in e d  a t  the  su rfa ce  o f the  m a te r ia l ,

Equat 6 ,4  O  =  Oy +  f  (^1*~^2)
h

F ig , 6 ,5  shows the  v a rio u s  forms o f  eq u a tio n  6 ,4 . For a Newtonian f lu i d

(F ig . 6 .5 a ) eq u a tio n  6 ,4  becomes:

Equat 6 .5  O  = n  (^1 "  ^2)
h

The r e la t io n s h ip  i s  l i n e a r , r j  , ( ta n  0 in  F ig . 6 ,5 a ) ,  be in g  th e  v is c o s i ty  

o f  th e  l iq u id ,  A Newtonian f l u i d  has no y ie ld  s t r e s s  and on ly  tra n sm its  

a fo rc e  due to  th e  r e l a t i v e  m otion o f  th e  s u r fa c e s . However, fo r  a sim ple 

p l a s t i c  s o l id  (Fig* 6 ,5b ) eq u a tio n  6 ,4  becomes;

Equat 6 ,6  or =CTy .

There i s  no "v iscous"  term , th e  tra n s m itte d  s t r e s s  be ing  CT y r e g a rd le s s

o f  th e  r a t e  o f flow .

In  between th e se  two extrem es a re  th re e  groups o f  beh av io u r. F ig , 6 ,5c  

r e p re s e n ts  a sh e a r - th in n in g  (p se u d o p la s tic )  m a te r ia l  where th e  e f f e c t iv e  

v i s c o s i ty  f a l l s  as th e  r a t e  o f  sh ear in c re a s e s .  F ig , 6 ,5 d  r e p re s e n ts  a 

Bingham s o l id .  These m a te r ia ls  ( e ,g ,  c la y s )  have a y ie ld  sh ea r s t r e s s ,  

b u t a f t e r  th i s  i s  exceeded th e  r e la t io n s h ip  o f  s t r e s s  w ith  sh ear r a t e  i s  

l in e a r  :

Equat 6 ,7  O' =CTy +  n (^1 ^2)
h

F ig , 6 ,5 c , r e p re s e n ts  a s h e a r- th ic k e n in g  ( d i l a t a n t )  m a te r ia l .  These 

m a te r ia ls  can ag a in  have a y ie ld  s t r e s s  b u t th e  e f f e c t iv e  v i s c o s i ty  

in c re a s e s  w ith  sh ear r a t e .  I t  should  be n o ted  however t h a t ,  u n lik e  the

o th e r  modes o f b eh av io u r, d i l a t a n t  behav iour cannot co n tin u e  in d e f in i t e ly

w ith  in c re a s in g  sh ear r a t e .  The m a te r ia l  must e v e n tu a lly  s t a r t  sh e a r-  

th in n in g  (o r m erely  s h e a r in g ) .
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Dry r u s t  can e a s i ly  be com pressed in to  a s o l id  p e l l e t .  However as th e  

w ater c o n ce n tra tio n  o f  a ru s t /w a te r  m ix ture  i s  in c re a se d , i t  f i r s t  

re sem bles a m o ist c lay  ( a t  approx, 30% by w eight o f  w ater) and then  a 

v isco u s  s lu r r y ,  A com plete p h y s ic a l  d e s c r ip t io n  o f a v a ry in g  r u s t /w a te r  

m ix tu re  must embody many o f  the  eq u a tio n s  d iscu ssed  in  t h i s  s e c tio n .

There a re  then  two c o in c id e n t e x p lan a tio n s  fo r  th e  low adhesion  caused 

by s l i g h t l y  wet r u s t .  The f r i c t i o n  caused by a s o l id  f ilm  w i l l  decrease  

as  th e  w ater c o n ten t i s  in c re a se d  ( i . e . C 'y i s  decreased ) u n t i l  such a 

tim e th a t  th e  f ilm  is- n o t s tro n g  enough to  p re v e n t the  su rfa c e s  touch ing  

and eq u a tio n  6 ,6  i s  no lo n g e r a p p lic a b le . A lte rn a t iv e ly ,  w ater a lone  

cannot hydrodynam ically  lu b r i c a te  e i th e r  th e  Amsler specimens or a 

ra ilw a y  wheel u n t i l  enough s o l id  i s  added to  in c re a se  i t s  v i s c o s i ty  and 

cause f r i c t i o n  to  f a l l  as th e  su rfa c e s  s e p a ra te . In  p r a c t ic e  bo th  p o in ts  

o f  view  a re  r e le v a n t ,  low adhesion  c o in c id in g  w ith  th e  t r a n s i t i o n  from 

s o l id  to  l iq u id  behaviour o f  the  ru s t /w a te r  m ix tu re , - In  th e  fo llo w in g , 

th e  t r i b o lo g ic a l  consequences o f  th ese  c o n s id e ra tio n s  w i l l  be examined bo th  

t h e o r e t i c a l ly  and p r a c t i c a l l y  w ith  th e  sup p o rt o f  sim ple ex p erim en ts,

6 ,5  YIELD SHEAR STRESS

For a s o l id  the  maximum s u s ta in a b le  fo rce  eq u als  i t s  y ie ld  shear s t r e s s  

(sh e a r s tre n g th )  m u lt ip l ie d  by th e  a re a  s u s ta in in g  the  fo rc e :

Equat 6 ,8  F = ^ y  x  A \

o r ex p ressed  as a c o e f f ic ie n t  o f  f r i c t i o n  (/^=  F/N) viiere th e  s o l id  i s  in

th e  form o f a su rfa ce  f ilm  and N i s  the  norm al lo a d ,

Equat 6 ,9  / I  =  Oy x A
N ,

Furtherm ore th e  sh ear s tre n g th  o f  any m a te r ia l  (n o t m erely  a s o l id )

determ ines th e  r e s u l t a n t  f ilm  th ic k n e ss  formed vhen i t  i s  p l a s t i c a l l y

compressed between two f l a t  s u r fa c e s . The fo llo w in g  eq u a tio n  has  been.

found to  h o ld  (Dukes 1970);

Equat 6 ,10 Y =  é  N h^
2
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Where Y i s  the  y ie ld  s t r e s s  (n o t y ie ld  shear s t r e s s ) ,  V th e  volume o f

m a te r ia l  and h the  s e p a ra tio n  o f  the  s u r fa c e s .

Now, acco rd in g  to  T resca^s c r i t e r io n ,  Y, th e  y ie ld  s t r e s s  ( in  com pression) 

i s  double (T y ,th e  y ie ld  s t r e s s  in  shear ( C b t t r e l l  1964) ,  So eq u atio n  6,10 

can be re -a r ra n g e d ,

Equat 6,11 C7 y = N V

2
vdiere r  i s  th e  ra d iu s  o f  a deformed d is c  o f  m a te r ia l  (V = r  h)

o r

E quat 6 ,12  h = Oy 4~A r ^
N

where h i s  th e  s e p a ra tio n  o f th e  p la te n s ,

6 ,6  YIELD SHEAR STRESS OF COMMON TRACK CONTAMINANTS

S o lid  contam inant film s  scraped  from th e  t r a c k  can be r e c o n s t i tu te d  as
2

p e l l e t s  under th e  a p p ro p r ia te  v l i e e l / r a i l  p re s su re s  (283 MN/m ) in  a 

la b o ra to ry  p re s s .  H ardness measurements can then  be made u s in g  a pyram id 

diamond in d e n ta tio n  t e s t .  I f  r e p e a ta b le ,  w e ll d e fin e d , in d e n ta t io n s  can 

be made, th e  m a te r ia l  i s  homogeneous and can be a s c r ib e d  a s p e c i f ic  shear 

s t r e n g th ,  c a lc u la te d  from th e  V ickers pyram id number :

Equat 6 ,13  (3" y % V^P.N. Kg/mm  ̂ ( C o t t r e l l  1964, Tabor 1951)

For s o f te r  m a te r ia ls  ( e ,g ,  d e b r is  p lu s  w a ter) i t  i s  e a s ie r  to  make use o f

eq u a tio n  6 ,1 1 , M ixtures o f  i ro n  oxide and w ater were made up by hand,

( p r e c ip i ta te d  Fe^O^ was used  because o f  i t s  s im i la r i ty  to  r a i l  d e b ris

(B eagley e t  a l  1973)). Sanq)les o f  th e  m ix tu res  were p la c e d  between g la s s

p la t e s  and were c a r e f u l ly  compressed by v a rio u s  lo a d s . The r e s u l t a n t

r a d iu s  o f  th e  compressed sample and th e  s e p a ra tio n  o f  th e  p la t e s  were

n o te d , A fu r th e r  sample from each  m ix ture  was d r ie d  and weighed in  o rd e r

to  determ ine th e  p e rcen tag e  s o l id .  By p lo t t in g  th e  r e s u l t s  on lo g /lo g
c

p a p er , as NV v e rsu s  r  , eq u a tio n  6,11 i s  shown to  be o f  th e  c o r r e c t  form. 

F ig , 6 ,6 , I t  i s  p o s s ib le  to  c a lc u la te  O’ y fo r  each m ix tu re . F ig , 6 ,7 , 

from th e  re g re s s io n  l i n e s  f i t t e d  to  the  ex p erim en ta l p o in ts  in  F ig , 6 ,6 ,
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Table 6 ,1  shows the  shear s tre n g th  o f th e  o x id e /w ate r m ix tu re s , a 

m ix tu re  o f  oxide and o i l  and two l e a f  d e b ris  samples scraped  from th e  

t r a c k ,  compressed as p e l l e t s  under 283 MN/m . From th e se  v a lu e s , 

th e o r e t i c a l  s ta b le  film  th ic k n e sse s  can be c a lc u la te d  from eq u a tio n  6,12 

and c o e f f ic ie n ts  o f f r i c t i o n  from eq u atio n  9 , assum ing ra ilw a y  lo a d s  o f 

5 X 1 0 ^  and 10% , T yp ical \ d i e e l / r a i l  c o n ta c t a re a s  a re  assumed to  be

1 ,5  X 10 ^ m  ̂ fo r  a 5 x  10^ N lo a d  and 2 x  10 m  ̂ fo r  a 10% v iiee l lo a d ,

m  F ig , 6 ,7  th e  y ie ld  shear s t r e s s  fo r  th e  o x id e /w a te r m ix tu res  i s  

e x tra p o la te d  to  th e  va lue  fo r  th e  dry  o x id e . This e x tra p o la t io n  has to  

be co n sid e red  c a u tio u s ly  s in ce  only  th e  d ry  oxide was su b je c te d  to  

com pression b e fo re  measurement o f i t s  p r o p e r t ie s .  However, th e  tre n d  

p ro b ab ly  does re p re s e n t  th e  change in  p h y s ic a l p ro p e r t ie s  o f  d e b r is  as i t  

d r ie s  on th e  t r a c k .  The th e o r e t i c a l  y ie ld  shear s t r e s s  fo r  a 90% s o l id  

m ix tu re  in c lu d e d  in  Table 6 ,1  i s  o b ta in e d  by u sin g  th e  e x tra p o la t io n  o f

F ig . 6 ,7 .

S ince iro n  oxide p a s te s  a re  n o t t ru e  s o l id s  ( th e  fo rc e  tra n s m itte d  being  

dependent on the  shear r a t e ,  eq u a tio n  6 ,4 )  t h e o r e t i c a l  c o e f f ic ie n ts  o f 

f r i c t i o n  cannot be c a lc u la te d . The v isco u s n a tu re  o f th e  p a s te s  must be 

tak en  in to  accoun t and i s  co n sid ered  in  S ec tio n  6 ,8 . However, bo th  the  

p re d ic te d  c o e f f ic ie n ts  o f  f r i c t i o n  and th e o r e t i c a l  f ilm  th ic k n e sse s  o f  

s o l id  tr a c k  con tam ination  a re  rea so n ab le  in  com parison to  those  v a lu es  

found in  p r a c t ic e .  The f ilm  th ic k n e sse s  re p re s e n t  th e  th ic k e s t  s ta b le  

la y e r  g iven  s u f f i c i e n t  d e b r is ;  any la y e r  th in n e r  than  t h i s  va lue  would 

a lso  be s ta b le .
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TABLE 6 .1
THE SHEAR STRENGTH OF IRON OXIIE MIXTURES, TFfE RESULTING MAXIMUM FILM 

THICKNESS AND FRICTION COEFFICIENT

M a te ria l V.P.N.
Shear
S tren g th

R e su lta n t Thickness 
mm

C o e ff ic ie n t 
o f  F r ic t io n

' / 111 Load .
5 X 10%

Load
10%

Load .
5 X 10%

Load
10%

P r e c ip i ta te d 60 10^ 8 ,3 6 ,4 0 ,3 0 ,2

+ l.S%  o i l
25 4 .2  X 10^ 3 .5 2 ,7 0 ,1 3 0 ,03

Leaf D ebris 
Sample 1 15 2 ,5  X 10^ 2 ,1 1 ,6 0 ,08 0 ,0 5

Leaf D ebris 
Sample 2 7 1,2 X 10^ 1,0 0 ,8 0 ,0 4 0 ,02

^^2^3/ ^ 2^ mix 
90% s o l id

2 ,2  X 10^ 1,8 X 10"2 1 .4 ,x
10"^

( 6 , 6  X

10-4)

Fe^O^/H^O mix 

80% s o l id
1 .4  X 10^ 1,2 X 10"4

Fe^O^/H^O mix 
70% s o l id

38 3 ,2  X 10“ ^ F r ic t io n
depends
on
flow
p ro p e r t ie s

^®2®3^^2® mix 
60% s o l id

3 .8 . 3 ,2  X 10"? 2.4-X
10” "

2^3/ ^ 2® mix 
50% s o l id

0 ,8 5 7 ,1  X  1 0 " 8

6 .7  DISCUSSION OF SOLID TRACK CONTAMINANTS

Film th ic k n e sse s  ta b u la te d  in  Table 6 ,1  re p re s e n t  th e  maximum p o s s ib le  

under th e  s ta t e d  co n d itio n s  o f  lo ad  and a re a , A p a s te  o f  iro n  oxide and 

w ater can on ly  form a f ilm  th ic k e r  th an  1 x  10 ^ mm vhen i t  co n ta in s  more 

th an  80% s o l id .  However th e  y ie ld  s tre n g th  o f  a s o l id  does n o t com pletely  

d e sc r ib e  i t s  behav iour as a f i lm . On th e  passage o f a v h ee l th e  e l a s t i c  

deform ation  o f  th e  vh ee l and r a i l  causes th e  f ilm  to  be s t r a in e d .  I f  th e  

m a te r ia l  i s  n o t p l i a b le  i t  r e t a in s  the  imposed defo rm ation , detaches^ 

i t s e l f  from th e  r a i l  and i s  su b seq u en tly  thrown c le a r  o f  th e  wear band 

as a  f la k e  (G raver and K endall 1971). Thus, in  s p i te  o f  th e  h igh  y ie ld  

s t r e s s  o f  compressed iro n  oxide (enough to  g ive good f r i c t i o n ) ,  i t s  n o n - 

p l i a b i l i t y  r e s u l t s  in  a c lean  wear band be in g  formed on w e ll used t r a c k .  

This i s  a p h y s ic a l  e x p la n a tio n  fo r  th e  c a p r ic io u s  n a tu re  o f  n a tu r a l  r a i l
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co n tam ination , which can o n ly  be trap p ed  on th e  wear band under c e r ta in  

w e ll d e fin ed  c o n d itio n s .

Grease by i t s e l f  does n o t have a s u f f i c i e n t ly  h igh  y ie ld  s t r e s s  (O ’ y approx, 

500 N/m ) to  m a in ta in  a f ilm  between v h ee l and r a i l .  However, vhen g re a se , 

o r o i l ,  i s  mixed w ith  r a i l  d e b r is ,  th e  d e b ris  e f f e c t iv e ly  s u p p lie s  th e  

" y ie ld  s t r e n g th " , th e  o i l  th e  " p l i a b i l i t y "  and a s ta b le  f ilm  o f  low shear 

s tr e n g th  can be form ed. Film s formed on the  r a i lh e a d  n e a r  f lan g e  

lu b r i c a to r s  a re  found to  c o n ta in  a h ig h  p e rcen tag e  o f i ro n  oxide mixed 

w ith  g rease  (B ro s te r e t  a l  1973).

During an in v e s t ig a t io n  in to  th e  rem oval o f  le a f y  con tam ination  (McEwen 

1974) a ttem p ts  were made to  s im u la te  th i s  type o f  f ilm  on th e  t r a c k .  I t  

p roved rem arkably  d i f f i c u l t ;  e i th e r  th e  m a te r ia l  was pushed a s id e  o r i t  

f la k e d  o f f  on the  passage  o f  a t r a in ]  F in a l ly  a s a t i s f a c to r y  s im u lan t was 

concocted u s in g  a m ix tu re  o f  f i l t e r  paper pu lp  and iro n  o x id e . This 

confirm s th e  p a r t i c u la r  n a tu re  o f  le a f y  t r a c k  co n tam in a tio n . The f ib ro u s  

n a tu re  o f th e  le a v e s , combined w ith  th e  t r a c k  d e b ris  (found by a n a ly s is ) ,  

forms film s  th a t  a re  bo th  s tro n g  enough and p l ia b le  enough to  rem ain on 

th e  t r a c k .  The low f r i c t i o n ,  c a lc u la te d  from the  shear s tre n g th  o f  the  

l e a f y  con tam ination  in  Table 6 ,1 , ag rees  w e ll w ith  v a lu e s  observed  u s in g  

an ex p erim en ta l t r a i n  (McEwen 1974).

6 .8  FLOW PROPERTIES OF OXIDE/WATER MIXTURES

The to r s io n a l  f r i c t i o n  r i g  (Beagley e t  a l  1971) rep ro d u ces  th e  c o n d itio n s  

o f  lo a d  and c o n ta c t a re a  found between wheel and r a i l  by com pressing a 

c e n t r a l  p la te n  between two p la in  ended c y l in d r ic a l  p lu n g e rs  (15 mm d iam .) .  

V arious m ix tu res  o f  i ro n  oxide and w ater were loaded  between th e  t e s t  

s u r fa c e s . Torque was then  slow ly  a p p lie d  to  tw is t  th e  p la te n  a g a in s t  the  

p lu n g e rs . Sm all movements o ccu rred  a t  even th e  lo w est to rq u e s . The 

c o e f f ic ie n ts  o f f r i c t i o n  shown in  Table 6 ,2  were c a lc u la te d  from the  

to rq u e  f i n a l l y  re q u ire d  to  produce a f u l l  15° tw is t .
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TABLE 6 .2

FRICTION OF OXIDE/WATER MIXTURES ON THE TORSIONAL FRICTION RIG.

^  d e b ris
d e b ris  + w ater

58. 8% .6 1 ,7 %  63.8%

juL under 2 tonnes lo ad 0 ,10  0 ,0 3  0 ,01

under 4 tonnes lo a d 0 ,2 4  0 .1 4  0 ,0 5

The s ta b le  film s formed by th e  m ix tu res  were th ic k e r  th an  th e  e q u ilib r iu m  

th ic k n e ss  p re d ic te d  in  Table 6 ,1  because th e  m ix tu res  "de-w atered" form ing 

sm all is la n d s  o f w ater and s o l id  m ix ture  w ith in  th e  c o n ta c t a re a . This 

im p o rtan t phenomenon w i l l  be co n sid ered  l a t e r .  However, the  sm all 

movement exp erien ced  a t  low to rq u es  confirm ed th e  low o rd e r o f  m agnitude 

o f  th e  sh ear s t r e n g th .  Furtherm ore th e  f r i c t i o n  d ecreased  as th e  shear 

s tre n g th  went up ( in c re a se d  p e rcen tag e  s o l id ) .  The h ig h e r shear s tre n g th  

caused a th ic k e r  s ta b le  f ilm  to  be supported  by th e  s o l id  " is la n d s " ,  

r e s u l t i n g  in  low er shear r a t e s  a t  any given  s l i p  speed. The v isco u s  

component then  a p p a re n tly  dom inates s l ip  in  t h i s  com plicated  s i tu a t io n ;  

th e  low er shear r a t e  r e s u l t s  in  low er f r i c t i o n .  A lthough th e se  f ig u re s  

g ive a u s e fu l  q u a l i t a t iv e  r e s u l t ,  th e  p h y s ic a l c o n d itio n s , w ith  m a te r ia l  

be in g  squeezed o u t as tw is t  occurs in  a je rk y  manner, a re  too complex fo r  

th e  p h y s ic a l  p ro p e r t ie s  o f  th e  m ix tu res  to  be c a lc u la te d .

In o rd e r to  measure d i r e c t l y  th e  shear p ro p e r t ie s  o f  i ro n  o x id e /w ate r 

m ix tu res  a sim ple d is c  v iscom eter was c o n s tru c te d . In  t h i s  th e  m a te r ia l  

to  be examined was p la c e d  between a d is c  and a r in g  o f  p e rsp ex  h e ld  a 

f ix e d  d is ta n c e  (h) a p a r t .  The r in g  was d riv en  a t  a c o n s ta n t speed and the  

to rq u e  tra n s m itte d  by th e  r in g  o f  trap p ed  m a te r ia l  was m easured by 

r e s t r a in in g  th e  p e rsp ex  d is c  w ith  a  sp rin g  b a lan c e . The s e p a ra tio n  o f  the  

s u rfa c e s  was changed to  produce m easurable to rq u es  tra n s m itte d  by m ix tu res  

w ith  a wide range o f  v i s c o s i t i e s .  Over a l im i te d  v i s c o s i ty  ra n g e , 

o b ta in e d  w ith  f a i r l y  l iq u id  m ixes, comparable r e s u l t s  were o b ta in e d  u s in g  

a F e r r a n t i - S h ir le y  v isco m ete r.
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The v iscom eter measured th e  fo rc e , F, in  eq u a tio n  6 .3 . The ap p aren t 

v i s c o s i ty ,  , o f  each m ix ture  m easured was c a lc u la te d  u sin g  

Equat 6 .1 4  n '

vliere v i s  the  e f f e c t iv e  su rfa ce  speed and A i s  th e  a re a  be ing  sh eared .

The ap p aren t v is c o s i ty  ig n o re s  the  y ie ld  s t r e s s  (shorn  l a t e r  to  be sm all) 

and i s  p lo t te d  in  F ig , 6 ,9  v e rsu s  p e rcen tag e  s o l id .  In  o rd e r to  o b ta in  

m easurable tra n s m itte d  to rq u es  th e  shear r a t e  had to  be in c re a se d  (from 

10 to  88 secs ^) as th e  v i s c o s i ty  o f  th e  m ix tu res  d ecreased . The e f f e c t  

o f  shear r a t e  on v i s c o s i ty  was determ ined  u sin g  a B ro o k fie ld  V iscom eter,

This i s  a more s e n s i t iv e  in s tru m en t than  th e  s p e c ia l ly  designed  v iscom eter 

b u t because o f  i t s  geom etry, a d is c  r o ta te d  a t  c o n s ta n t speed in  the  

m a te r ia l ,  on ly  approxim ate shear r a t e s  can be a sc r ib e d  to  each s i tu a t io n  

(W ich terle  and U lb rech t 1967, B eazley 1972), I n i t i a l  re a d in g s  a t  low 

sh ear r a t e s . sometimes in c re a se d  w ith  tim e . F in a l re a d in g s  were tak en  by 

in c re a s in g  and d ec rea s in g  th e  sp in d le  speed s e v e ra l  tim es over th e  viiole 

range  u n t i l  s ta b le  v a lu es  were o b ta in ed  a t  a l l  fo u r sh ea r r a t e s .  These 

r e s u l t s  a re  shown in  F ig , 6 ,9  a long  w ith  a curve t r a n s la t e d  from F ig , 6 ,8 , 

The tre n d  o f th e  c o n s ta n t shear r a t e  curves was in f e r r e d  from th e  maximum 

to rq u e  be ing  r e g i s te r e d  on the  in s tru m en t as th e  s o l id  c o n ten t was 

in c re a s e d ,
V

6.9* DISCUSSION OF THE RHEOLOGICAL PROPERTIES OF OXIDE/WATER MIXTURES 

F ig . 6 ,9  shows two in te r e s t in g  f e a tu r e s .  F i r s t l y ,  th e  v i s c o s i ty  o f  the  

m ix tu res  v a r ie s  r a p id ly  w ith  pe rcen tag e  s o l id  (app rox im ate ly  lo g a r i th m ic a lly ,  

see F ig . 6 .8 ) .  Secondly, below approx im ate ly  60% s o l id  th e  v i s c o s i ty  

ten d s  to  f a l l  a s  th e  sh ear r a t e  in c re a s e s  ( th e  m a te r ia l  i s  s h e a r - th in n in g , 

p s e u d o p la s t ic ) ,  b u t above t h i s  va lue  th e  v i s c o s i ty  in c re a s e s  w ith  

in c re a s in g  shear r a t e  ( th e  m a te r ia l  i s  sh e a r- th ic k e n in g , d i l a t a n t ) .  The 

com parison in  F ig . 6 ,9  o f  th e  d is c  v iscom eter r e s u l t s  (w ith  i t s  shear r a t e  

d e c rea s in g  from 88 to  10 secs  ̂ as  s o l id  c o n c e n tra tio n  in c re a s e s )  w ith  

th o se  o f  th e  B ro o k fie ld  show a coheren t t re n d  o f  p se u d o p la s tic  behav iour 

tu rn in g  to  d i l a t a n t  behav iour as s o l id  c o n c e n tra tio n  in c re a s e s .  This i s
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to  be expec ted  (F isc h e r 1950, R oberts  1962) e s p e c ia l ly  w ith  th e  p l a t e - l ik e  

oxide p a r t i c l e s ,  which become enmeshed as  the  shear r a t e  in c re a s e s .

Table 6 .3  p re s e n ts  th e  B ro o k fie ld  r e s u l t s  in  an o th er form . The m easured

s t r e s s e s  a t  d i f f e r e n t  sh ear r a t e s  a re  shown to g e th e r  w ith  th e  co rrespond ing

y ie ld  shear s t r e s s e s  fo r  v a rio u s  p e rcen tag e  s o l id s .  These a re  th e  v a lues

G and CTy from eq u a tio n  6 .4 ;

Equat 6 .15  O' = Oy + f  (^1 % )
h

TABLE 6 ,3

STRESSES (O') OBSERVED AT DIFFERENT SHEAR RATES COMPARED WITH DEDUCED YIELD

STRESS (c ry ).

%Solid

Y ield
Shear
S tr e s s
C7yN/m̂

S tr e s s   ̂

0 .7 5  sec” ^

N/m^

1.5  sec” ^

cr

3.0  sec  ^ 6 .0  sec  ^

55% 1.6 6 .5 iS.O 27.0 27 .6

60% 3.8 7 .5 19.8 48.0 120

65% . 12 12.3 27.9 - -

70% 38 21.15 39.0 - -

By comparing th e  two s e ts  o f v a lu es  i t  can be seen th a t  th e  "v isco u s"  

fo rc e  p redom inates over th e  y ie ld  s t r e s s  a t  a l l  b u t th e  lo w est sh ea r r a t e s

i . e .  th e  ap p a ren t v i s c o s i ty  i s  n u m e ric a lly  e q u iv a le n t to  th e  r e a l  

v i s c o s i ty .  .

With a  h igb  p e rcen tag e  s o l id  co n ten t th e  y ie ld  shear s t r e s s  i s  g re a te r

than  th e  fo rc e  s u s ta in e d  a t  low shear r a t e .  This i s  n o t as  incongruous

as i t  ap p ea rs . Even during  the  y ie ld  s t r e s s  t e s t s  th e  m a te r ia l  i s  sheared  
 ̂ : / 

as i t  i s  com pressed between the  g la s s  p la te s  and th e re fo re  d i l a t e s  ( i . e .

becomes more v isc o u s )  i f  th e re  i s  more than  60% s o l id  p re s e n t .  This
r

e f f e c t  i s  a lso  seen in  F ig . 6 ,6  Wiere a t  h ig h  v a lu es  o f  r  v a lu es  (which 

can be equated  to  h ig h  shear r a t e s )  s e v e ra l  p o in ts  f a l l  w e ll o u ts id e  the  

n a tu r a l  s c a t t e r .
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Shear r a t e s  on th e , t r a c k  w i l l  be s e v e ra l  o rd e rs  o f  m agnitude (up to  

10^ s e c l a r g e r  than  th o se  used in  th e se  ex perim en ts. However, p r a c t i c a l  

problem s m itig a te  a g a in s t  rep ro d u c in g  th e se  h ig h e r shear r a t e s  in  t e s t  

in s tru m e n ts , I n t e r f a c i a l  s l ip  between sample and m easuring face  i s  a g re a t  

problem  a t  h igh  s o l id  c o n ce n tra tio n  (Cheng 1974). Furtherm ore d i l a t a n t  

m a te r ia ls  a re  n o to r io u s ly  d i f f i c u l t  to  d ea l w ith . By th e i r  v e ry  n a tu re  

th e y  ten d  to  form s o l id  a re a s  in  th e  bu lk  o f  th e  m a te r ia l  \d iich  expand as 

th e  shear r a t e  around them in c re a s e s .  This p ro cess  r a p id ly  sp reads u n t i l  

th e  in s tru m e n t i s  jammed s o lid ]  G en era lly , however, w a te r /s o l id  m ix tu res  

show c o n s is te n t  behaviour (B eazley 1972, R oberts 1962) over a wide range 

o f  sh ear r a t e s ,  A few t e s t s ,  k in d ly  conducted by Dr, B eazley , (E ng lish  

Clay L evering  Pochin & Co, L td ,)  show t h i s  i s  a lso  tru e  fo r  our iro n  o x id e /  

w ater m ix tu res  in  th e  p se u d o p la s tic  regim e ( 50% s o l id )  over a wide range 

o f  shear r a t e s  (10  ̂ to  10^ sec ^ ),

6 .10  THEORETICAL ANALYSIS OF HYmODYNAMIC LUBRICATION BETWEEN WHEEL AND 

RAIL

In  S ec tio n  6 .7  i t  was shown how th e  y ie ld  s t r e s s  o f  a m a te r ia l  w i l l  c o n tro l 

i t s  f ilm  th ic k n e ss  on th e  t r a c k . For a s o l id  i t  a lso  l im i t s  th e  fo rce  

t h a t  can be e x e r te d  a c ro ss  i t ,  and th u s  th e  c o e f f ic ie n t  o f  f r i c t i o n .  

However, in  S ec tio n  6 ,8  th re e  im p o rtan t rh e o lo g ic a l  p ro p e r t ie s  o f  o x id e /  

w ater m ix tu res  have been e s ta b l is h e d . F i r s t l y ,  th e  v isco u s  n a tu re  o f  th e  

m a te r ia l  p redom inates over i t s  s o l id  n a tu re  ( e s p e c ia l ly  a t  th e  h igh  sh ear 

r a t e s  seen on th e  t r a c k ) .  Secondly, i t s  v i s c o s i ty  can re a ch  v e ry  h ig h  

v a lu e s . T h ird ly , la rg e  changes in  v i s c o s i ty  occur w ith  o n ly  sm all changes 

in  th e  amount o f  w ater p re s e n t .  H y d ro s ta tic  p re s su re  w ith in  a contam inant 

m ixture  tra p p e d  between \d ieel and r a i l  w i l l  be s e v e ra l  o rd e rs  o f  m agnitude 

la r g e r  than  th a t  produced by th e  la b o ra to ry  r i g s  used to  measure th e  

p h y s ic a l p a ra m ete rs . However s in ce  th e  v i s c o s i ty  o f w ater e x h ib i ts  v e ry  

l i t t l e  p re s su re  dépendance i t  can be assumed th a t  th e  aqueous m ix tu res  

are  a lso  is o -v is c o u s .
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In  t h i s  s e c tio n  a s im p lif ie d  model fo r  th e  hydrodynamic lu b r ic a t io n  o f  a 

t r a i n  wheel i s  developed. The o x id e /w ate r mix i s  assumed to  be fundam entally  

v is c o u s . The low f r i c t i o n ,  " s l i g h t ly  w et", c o n d itio n  i s  shown to  be caused 

by hydrodynamic lu b r ic a t io n ,  where th e  wheel and r a i l  a re  s e p a ra te d  ( a t  

l e a s t  p a r t i a l l y )  by th e  contam inant on th e  t r a c k ,

M artin  ( 1916) fo rm u la ted  rh e o lo g ic a l  e q u a tio n s , d e sc r ib in g  two i n f i n i t e l y  

lo n g  undeformed c y lin d e rs  submerged in  a lu b r i c a n t .  The r e s u l t in g  p re s su re  

d i s t r ib u t io n  and uniform  flow  p a t te r n  a re  shown in  F ig . 6 . lOA, w hile  th e  

minimum s e p a ra tio n , h^ , between the  c y lin d e rs  i s  g iven  by :

Equat 6 .16  h^ = 2 .445 y

Where W i s  th e  lo a d  p e r  u n i t  w idth o f  c y lin d e r , su pported  by a lu b r ic a n t  

o f  v i s c o s i t y ^ .  R i s  th e  e f f e c t iv e  r a d iu s  o f  th e  c y lin d e rs  ( l / k  =  I/R^+I/R^) 

and u i s  th e  v e c to r sum o f  th e  su rfa ce  v e lo c i t i e s  (U^+U^). R eal 

s e p a ra tio n  occurs ( i . e .  hydrodynamic lu b r i c a t io n )  i f  th e  g e n e ra te d  th ic k n e s s , 

h^ , c a lc u la te d  from eq u atio n  6 .16  i s  g re a te r  than  the  combined roughness 

o f  th e  su rfa c e s  in  term s o f  a s p e r i ty  h e ig h ts .

Now, a ra ilw a y  wheel w i l l  no rm ally  be deformed by the  lo a d  to  form a f l a t  

c o n ta c t a re a  w ith  th e  r a i l .  Only i f  th e re  i s  v e ry  th ic k  and v isco u s  

contam inant on th e  tr a c k  w i l l  th e  wheel rem ain  c y l in d r ic a l .  E quation  

6 .16  does n o t tak e  accoun t o f  th e  f i n i t e  shape o f  th e  c o n ta c t o r o f  th e  

f a c t  th a t  th e re  i s  o n ly  a l im i te d  supply  o f  " lu b r ic a n t" .  F o r tu n a te ly  th e  

e f f e c t s  o f th e se  f a c to r s  on th e  b a s ic  e q u a tio n  6 . 16 have been an a ly sed .

For an undeformed c o n ta c t
\

Equat 6 .17  h^ =  2.445% u R W  ̂ x  I ,F .  x  S .L .F . (W olveridge, B ag lin

' and A rchard 1971).
■ , ' ' • I

and fo r  a deformed c o n ta c t

Equat 6.18 h^ =  2 .04  û  R )^ /^  e ' W “ ^/ ^ x  I .E .  x  S .L .F . (B aglin

and A rchard 1972),

■ / EWhere E =  ^ p 2  where E = Young’s Modulus
and P = P o is so n ’s R a tio  (0 .3  fo r  S te e l)
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S .L .F . i s  th e  s id e  leakage f a c to r  and re p re s e n ts  th e  e f f e c t  o f  p re s su re
'

lo s s  from th e  s id e  o f  th e  c o n ta c t, a s  shown in  F ig . 6.10B ( i . e .  m a te r ia l  

b e in g  pushed a s id e ) ,  S .L .F , i s  a number th a t  approaches u n ity  as th e  

geom etry approaches th a t  o f  two a lig n e d  c y lin d e rs .

Equat 6,19 S .L .F . = (A rchard and Cowking 1965)

Where R i s  the  e f f e c t iv e  ra d iu s  in  the  d i r e c t io n  o f  m otion and R th e  X y

l a t e r a l  r a d iu s .  For th e  same su rfa ce  geom etry S .L .F , ap pears  to  have the  

same va lu e  fo r  bo th  eq u atio n  6,17 and 6 ,l8  (W olveridge, B ag lin  and 

A r chard , 1971, d is c u s s io n ) .

I .F .  i s  th e  i n l e t  f a c to r  and i s  a  complex fu n c tio n  o f  th e  q u a n ti ty  o f  

lu b r ic a n t  p re s e n t ,  re p re se n te d  by the  le n g th  (x ) , approach ing  u n i ty  as  

the  c o n ta c ts  become f u l l y  submerged. O bviously no hydrodynamic lu b r i c a t io n  

can tak e  p la c e  i f  th e re  i s  no lu b r ic a n t  p re s e n t]

The geom etry o f  the  c o n ta c ts  i s  shown in  F ig . 6 ,1 1 . The c o n ta c t deform ation

i s  assumed to  be t h a t  found i f  no lu b r ic a n t  were p re s e n t  (Grubin and

Vinogradova 1949) i . e .  H e rtz ia n .

h^ was c a lc u la te d  from eq u atio n  6 .17  and 6 .l8  fo r  th e  fo llo w in g  c o n d itio n s

A. Wheel lo a d  (N) o f  5 x  10% (5 to n s )  and 10% (lO to n s ) .

B. Two co n d itio n s  o f v h e e l / r a i l  confo rm ity .

1. A p a r t i a l l y  worn v h ee l (417 mm ( l6 ,4 " )  l a t e r a l  r a d iu s )  on a worn 

r a i l  (229 mm (9") ra d iu s )  g iv in g  an e q u iv a le n t l a t e r a l  r a d iu s  o f  

508 mhi (20") and th u s  form ing a c i r c u la r  c o n ta c t .

2 . A ho llow  tr e a d  (351 mm (1 3 .8 ") l a t e r a l  r a d iu s )  on a new r a i l  

(305 mm (12") r a d iu s )  g iv in g  an e q u iv a le n t l a t e r a l  r a d iu s  o f

2 388 mm (94") and th u s  form ing a c o n ta c t in  th e  form o f  a wide

e l l i p s e  a c ro ss  th e  r a i lh e a d .

C. F ive le v e l s  o f  r a i l  con tam ination  shown in  F ig . 6 .12

F ig . 6 .12  shows the  s o lu tio n s  fo r  a c i r c u la r  c o n ta c t su p p o rtin g  a 10% 

lo a d , h^ i s  p lo t te d  v e rsu s  fo r  bo th  the  undeformed (eq u a tio n  6 ,17 )
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and deformed c o n ta c ts  (eq u a tio n  6 . I 8 ) ,  The deformed s o lu tio n  i s  r e le v a n t  

when th e  c a lc u la te d  m agnitude o f th e  s e p a ra tio n  i s  g re a te r  than  th a t  

p re d ic te d  by th e  undeformed s o lu t io n . In  f u l l y  flo o d ed  c o n d itio n s  the  

su rfa c e s  could  conce ivab ly  become s u f f i c i e n t ly  sep a ra te d  a t  h igh  v a lu es  o f 

v i s c o s i ty  and speed. However as c o n d itio n s  become p ro g re s s iv e ly  more 

s ta rv e d  th e  su rfa c e s  approach one a n o th e r , deform and a re  s e p a ra te d  by the  

va lue  c a lc u la te d  u s in g  th e  deformed s o lu tio n  (eq u a tio n  6 . I 8 ) . Curves a re  

g iven  fo r  s ix  c o n d itio n s  o f  ’s ta r v a t io n ’ o r i n i t i a l  m a te r ia l  th ic k n e ss  as 

m easured by the  param eter X  mm.

Using the  deformed s o lu tio n  F ig s . 6 .13  and 6 . I 4 ag a in  show th e  s e p a ra tio n , 

h ^ , as a fu n c tio n  o f  û , b u t in s te a d  o f  u s in g  th e  i n l e t  f a c to r  x ,  curves 

a re  p re se n te d  fo r  fo u r s ta r v a t io n  co n d itio n s  in  term s o f  a more p r a c t i c a l  

p a ram ete r, the  th ic k n e ss  o f  m a te r ia l ,  H, on th e  tr a c k  in  f r o n t  o f  the  

v h e e l. N a tu ra lly  h^ ten d s  to  H as the  v i s c o s i ty  and speed in c re a s e .  F ig .

6 ,13  shows the  s o lu tio n  fo r  a 10% lo a d  on a c i r c u la r  c o n ta c t and, in  

c o n tr a s t .  F ig , 6 ,14  shows th e  s o lu tio n  fo r  a 10% lo a d  and an e l l i p t i c a l  

c o n ta c t .  The w ider c o n ta c t o f  the  l a t t e r  le a d s  to  th e  developm ent o f
■ f ■ . . .

th ic k e r  f i lm s . For a g iven  s id e  leakage f a c to r  ( i . e .  \ d i e e l / r a i l  c o n ta c t 

geom etry) r e s u l t s  u s in g  th e  lo a d  o f  5 x  10% a re  s im ila r  to  th o se  fo r  th e  

10% lo a d  ( th e  sm alle r deformed c o n ta c t a re a  caused b y  the  l i g h t e r  lo ad  

develops s im ila r  f i lm s ) .

Now th e  hydrodynamic lu b r ic a t io n  o f wheel and r a i l  (h g re a te r  th an  the  '

roughness o f  th e  s u r fa c e s )  i s  o f  l i t t l e  consequence u n t i l  to rque  i s

e x e r te d  on th e  v h e e l, e i th e r  to  a c c e le r a te  or d e c e le ra te  th e  t r a i n .  To

determ ine th e  f r i c t i o n a l  fo rc e s  some r e l a t i v e  s l ip  has to  be assumed.

C onsider b ra k in g , vhen maximum fo rce  w i l l  t h e o r e t i c a l l y  be e x e r te d  vhen

th e  wheel i s  lo ck ed  (Ug-U^ i s  a t  a maximum). Then

Equat 6 .20  M ^  x  (c o n ta c t a re a  x h  x ^2 ) (See Equat 6 ,5 )

• o

Using eq u a tio n  6.20 i s o f r i c t i o n  l in e s  a re  drawn on F ig , 6 ,13  and 6 ,1 4 .

This assumes th a t  a l l  th e  m a te r ia l  be ing  sh eared  i s  in  the  c o n ta c t a rea
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and th a t  u has n o t changed. The l a t t e r  i s  n o t s t r i c t l y  t r u e .  The 

i s o f r i c t i o n  l in e s  re p re s e n t  th e  maximum fo rce  th a t  can be e x e r te d  b efo re  

th e  developm ent o f  wheel f l a t s  (sho^m l a t e r  to  be more prone to  

hydrodynamic lu b r ic a t io n  than  the  above th e o ry  s u g g e s ts ) .

F ig . 6 .13  and 6 ,14  can be used  in  th e  fo llo w in g  way : Take, fo r  example,

th e  ex p erim en ta l t r a i n  d iscu ssed  in  S ec tio n  6 ,2  t r a v e l l in g  a t  60 m ile /h
—2on s l i g h t l y  wet r u s ty  t r a c k .  Assume th e  con tam ination  was 2 ,54  x  10 mm 

th ic k  w ith  v i s c o s i ty  o f  10 p o ise  and th e  v h ee ls  had a ho llow  wheel p r o f i l e .  

From F ig . 6 . 14 th e  wheels and r a i l  would have been se p a ra te d  by a film  

th ic lm e ss , h^ , o f  1,05 x 10 ^ mm. The combined roughness o f  a wheel and 

th e  tr a c k  would have been l e s s  than  th i s  v a lu e , com plete hydrodynamic 

lu b r ic a t io n  ta k in g  p la ce  w ith  adhesion  dependent on th e  m a te r ia l  

p r o p e r t ie s  o f  th e  f i lm . From th e  graph i t  i s  p re d ic te d  t h a t  th e  maximum 

c o e f f ic ie n t  o f  f r i c t i o n  o b ta in a b le  by any wheel i s  l e s s  th an  0 ,0 1 , 

C o e f f ic ie n ts  o f  f r i c t i o n  o f  t h i s  o rd e r must have o ccu rred  in  p r a c t ic e ,  

g iv in g  r i s e  to  the  e x c e p tio n a lly  long  s to p p in g  d is ta n c e .

6 .11  DISCUSSION OF HYDRODYNAMIC LUBRICATION

6 .1 1 ,1  The Amsler Machine

The Amsler r i g  (S ec tio n  6 ,3 ) p ro v id e s  th e  c lo s e s t  la b o ra to ry  s im u la tio n  

o f  hydrodynamic t r a c k  c o n d itio n s . A lthough the  v e lo c i t i e s  (O.4  m /sec) 

a re  low, th e  c o n ta c t w idth i s  o f  th e  same o rd e r as t h a t  on the  t r a c k .  I t  

can be assumed th a t  th e  su rfa c e s  ex p erien ce  th e  same mechanism as  occurs 

on th e  t r a c k ,  u n d e re s tim a tin g  th e  range o f  c o n d itio n s  in  which low f r i c t i o n  

may occur in  p r a c t ic e  a t  h ig h e r su rface  v e l o c i t i e s .  T h e o re tic a l  an a ly se s  

s im ila r  to  t h a t  in  S ec tio n  6.10 p r e d ic t  v e ry  low c o e f f ic ie n ts  o f  f r i c t i o n  

(W 10 ) and show th a t  v i s c o s i t i e s  o f  10 to  10 p o ise  a re  n ecessa ry /

b e fo re  hydrodynamic lu b r ic a t io n  can o ccu r. C a lc u la tio n s  in v o lv in g  i n l e t  

f a c to r s  and c o e f f ic ie n ts  o f  f r i c t i o n  a re  d i f f i c u l t  because o f  the  

r e l a t i v e l y  sm all s iz e  o f the  deformed a re a .  However th e  f r i c t i o n  o f  0 ,05  

o b ta in e d  w ith  s l i g h t l y  wet r u s t  and 0 ,0 2  w ith  s l i g h t ly  wet l e a f  d e b ris

can be accounted  fo r  by th e  r o l l i n g  r e s is ta n c e  (Dowson and Whomes 1967),
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in d ic a t in g  th a t  com plete hydrodynamic lu b r ic a t io n  was ta k in g  p la c e .

The minimum c o e f f ic ie n t  o f  f r i c t i o n  o f 0 ,17  th a t  occurs as  th e  wet oxide 

on th e  r o l l e r s  i s  d ry in g  i s  a r e s u l t  o f  th e  r e s t r i c t e d  q u a n ti ty  o f  

" lu b r ic a n t"  b e in g  unab le  to  p ro v id e  th e  in c re a se d  f ilm  th ic k n e ss  th a t  

would be commensurate w ith  th e  in c re a se d  v is c o s i ty  o f the  s l i g h t l y  wet 

m ix tu re . When s e l f -g e n e ra te d  wear d e b ris  i s  i n i t i a l l y  w etted  i t  forms a 

th in  s lu r r y  \d iich , because o f  i t s  low v is c o s i ty  (0 ,01  p o is e ) ,  causes no 

su rfa ce  s e p a ra tio n  and th e  r e s u l t a n t  f r i c t i o n  ( ^  =  0 ,3 )  i s  t h a t  o f  c lean  

wet r o l l e r s  in  .c o n ta c t. As th e  su rfa c e s  d ry , most o f  th e  d e b ris  m ix ture  

i s  pushed to  th e  s id e  o f  th e  r o l l e r  vhere i t  no lo n g e r has any e f f e c t  on 

f r i c t i o n .  The f a c t  t h a t  th e  sm all rem ain ing  q u a n t i t ie s  o f  p a s te  s t i l l  

cause a lo s s  o f  f r i c t i o n  in d ic a te s  t h a t ,  a t  h ig h e r  v e lo c i t i e s ,  locom otives 

w i l l  see a drop in  a v a i la b le  adhesion  under s l i g h t l y  wet c o n d itio n s , even 

on n o m inally  "c lean "  main l i n e  t r a c k ,

6 ,1 1 ,2  Hydrodynamic L u b r ic a tio n  on the  Track

Hydrodynamic lu b r i c a t io n  i s  n o t  p o s s ib le  on th e  t r a c k  w ith  a f ilm  th ic k n e ss
— Tle s s  than  ap p ro x im a te ly  lO” mm, dependent on th e  roughness o f  v h ee l and

r a i l .  The s u rfa c e s  b eg in  to  touch  i f  the  c o n d itio n s  s p e c if ie d  in  F ig s .

6 .13  and 6 ,1 4  r e s u l t  in  a f ilm  th ic k n e ss  h l e s s  than  t h i s .  I t  fo llow so
th a t  w a ter, w ith  a v i s c o s i ty  o f  0 ,01  p o is e , cou ld  never produce se p a ra tio n  

even fo r  flo o d e d  c o n d itio n s  ( la rg e  H and x )  and h ig h  t r a i n  speeds. The 

th e o ry , however, shows th a t  a p a s te  o f  h ig h  v i s c o s i ty  can cause se p a ra tio n  

to g e th e r  w ith  low c o e f f ic ie n t s  o f  f r i c t i o n .  Iro n  o x id e /w ate r p a s te s  can 

p ro v id e  t h i s  v i s c o s i ty .  F ig , 6 ,8  shows how th e  v i s c o s i ty  changes from 

5 to  1 000 p o is e  as  th e  p e rc en ta g e  s o l id  v a r ie s  from 50% to  65%, For a 

g iven  i n l e t  c o n d itio n  th e  minimum f r i c t i o n  occurs j u s t  as th e  su rfa c e s  

come in to  c o n ta c t (minimum h ^ ) .  However, i f  th e  r e s u l t a n t  f ilm  th ic k n e ss , 

h ^ , i s  much sm a lle r  th an  H $y.g, 6 ,13  and 6 .14 ) each wheel i s  e f f e c t iv e ly  

push ing  some o f  th e  m a te r ia l  a s id e ,  th u s  p re s e n tin g  a low er H to  th e  

subsequen t w heel. Thus, a lth o u g h  in d iv id u a l  a x le s  may sp in  o r sk id  the  

b eh av iou r o f  m ost o f  th e  w heels o f  a t r a i n  i s  d e sc rib e d  by th e  "p la tea u "
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o f  th e  a p p ro p ria te  curve, viiere h.^o' H, I t  can be seen th a t  hydrodynamic 

lu b r i c a t io n  i s  more l i k e l y  to  occur a t  h ig h  speeds, w ith  heavy contam ination  

o f  h igh  v is c o s i ty .  Smoother su rfa c e s  a lso  a llo w  sm a lle r v a lu es  o f h^ to  

s u s ta in  hydrodynamic c o n d itio n s .

The r e s u l t s  have been p re se n te d  as i f  m a te r ia l  i s  n o t c a r r ie d  around on 

th e  c ircum ference o f th e  ty r e .  However, when locom otive w heels sp in  on w et, 

r u s ty  t r a c k  th e  d e b ris  i s  c a r r ie d  round and a s i tu a t io n  s im ila r  to  a 

jo u rn a l  b e a rin g  i s  e s ta b l is h e d .

C o n sid era tio n  o f  th e  i n l e t  c o n d itio n s  a lso  e x p la in s  why lo ck ed  \d iee ls  a re  

re p u te d  to  have poor b rak in g  e f f ic ie n c y .  Two f a c to r s  a re  im p o rtan t,

I F i r s t l y ,  th e  d e b ris  beg in s  to  p i l e  up in  f r o n t  o f th e  w heel, a l t e r in g  the 

i n i t i a l  f ilm  th ic k n e ss  H, Secondly, as the  wheel sk id s  a long  th e  r a i l ,  

th e  developm ent o f  a worn f l a t  e n la rg e s  th e  a re a  o f  c o n ta c t viiich can more 

e a s i ly  s u s ta in  hydrodynamic lu b r i c a t io n ,  th u s  in c re a s in g  th e  p r o b a b i l i ty  

o f  low f r i c t i o n .  I t  was because o f  locked  b rak es  th a t  th e  t r a i n ,  r e f e r r e d  

to  in  S ec tio n  6 ,2 , sk idded  fo r  over a m ile .

In  S ec tio n  6 ,8  (F ig . 6 ,9 )  the  v i s c o s i ty  o f  an iro n  oxide p a s te  was shown 

to  va ry  r a p id ly  w ith  p e rcen tag e  s o l id  c o n te n t. Furtherm ore below 60% 

s o l id  th e  m a te r ia l  i s  p se u d o p la s tic  ( s h e a r - th in n in g ) , Hydrodynamic 

lu b r ic a t io n  i s  u n lik e ly  under th e se  c o n d itio n s  s in ce  th e  e f f e c t iv e  v i s c o s i ty  

o f  th e  p a s te  w i l l  r a p id ly  drop as i t  i s  sh eared , f i n a l l y  r e s u l t in g  in  

su rfa ce  c o n ta c t. However above 60% s o l id  th e  d i l a t a n t  behav iour o f  th e  

m a te r ia l  w i l l  be conducive to  hydrodynamic lu b r i c a t io n .  As th e  p a s te  i s  

e i th e r  pushed a s id e  o r sheared  by th e  \d ieel i t  w i l l  th ic k e n  and r e s i s t  

f u r th e r  d e fo rm ation . On r a i l s  t h i s  co n d itio n  i s  o b ta in e d  in  s l i g h t l y  

wet or m is ty  co n d itio n s  where th e  supply  o f  m o is tu re  i s  l im i te d  and th e  

d e b r is  m ix tu re  n a tu r a l ly  co n ta in s  more than  60% s o l id ,

6 .1 1 .3  Hollow Wheel P r o f i le s

Hollow tr e a d  p r o f i l e s  have o f te n  been a s s o c ia te d  w ith  a lo s s  o f  adhesion  

(G reaves 1972). This r e p o r t  su g g ests  th e re  a re  two re a so n s  fo r  t h i s .
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F i r s t l y ,  th e  w ider c o n ta c t w i l l  n o t o n ly  cover th e  wear band b u t a lso  the 

more h e a v ily  contam inated s id e s  o f th e  r a i lh e a d .  T rac tio n  i s  e x e r te d  v ia  

t h i s  con tam ination , d e b ris  i s  moved from th e  s id e s  onto th e  wear band and

th e  l ik e l ih o o d  o f  hydrodynamic lu b r ic a t io n  w ith  i t s  a s s o c ia te d  lo s s  o f
/

adhesion  i s  in c re a s e d . The r a p id  con tam ination  o f main l in e  t r a c k ,  

d e sc rib e d  in  S ec tio n  6 ,2  (F ig , 6 ,1 ) ,  was due to  wheels th a t  pumped th e  wet 

r u s t  onto the  wear band.

Secondly th e  w idth o f  th e  c o n ta c t has a s ig n i f ic a n t  e f f e c t  on s id e  leakage 

( th e  p ro p o r tio n  o f  m a te r ia l  pushed to  th e  s id e  o f  th e  c o n ta c t under s l i g h t ly  

wet c o n d it io n s ) .  The r e s u l t  o f in c re a s in g  p r o f i l e  ho llow ness, can be 

seen by comparing F ig s . 6 ,13  and 6 .1 4 . At low Kj ü th e  in c re a se d  w idth o f 

th e  c o n ta c t in c re a s e s  th e  r e s u l t a n t  f ilm  th ic k n e ss , h^ , th u s  in c re a s in g  the  

p r o b a b i l i ty  o f hydrodynamic lu b r i c a t io n  on l i g h t l y  contam inated  r a i l s .  I t  

i s  i n t e r e s t in g  to  n o te  t h a t  Greaves (1972) s p e c i f i c a l ly  a s s o c ia te s  th e  lo s s  

o f  adhesion  caused by hollow  wheels w ith  s l i g h t l y  wet c o n d itio n s .

6 ,12  GENERAL DISCUSSION

Three th e o r e t i c a l  models can be used in  d e sc r ib in g  w h e e l / r a i l  adhesion .

The boundary lu b r ic a t io n  model i s  v a l id  when th e  r a i l  i s  f r e e  from oxide 

and d e b r is ;  th e  adhesion  th en  be ing  c o n tro l le d  by th e  degree o f  f l u i d  

con tam in atio n . However when su rfa ce  in te r a c t io n s  a re  s ig n i f i c a n t ly  h in d e red  

by th e  p resence  o f  trap p ed  d e b ris  o th e r  th e o r e t ic a l  models must be invoked. 

These have been shown to  tak e  two form s. One rh e o lo g ic a l  model i s  

a p p lic a b le  to  d e b ris  when i t  i s  " s o l id " ,  the  o th e r  vhen i t  i s  "v isco u s" . 

N a tu ra lly , - th e  t r a n s i t i o n  co n d itio n s  between th e  th re e  models a re  

im p o rtan t in  u n d e rs tan d in g  v h e e l / r a i l  adhesion .

T ra n s it io n  between the  rh e o lo g ic a l  models occurs as  d e b r is  con tam ination  

d r ie s  and "v isco u s"  behav iour i s  re p la c e d  by " s o l id "  b eh av io u r. This 

t r a n s i t i o n  w i l l  a lso  be encouraged by the  d i l a t a n t  n a tu re  o f  the  iro n  

oxide p a s te .  T es ts  u s in g  a p re s s  showed th a t  d e -w aterin g  o f  th e  d e b r is /  

w ater m ix tu res  cou ld  be brought about under h ig h  p re s su re  g ra d ie n ts .  This 

tim e dependent e f f e c t  has been observed  e lse v h e re  (Cheng 1974) and i s  a
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r e s u l t  o f  th e  w ater be ing  squeezed o u t o f  th e  m ix ture  le a v in g  a re a s  o f 

h ig h e r  s o l id  c o n c e n tra tio n  to  sup p o rt th e  lo a d . For slow er t r a in s  t h i s  

must ag a in  r e s u l t  in  a v is c o u s /s o l id  t r a n s i t i o n .

A lthough the  v is c o u s /s o l id  t r a n s i t i o n  i s  a n a ly t ic a l ly  i n t e r e s t i n g ,  i t  i s  

o f  l i t t l e  p r a c t i c a l  im portance s in ce  low f r i c t i o n  occu rs  on e i th e r  s id e ; 

w ith  a h ig h ly  v isco u s  m a te r ia l  because o f  hydrodynamic lu b r i c a t io n  or a 

weak s o l id  due to  i t s  low shear s t r e n g th .  However i t  should  n o t be fo rg o tte n  

t h a t  even d u rin g  v isco u s  behaviour th e  y ie ld  s t r e s s  o f  th e  m a te r ia l  i s  

s t i l l  im p o rtan t in  de term in ing  th e  f ilm  th ic k n e ss  t h a t  can be l e f t  on the  

t r a c k .

The t r a n s i t i o n  th a t  occurs between the  boundary lu b r i c a t io n  and rh e o lo g ic a l

models i s  v e ry  im p o rta n t. In  th e  form er, sm all q u a n t i t ie s  o f  d e b ris

improve adhesion  by adso rb ing  o i l  (C hapter 4 (Beagley e t  a l  1973)). In

th e  l a t t e r ,  d e b r is  can cause low ad h esio n . The problem  i s  to  decide the

d e b r is  coverage n e c e ssa ry  to  g ive r i s e  to  th e  low f r i c t i o n  co n d itio n s

p re d ic te d  by th e  rh e o lo g ic a l  e q u a tio n s , S im p l is t ic a l ly ,  th e  d e b r is  coverage

shown in  F ig , 6 . IB o b v io u sly  se p a ra te d  wheel and r a i l  s in  de th e  m e ta l l ic

wear band i s  obscured] The d e b ris  coverage on main l i n e  tr a c k  was found

to  r i s e  to  2 x  10 ^ g/cm^ under c e r ta in  co n d itio n s*  (T his was th e  q u a n tity

removed from th e  t r a c k  u sin g  the  sam pling dev ice (6 ,2 ) ,  and, a s  such, i s

p ro b ab ly  a c o n se rv a tiv e  e s t im a te ) .  In a low f r i c t i o n ,  rh e o lo g ic a l ,

s i tu a t io n  t h i s  d e b r is  would be in  th e  form o f  a p a s te  c o n ta in in g

ap p ro x im ate ly  35% by w eight o f  w a te r , making 3 .0  x  lO” ^ g/cm^ o r a  l a y  "

o f  ap p ro x im ate ly  2 x  10 mm th ic k .  C le a r ly  i f  a s im ila r  amount were a lso

p re s e n t  on th e  wheel the  hydrodynamic lu b r ic a t io n  p re d ic te d  by F ig s , 6 ,13

and 6 .1 4  cou ld  o c c u r . This c a lc u la t io n  shows, r e a s s u r in g ly ,  how p r a c t i c a l

e x p erim en ta l ev idence  ag rees  w ith  th e  b ro ad  th e o r e t i c a l  model adopted

h e re ; th e  q u a n ti ty  o f  d e b ris  on main l in e  t r a c k  on ly  o c c a s io n a lly  being  
\ ' 

s u f f i c i e n t  to  cause v h ee l s l i p .  However, even r e l a t i v e l y  l i g h t  d e b ris

coverage , vhen s l i g h t l y  w et, w i l l  cause a drop in  a v a i la b le  adhesion  by 

p roducing  p a r t i a l  hydrodynamic lu b r ic a t io n  as  seen on th e  Amsler m achine.
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S ig n i f ic a n t ly ,  bo th  rh e o lo g ic a l  models p r e d ic t  th a t  th e  lo w est c o e f f ic ie n t  

o f  f r i c t i o n  occurs as th e  su rfa c e s  a re  j u s t  se p a ra te d  (Table 6 .1 , P ig s .

6 .13  and 6 .1 4 ) .

6 .13  REMEDIES

This ch ap te r has c le a r ly  shown vhy t r a i n s  a re  l i a b l e  to  s l i p  on d e b r is  

covered  t r a c k ,  e s p e c ia l ly  under s l i g h t l y  wet c o n d itio n s . An exam ination  

o f  t r a c k  con tam ination , a lo n g  w ith  H a rw ell’s r e s u l t s ,  su g g es ts  t h a t  even 

on main l in e  t r a c k  most adhesion  problem s could  be caused by d e b r is ,

F h rth e r v e r i f i c a t io n  o f  th e  th e o r ie s  and proposed  rem edies should  o n ly  be 

pu rsued  u sin g  an in s tru m en ted  t r a i n .  Track tr ib o m e te rs  a re  g e n e ra lly  

u n s u ita b le  because on th ic k  d e b ris  th e  c o n ta c t a re a  i s  b ad ly  d e fin e d  and 

because c o n d itio n s  d i f f e r  v a s t ly  from th o se  seen by a locom otive .

On in c l in e s  e tc ,  where good adhesion  i s  r e g u la r ly  re q u ire d , an obvious 

s o lu t io n  to  th e  above problem s i s  to  p re v e n t c o rro s io n  u s in g  a l in e s id e  

a p p l ic a to r .  However, t h i s  techn ique  i s  u n lik e ly  to  be su c c e s s fu l on l i t t l e  

used  t r a c k .  A nother approach i s  to  "u p se t"  th e  s l i g h t l y  wet c o n d itio n s  viien 

i t  o c cu rs . Sand p ro b ab ly  ach ieves t h i s  by ab so rb in g  th e  w ater as  i t  i s  

c rushed , a lthough  i t  adds to  th e  b u lk  o f  th e  d e b ris  en coun tered  by 

subsequent a x le s .  An a p p l ic a t io n  o f  w ater should  a lso  be b e n e f ic ia l ,  

causing  th e  p a s te  to  r e v e r t  to  a s lu r r y  and so be pushed a s id e  by subsequent 

w heels.

A l te rn a t iv e ly ,  chem icals may be added which change th e  p h y s ic a l n a tu re  o f  

th e  d e b r is /w a te r  m ix tu re . In  w a ter, i r o n  oxide ta k e s  th e  form o f  

f lo c c u la te d  s o l id .  I t  shou ld  be p o s s ib le  to  d e f lo c c u la te  such a m ix tu re  

by sm all a d d itio n s  o f  an a p p ro p r ia te  s u r f a c ta n t .  Def lo c c u la t io n  i s  

accompanied by v a s t  changes in  p h y s ic a l  p ro p e r t ie s  ( e .g .  Van Wazer e t  a t  

1963) .  The v i s c o s i ty  changes a re  l a r g e ,  b u t more s ig n i f i c a n t ly  th e  y ie ld  

s t r e s s  d rops, sometimes d isap p e a rin g  a l to g e th e r  (B eazley 1972).

In  S ec tio n  6 .6 , the  y ie ld  s t r e s s  o f a m a te r ia l  was shown to  c o n tro l  i t s  

f i lm  th ic k n e ss  viien compressed between wheel and r a i l .  Thus by ap p ly in g  

th e  c o r re c t  s u r f a c ta n t  s ig n i f ic a n t  d e b r is  coverage on main l in e  t r a c k
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m ight be e lim in a te d , A few t e s t s  u s in g  p a r a l l e l  p la te  p la s to m e try  showed

th a t  a  4^ s o lu tio n  o f  sodium m e ta s i l ic a te  (a p rom ising  remedy fe.N .C.F.
/

1971))  reduced  th e  y ie ld  s t r e s s  o f  th e  iro n  oxide m ix tu re s . T e r t ia ry  

buty lam ine (F ig , 6 ,15 ) was even more e f f e c t iv e ,  red u c in g  the  y ie ld  s t r e s s  

o f  an 80% s o lid /w a te r  m ixture by a f a c to r  o f  10, Furtherm ore th e  tre n d  

o f  th e  p o in ts  in  F ig , 6 ,15  su g g ests  t h a t  m ix tu res  in c lu d in g  buty lam ine a re  

p se u d o p la s tic  (sh e a r - th in n in g )  r a th e r  than  d i l a t a n t  (when no s u r f a c ta n t  i s  

added ). This would s ig n i f ic a n t ly  h e lp  the  \d ieel to  squeeze th e  m a te r ia l  

away from th e  wear band. Indeed , a m a te r ia l  t h a t  caused s h e a r- th in n in g  a t  

hig)i sh ear r a t e s  would make a s u i ta b le  t r a i n  mounted remedy,

6 ,1 4  CONCLUSIONS

The causes o f  low adhesion  on th e  t r a c k  due to  s o l id  con tam ination  have 

been an a ly se d . Under th e se  c o n d itio n s  th e  c l a s s i c a l  boundary lu b r ic a t io n  

e q u a tio n  (jx = F/N) no lo n g er h o ld s . C o e f f ic ie n ts  o f f r i c t i o n  measured 

w ith  l i g h t l y  loaded  tr ib o m e te rs  under d e b ris  contam inated  co n d itio n s  

cannot be tra n sp o se d  to  d e sc rib e  w h e e l / r a i l  ad h esio n ,

A perm anent b u ild -u p  o f  t r a c k  d e b ris  i s  on ly  p o s s ib le  \dien th e  con tam inating

m a te r ia l  has s p e c if ie d  p ro p e r t ie s  combining bo th  y ie ld  s tre n g th  and 

p l i a b i l i t y .

S o lid  contam inant film s  reduce adhesion  i f  t h e i r  shear s tre n g th  i s  low. 

Leaves, o i l  and co a l con tam ination  can form film s  o f  low sh ear s tr e n g th .

Very low adhesion  can be caused by s l i g h t l y  wet t r a c k  d e b r is .  This a c ts  

as  a  v isco u s  lu b r ic a n t  f u l l y  o r p a r t i a l l y  un load ing  th e  W ieel from th e  r a i l  

a cco rd in g  to  th e  degree o f  con tam ination  p re s e n t .

Track o b se rv a tio n s  have shown th a t  s ig n i f ic a n t  d e b ris  coverage occurs  on
■ ■ /

main l in e  t r a c k  under c e r ta in  c o n d itio n s .

The rh e o lo g ic a l  p ro p e r t ie s  o f wet r a i l  d e b ris  changes r a p id ly  w ith  w ater

c o n cen tra tio n ^  m is ty  c o n d itio n s  o r l i g h t  r a in  be ing  n e c e ssa ry  b e fo re  

sev e re  lo s s  o f adhesion  can o ccu r.

The poor ad hesion  o f  ho llow  \d iee l p r o f i l e s  has been e x p la in e d .
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FIG-6. lOA. PRESSURE DISTRIBUTION AND FLOW FOR SECTION OF INFINITE
CYLINDER.
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CHAPTER SEVEN

GENERAL DISCUSSION AND CONCLUSIONS

7 .1  INTRODUCTION : . ^

In  th e  p rev io u s  c h ap te rs  the  f r i c t i o n a l  behav iour o f  each o f  th e  p r in c ip a l  

groups o f  t r a c k  contam inant was examined in d iv id u a l ly .  A lthough w ater and 

o i l  g e n e ra lly  low ered ad h esio n , i t  was found th a t  s o l id  d e b ris  cou ld  e i th e r  

in c re a s e  th e  c o e f f ic ie n t  o f  f r i c t i o n  by ad so rb in g  o i l  under dry  c o n d itio n s , 

o r s ig n i f i c a n t ly  low er adhesion  when mixed w ith  sm all q u a n t i t ie s  o f  w a te r .

In  t h i s  ch ap te r the  e3q)eriments on th e  v a r io u s  la b o ra to ry  r i g s  w i l l  be 

d iscu ssed  w ith  s p e c ia l  re fe re n c e  to  th e  in te r a c t io n s  o f  w a ter, o i l  and 

s o l id  d e b r is .  The accu racy  o f  th e  la b o ra to ry  s im u la tio n  w i l l  th en  be 

c r i t i c a l l y  a s se s se d . The th e s i s  concludes w ith  a d e s c r ip t io n  o f  how r a i l  

con tam ination  c o n tro ls  v i i e e l / r a i l  adhesion .

7 • 2 LABORATORY EXPERIMENTS

7 .2 .1  O il

O il,  n o t s u rp r is in g ly ,  reduced  f r i c t i o n  \dien a p p lie d  to  la b o ra to ry  specim ens.

The degree by viiich th e  c o e f f ic ie n t  o f  f r i c t i o n  was low ered was found to

depend on the  q u a n tity  o f  o i l  p re s e n t  (3 .4 .1 )  and, to  a l e s s e r  e x te n t ,  on

i t s  s u r f a c e - a c t iv i ty  ( 3 .4 .2 ) .  When specimens were contam inated  w ith

su rp lu s  o i l  s im ila r  c o e f f ic ie n ts  o f  f r i c t i o n ,  dependent on th e  f lu id s

s u r f a c e - a c t iv i ty ,  were observed  on bo th  the  Amsler machine (3 .5 )  and the

r o l l i n g  d is c  tr ib o m e te r  ( 3 .4 ) .  I t  can be concluded th a t  e q u iv a le n t

boundary lu b r ic a t io n  mechanisms c o n tro l th e  su rfa ce  in te r a c t io n s  on bo th

r i g s  d e sp ite  t h e i r  d i f f e r e n t  mode o f  o p e ra tio n . Prolonged t e s t i n g  on the

Amsler machine showed, however, t h a t  f r i c t i o n  f e l l  as o i l s  degraded and

formed po lym eric  la c q u e rs  on th e  r o l l e r s  ( 3 .5 ) .  No such su rfa ce  was formed
' / 

on th e  p la te s  o f  th e  r o l l i n g  d is c  tr ib o m e te r  a lthough  th e  f r i c t i o n  o f

n o n -s u r fa c e -a c t iv e  o i l s  d id  decrease  w ith  tim e ( 3 .4 .2 ) .  Undoubtedly o i l

o x id is e s  on the  t r a c k  (3 .3 ) ,  p ro b ab ly  r e a c t in g  w ith  the  s t e e l  o f  th e  wear

band to  form a su rfa ce  w ith  c h a r a c te r i s t i c s  between those  o f  th e  Amsler

r o l l e r s ,  ru n  fo r  s e v e ra l  hours in  o i l s ,  and th o se  o f  a r a i l  s t e e l  p la te
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on ^diich o i l  has m erely  chem isorbed. On th e  m achines in v o lv in g  continuous 

r o l l i n g  con tact;m easurem ent o f  f r i c t i o n  a s s o c ia te d  w ith  l i g h t l y  contam inated 

" ru n - in "  su rfa c e s  i s  d i f f i c u l t  s in ce  the  d e b ris  co n tin u o u sly  adsorbs the 

o i l  ( 4 ,3 ) .  For t h i s  reaso n  f r i c t i o n  on dynamic m achines i s  g e n e ra l ly  much 

h ig h e r  than  th a t  observed  on the  r o l l i n g  d is c  tr ib o m e te r , g iven  the  same 

degree o f  o i ly  con tam ination .

Experim ents on th e  r o l l i n g  d is c  tr ib o m e te r  have shown how th e  r e la t io n s h ip  

between o i l  coverage and f r i c t i o n  i s  o f fundam ental im portance to  w heel/ 

r a i l  ad h esio n . Sm all changes in  th e  degree o f  con tam ination  abou t th e  

mean le v e l  found on main l in e  t r a c k  produces la rg e  changes in  th e  

c o e f f ic ie n t  o f  f r i c t i o n  ( 3 .4 ) .  However in  our experim ents s e v e ra l  

m onolayers o f o i ly  con tam ination  d id  n o t cause th e  low f r i c t i o n  th a t  m ight 

be expec ted  from e a r l i e r  experim ents on boundary lu b r ic a t io n  (Bowden and 

Tabor, 1950), in  \diich j u s t  one monolayer was s u f f i c i e n t  to  low er f r i c t i o n  

to  0 .1 .  This d if f e re n c e  in  behav iour presum ably a r i s e s  from the  d i f f e r e n t  

\ ap p a ra tu s  used in  th e  two ex p erim en ts . On th e  r o l l i n g  d is c  tr ib o m e te r  

s e v e ra l  measurements a re  i n i t i a l l y  made on f re s h  tra c k s  on th e  con tam inated  

p la te  in  o rd e r th a t  th e  con tam ination  may become " e q u i l ib r ia te d "  between 

d is c  and p la te  ( 2 .2 ) ,  The d is c  s l id e s  on one a re a  o f  th e  p la te  as  a 

measurement i s  made, w ith  any tendency to  form wear d e b r is  causing  f r i c t i o n  

to  r i s e  as boundary lu b r ic a t io n  i s  fu r th e r  in te r r u p te d .  When th e  d is c  i s  

moved on to  a new tra c k  f r i c t i o n  i s  e i th e r  p ro g re s s iv e ly  low ered , i f  th e  

p la te  i s  more o i ly  than  th e  d is c ,  or r a i s e d  as  th e  o i l  i s  t r a n s f e r r e d  to  

th e  c lea n e r p la te  and subsequent m e ta l l ic  wear h e lp s  c lean  th e  d is c .  A 

wear t r a n s i t i o n  occu rs  a t  a c o e f f ic ie n t  o f  f r i c t i o n  o f  abou t 0 .3 , below

viiich  o n ly  m ild  wear was a p p a re n t. I t  i s  perhaps s u rp r is in g  th a t  s ta b le
./

e q u ilib r iu m  c o e f f ic ie n ts  o f  f r i c t i o n  were found between th e  two extrem e 

v a lu e s  a s s o c ia te d  w ith  th e  c lean  and o i ly  co n d itio n s  r e s p e c t iv e ly .  The 

ex p erim en ta l r i g  used by Bowden and Tabor draws a b a l l  a c ro ss  th e  

con tam inated  p l a t e .  The b a l l ,  which ten d s  to  wear to  a f l a t  d u rin g  th e

t r a v e r s e ,  can c o l l e c t  su rp lu s  o i l  on the  le a d in g  edge o f th e  c o n ta c t
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a re a .  A lthough one monolayer on such r i g s  i s  i n i t i a l l y  s u f f i c i e n t  to  

cause low f r i c t i o n  (B eagley e t  a l  1971), f r i c t i o n  in c re a s e s  r a p id ly  w ith 

re p e a te d  t r a v e r s e s  as th e  p ro te c t iv e  oxide and o i l  f ilm  a re  worn away.

For a s im ila r  reaso n  h ig h e r c o e f f ic ie n ts  o f  f r i c t i o n  a re  found on the  

r o l l i n g  d is c  tr ib o m e te r  \diere f r i c t i o n  i s  c a lc u la te d  from th e  fo rce  

e x e r te d  by the  worn d is c  as i t  s l id e s  on one sm all a re a  o f  th e  p la t e .

This i s  e q u iv a le n t to  an ex tended s l id in g  d is ta n c e  (A rchard 1958) \diere 

m e ta l l ic  welds can form viiich in te r r u p t  th e  boundary lu b r ic a t io n  o f  the 

s u r fa c e s .

. 7 .2 .2  D ebris

The ox ides and hydrox ides t h a t  contam inate every  r a i l  in  v a ry in g  degrees 

c o n s is t  o f  f in e  p a r t i c l e s  \diich have h igh  su rfa ce  a re a s .  L abo ra to ry  

experim ents c le a r ly  show how t h i s  su rfa ce  a re a  i s  im p o rtan t in  c o n tro l l in g  

th e  r e s u l t a n t  f r i c t i o n  when d e b ris  con tam ination  i s  mixed w ith  o i l  ( 4 .2 ) .  

The r e s u l t s  in d ic a te  th a t  ad so rp tio n  mechanisms predom inate over a b ra s iv e  

\ mechanisms. This i s  h a rd ly  s u rp r is in g  when the  fundam entals o f  boundary 

lu b r i c a t io n  a re  co n sid e red . Degassed, oxide f r e e ,  su rfa c e s  g en era te  

c o e f f ic ie n ts  o f  f r i c t i o n  o f  th e  o rd e r o f te n  (B isson e t  a l  1957). I t  i s  

th e  ox ides n a tu r a l ly  formed on most su rfa c e s  th a t  g ive r i s e  to  c o e f f ic ie n ts  

o f  f r i c t i o n  l e s s  th an  u n i ty .  Consequently a d d i t io n a l  amounts o f  s im ila r  

o x id es  in tro d u ce d  between specimens have l i t t l e  in f lu e n c e  e i th e r  in  dry  

c o n d itio n s  o r \dien surrounded by su rp lu s  o i l  or w a te r . D ebris on ly  a f f e c t s  

f r i c t i o n  viien i t  i s  ab le  to  adsorb  th e  o i l  th a t  would o th erw ise  lu b r ic a te  

th e  specimen s u r fa c e s .

Boundary mechanisms cannot be used to  d e sc rib e  th e  fo rce  tra n s m itte d  due 

to  creep between th e  r o l l e r s  o f  th e  Amsler machine which a re  covered in  

wear d e b r is .  S hearing  occurs  in  th e  oxide la y e r s  w ith  no m eta l to  m eta l
I

in te r a c t io n  b e in g  a p p a re n t. When th e  r o l l e r s  a re  ru n  in  a copious supply  

o f  f l u i d  (w ater o r o i l )  th e  d e b r is  i s  washed from the  su rfa c e s  and i t  i s  

n o t  s u rp r is in g  th a t  c o e f f ic ie n ts  o f  f r i c t i o n  s im ila r  to  th o se  on the

r o l l i n g  d is c  tr ib o m e te r  a re  observed  (5 .2 , 5 .6 ,2 ) .  However, i t  i s
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s u rp r is in g  th a t  the  f r i c t i o n  between r o l l e r s  o f  the  Amsler machine 

con tam inated  w ith  dry  o r s l i g h t l y  o i ly  iro n  oxide i s  comparable to  th e  

f r i c t i o n  caused by s im ila r  d e b r is  sp r in k le d  on th e  p la te  o f th e  r o l l i n g  

d is c  tr ib o m e te r  (4 .3 .3 ) .

Under some circum stances v e ry  s ig n i f ic a n t  d if f e re n c e s  in  th e  c o e f f ic ie n t  o f 

f r i c t i o n  can be observed  on th e  v a rio u s  la b o ra to ry  r i g s .  This u s u a lly  

occu rs  vihen th e  contam inant e .g .  l e a f  d e b ris  o r co a l d u s t, causes low 

f r i c t i o n  oh th e  Amsler machine due to  the  fo rm ation  o f  s ta b le  f ilm s  ad h erin g  

to  th e  r o l l e r s  (6 .3 ) .  H igher f r i c t i o n  i s  found \dien t h i s  k in d  o f  

contam inant i s  sp read  on the  p la te s  o f  th e  r o l l i n g  d is c  tr ib o m e te r  where 

th e  d is c  u s u a lly  makes m e ta l l ic  c o n ta c t w ith  the  u n d e rly in g  p l a t e .  This 

d if f e re n c e  between th e  r i g s  i s  v e ry  im p o rtan t n o t on ly  because o f  th e  low 

c o e f f ic ie n ts  o f  f r i c t i o n  th a t  can a r i s e  b u t a lso  because sim ple m ix tu res  

o f  w ater and iro n  oxide can behave in  a s im ila r  manner. Boundary 

lu b r i c a t io n  mechanisms w ith  th e  c o e f f ic ie n t  o f  f r i c t i o n  be ing  la r g e ly  

independan t o f th e  lo a d in g  and r e l a t i v e  movement o f  th e  s u r fa c e s , a re  no
\
lo n g e r a p p lic a b le  \dien s o l id  con tam ination  i s  in te rp o s e d  between specimen 

s u r fa c e s . Under th ese  c ircum stances agreem ent between r i g s  must be reg a rd ed  

as  be in g  fo r tu i to u s  r a th e r  than  a fundam ental measurement i . e .  th e  

c o e f f ic ie n t  o f  f r i c t i o n  a s s o c ia te d  w ith  a s p e c i f ic  contam inant. In  o rd e r 

to  examine th e  e f f e c t s  o f  s o l id  con tam ination  on \d ie e l / r a i l  ad h esio n , th e o ry  

was developed in  Chapter 6 based  on the co n tam in an t’s m a te r ia l  p r o p e r t ie s .

The rh e o lo g ic a l  a n a ly s is  examined v a rio u s  a sp e c ts  th a t  need c o n s id e ra tio n  

\dien two su rfa c e s  se p a ra te d  by tra p p e d  m a te r ia l  a re  moved r e l a t i v e  to  one 

a n o th e r . Due to  th e  com plexity  o f  th e  eq u a tio n s  s e v e ra l  f a c to r s  were n o t 

co n sid e red . T an g en tia l fo rc e s  were c a lc u la te d  from m a te r ia l  p ro p e r t ie s  

assum ing th a t  th e  tra p p e d  contam inant was homogeneous and th a t  i t  sheared  

r a th e r  th an  th a t  s l ip  o ccu rred  between i t  and one o f the  specimen s u r fa c e s . 

T h is , l a t t e r  behaviour has been observed  on the  to r s io n a l  f r i c t i o n  r i g

vdien o i l  was squeezed from contam inated  d e b ris  a llo w in g  s l i p  to  occur 

between th e  su rfa ce  o f th e  p e l l e t  and a p lu n g er (B eagley e t  a l  1973). When 

i n t e r f a c i a l  s l i p  occu rs  th e  m easured c o e f f ic ie n t  o f  f r i c t i o n  w i l l ,  o f
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co u rse , be low er than  th e  th e o r e t ic a l  maximum c a lc u la te d  from th e  shear 

s tr e n g th  o f  th e  p e l l e t .  The shear s tr e n g th  i s  in  tu rn  c a lc u la te d  from 

diamond in d e n ta tio n  t e s t s  made on th e  fa c e  o f a p e l l e t  formed by com pression 

under a g iven  lo a d . However, th e  assum ption  th a t  a p e l l e t  has a uniform  

shear s tre n g th  th roughou t i t s  th ic k n e ss  can le a d  to  f u r th e r  e r r o r s  when 

co n sid e rin g  th ic k  co n tam ination . The in d iv id u a l  g ra in s  o r p a r t i c l e s  o f 

d e b r is  a re  compressed in to  a coheren t mass by th e  h y d ro s ta t ic  p re s su re  

t h a t  e x i s t s  between specimen s u r fa c e s . A th in n e r  p e l l e t  w i l l  be more 

th o ro u g h ly  compressed and can be ex p ec ted  to  have a h ig h e r shear s t r e s s  

th an  a th ic k e r  p e l l e t  o f  the  same m a te r ia l  compressed by th e  same lo a d  

( C o t t r e l l  1964) .  Experim ents on th e  to r s io n a l  r i g  (B eagley e t  a l  1973) 

in d ic a te d  th a t  th i s  was indeed  the  case , w ith  r e s u l t a n t  c o e f f ic ie n ts  o f 

f r i c t i o n  red u c in g  as th ic k e r  film s  o f  d ry  compressed r u s t  were sandwiched 

between the  p lu n g e rs  and th e  c e n tr a l  p la te n .  A s im ila r  e f f e c t  was

: observed  o n 'th e  Amsler machine (6 .3 ) ,  w ith  f r e s h ly  a p p lie d  d e b ris  causing  

a tem porary  re d u c tio n  in  f r i c t i o n .  As some o f  th e  d e b r is  was worn o f f  and
\

th e  r e s t  compressed th e  adhesion  in c re a s e d  to  a s ta b le  v a lu e . ^

7 . 2 ,3  Water

Water i s  perhaps th e  s in g le  most im p o rtan t component o f t r a c k  co n tam in atio n , 

n o t  on ly  because o f  th e  la rg e  changes in  f r i c t i o n  i t  can cause b u t a lso  

because o f  th e  r a p id  v a r ia t io n  in  th e  degree o f  w etness t h a t  can o ccu r.

A number o f  experim ents (5 .2 )  showed how w ater fu r th e r  low ered th e  f r i c t i o n  

o f  o i ly  s u r fa c e s . E x ten siv e  t e s t s  (5 .4 )  in d ic a te d  th a t  w ater prom otes the  

m o b ili ty  o f  s u r fa c e -a c t iv e  o i l  m olecules th u s  e x p la in in g  th e  pronounced 

decrease  in  f r i c t i o n  th a t  occurs when w ater i s  a p p lie d  to  s l i g h t l y  o i ly  

s u r fa c e s . The o n ly  occasio n  th a t  w ater i s  ever a s s o c ia te d  w ith  an in c re a se  

in  f r i c t i o n  i s  when i t  i s  a p p lie d  to  specim ens con tam inated  w ith  a non

s u r f a c e -a c t iv e  m a te r ia l  ( 5 .2 ) .  Ihe con tam ination  (e .g .  f u e l  o i l )  i s  then  

d isp la c e d  by w ater and the  c o e f f ic ie n t  o f  f r i c t i o n  in c re a s e s .

S ig n i f ic a n t ly  a c o e f f ic ie n t  o f  f r i c t i o n  a s  low as  0 .0 5  was observed  when 

o n ly  w ater and s o l id  d e b r is  con tam inated  th e  r o l l e r s  o f th e  Amsler
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machine ( 6 ,3 ) .  This again  o ccu rred  in  the  rh e o lo g ic a l  reg im e. F r ic t io n  

was much h ig h e r on th e  r o l l i n g  d is c  tr ib o m e te r  under s im ila r  c ircum stances 

(5 « 5 ). The low f r i c t i o n  on th e  Amsler machine was dependent on the  

fo rm atio n  o f  s ta b le  f ilm s  which f u l l y  or p a r t i a l l y  se p a ra te d  th e  r o l l e r s  

and caused low adhesion  due to  t h e i r  low shear s tre n g th  (o r h ig h  v i s c o s i ty ) .  

When o i l  was added to  th e  c lean  d e b ris  (checked by ad so rp tio n  experim ents) 

th e  s t a b i l i t y  o f th e  film s  was enhanced ( 5 .6 ,2 ,2 ) .  A lthough h ig h  hum id ity  

o r a l i g h t  w ater sp ray  could  cause the  shear s tre n g th  o f such la y e r s  to  

f a l l ,  su rp lu s  w ater q u ick ly  d estro y ed  th e  f i lm s , r e s u l t in g  in  c o e f f ic ie n ts  

o f  f r i c t i o n  s im ila r  to  those  observed  on th e  r o l l i n g  d is c  tr ib o m e te r . The 

d e b r is  r a p id ly  mixed w ith  th e  w ater to  form a th in  s lu r r y  th a t  was e a s i ly  

pushed to  the  s id e  o f  th e  r o l l e r s .  In  t h i s  manner w ater p la y s  a s ig n i f ic a n t  

p a r t  in  c o n tro l l in g  contam inant f i lm s ,

7 .3  AN ASSESSMENT OF THE LABORATORY SIMULATION 

The re le v an c e  o f  la b o ra to ry  experim ents can be examined by e i th e r  

\ c o n s id e rin g  th e  accu racy  o f  th e  s im u la tio n  o r by comparing v i i e e l / r a i l  

adhesion  w ith  th e  c o e f f ic ie n t  o f  f r i c t i o n  observed  in  th e  la b o ra to ry  under 

s im ila r  c o n d itio n s . Both approaches have th e i r  l im i t a t i o n s .  The 

la b o ra to ry  s im u la tio n  must always be a compromise s in ce  n o th in g  sh o r t  o f 

a  f u l l  s iz e  ra ilw a y  can rep roduce  a l l  th e  r e le v a n t  f a c to r s .  Even f u l l  

s iz e  r o l l e r  r i g s  a re  u n s a t i s f a c to r y  due to  th e  e le v a te d  su rfa c e  tem p era tu res  

caused  by s l i p  a t  h ig h  v e lo c i t i e s .  F u r th e r , \dien comparing adhesion  v a lu es  

th e  a c c u ra te  assessm en t and re p ro d u c tio n  o f  t r a c k  c o n d itio n s  i s  d i f f i c u l t ,  

and th e  a p p ro p r ia te  v a lu es  o f  w h e e l / r a i l  adhesion  r a r e ly  a v a i la b le .  Many 

o f  th e  w h e e l / r a i l  adhesion  measurements quoted in  t h i s  ch ap te r were made 

by a tr ib o m e te r  t r a i n  (W atkins 1975), a newly developed re s e a rc h  f a c i l i t y  

on v iiich  th e  a u th o r i s  c u r r e n t ly  working. I t  i s  p lanned  to  use t h i s  t r a i n  

to  a s s e s s  some o f  th e  th e o ry  p re se n te d  in  t h i s  t h e s i s .  The tr ib o m e te r  

t r a i n  ta k es  measurements by a l t e r n a t e ly  d isc  b rak in g  the  a x le s  o f  an 

a i r  b raked  covered wagon (HSFV5) u n t i l  v d iee lslip  o c cu rs . C o e f f ic ie n ts

o f  adhesion  a re  th en  computed from the  t r a c t io n  ro d  fo rc e s  and logged on
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to  punch ta p e , viiich  a computer su b seq u en tly  u ses fo r  th e  s t a t i s t i c a l  

a n a ly s is .

7 .3 .1  L ab ora to ry  T est R igs

The r o l l i n g  d is c  tr ib o m e te r  has been a u s e fu l  to o l  fo r  exam ining in  d e t a i l  

th e  more complex f r i c t i o n a l  e f f e c t s  a s s o c ia te d  w ith  su rface  con tam ination . 

The to rq u e  e x e r te d  on th e  r e s t r a in e d  d is c  u n t i l  i t  s l ip s  a g a in s t  the  p la te  

resem bles th e  s l ip p in g  o f  a s ta t io n a r y  locom otives w heels e x e r t in g  t r a c t io n .  

The i n i t i a l  re p e a te d  measurements en su res  t h a t ,  l i k e  th e  \d iee l and r a i l ,  

con tam ination  i s  p re s e n t  on bo th  specim ens. However, d e sp ite  th e  f a c t  th a t  

th e  r i g  i s  c le a r ly  b e t t e r  than  a sim ple measurement o f s t a t i c  f r i c t i o n ,  or 

o f  k in em atic  f r i c t i o n  u sin g  a specimen s l i d  a c ro ss  a p la t e ,  th e re  a re  c e r ta in  

draw backs. The mechanism cannot be equated  w ith  th e  w h e e ls lip  o f  a moving 

locom otive and th e re  i s  a  much sm alle r c o n ta c t a re a  between th e  specimens 

( re q u ire d  in  o rd e r to  reproduce  c o n ta c t s t r e s s e s  o f  th e  r i g h t  m agnitude).

I t  i s  Wien exam ining s o l id  contam inants t h a t  the  r i g  i s  most su sp e c t due 

to  an in c re a s e d  tendency  fo r  th e  d is c  to  p e n e tr a te  th e  la y e r s  o f  d e b ris
\

a p p lie d  to  th e  p l a t e .  The im portance o f  the  r e a l  c o n ta c t a re a  when a th in  

la y e r  i s  a p p lie d  to  a h a rd  s u b s tr a te  i s  w e ll known (B isson e t  a l  1957).

The r e a l  a re a  between th e  d is c  and p la te  w i l l  in c re a s e  s u b s ta n t ia l ly  as 

th e  p r o f i l e  s in k s  in to  a th in  la y e r  o f  d e b r is  co n tam in atio n .

■ The Amsler T estin g  Machine complements th e  r o l l i n g  d is c  tr ib o m e te r . The

fo rc e  due to  th e  r e l a t i v e  movement ( i . e .  c reep ) o f  th e  specimen r o l l e r s

can be c o n tin u o u s ly  m onito red . A locom otive g e n e ra te s  a s im ila r  r e l a t i v e

movement by e x e r t in g  s u f f i c i e n t  to rque  on i t s  d r iv in g  W ieels to  p u l l  th e

t r a i n  a long  a t  th e  d e s ire d  speed. There i s  a sm all amount o f  creep  ( le s s

th an  1%) between th e  wheel and r a i l  as lo n g  a s  th e  demanded adhesion
• ■ / ' 

( to rq u e )  does n o t exceed th e  a v a i la b le  w h e e l / r a i l  ad h esio n . The Amsler

machine has been used  to  s im u la te  t h i s  r e l a t i v e  movement a lth o u g h  the

su rfa c e  v e lo c i t i e s  a re  low and s im ila r  o n ly  to  a t r a i n  e x e r t in g  t r a c t io n

a t  low speed . The a re a  o f  c o n ta c t i s  again  sm a lle r than  th a t  between

wheel and r a i l  a lth o u g h  th e  c o n ta c t w idth i s  s im i la r .  Thus, u n lik e  the
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r o l l i n g  d is c  tr ib o m e te r , d e b ris  f ilm s  s im ila r  to  th o se  on th e  t r a c k  can 

form on th e  Amsler r o l l e r s .  The qu asi hydrodynamic e f f e c t s  th a t  a re  

observed  on th e  machine a re  more l i k e l y  to  occur between W ieel and r a i l  

due to  th e  h ig h e r su rfa ce  v e lo c i t i e s .  On the  o th e r  hand th e  s tea d y  s l ip  

r a t e  and lo a d  between th e  r o l l e r s  and the  c o n tin u a l p ro d u c tio n  o f  wear 

d e b r is  ten d s  to  in c re a se  th e  p r o b a b i l i ty  o f  d e b r is  la y e r  fo rm ation  on the 

la b o ra to ry  m achine,

7 .3 .2  Comparison^of Track and L abora to ry  R e su lts

The p re lim in a ry  experim ents d e sc rib e d  in  Chapter 2 showed th a t  the  f r i c t i o n  

m easured on r a i l s  by th e  d is c  o f  th e  r o l l i n g  d is c  tr ib o m e te r  ag reed  w e ll 

w ith  th a t  m easured by a s t a t i c  locom otive s l ip p in g  i t s  le a d in g  a x le .  A 

few experim ents were a lso  made by th e  au th o r on c lean  main l in e  tr a c k  

(B ro s te r  e t  a l  1974) which showed th a t  th e  r e la t io n s h ip  between f r i c t i o n  

and th e  amount o f  o i l  a p p lie d  to  main l in e  t r a c k  was th e  same as  th a t  found 

in  th e  la b o ra to ry  Wien o i l  was a p p lie d  to  r a i l  s t e e l  p l a t e s .  R ig. 3 .2  

( 3 .4 .1 ) .  However, low c o e f f ic ie n ts  o f  f r i c t i o n  were o n ly  r a r e l y  observed  

du rin g  th e  measurements on r a i l s .  This was a lso  t ru e  fo r  th e  more 

ex te n s iv e  r e s u l t s  made w ith  tr a c k  tr ib o m e te rs  which employed d is c s  s im ila r  

to  th a t  used  on th e  r o l l i n g  d is c  tr ib o m e te r  t h a t  were b raked  w hile  be ing  

pushed a long  th e  wear band. The v e ry  low c o e f f ic ie n ts  o f  f r i c t i o n  th a t  

a re  known to  cause wheels to  sp in  on le a f y  o r s l i g h t l y  wet r u s ty  tr a c k  were 

n o t  observed  a t  a l l .  The d isc u ss io n  in  bo th  t h i s  ch ap te r and Chapter 6 

has shown th a t  r e le v a n t  v a lu es  fo r  th e  w h e e l / r a i l  adhesion  o f d e b r is  

contam inated  r a i l s  cannot be r e l i a b l y  m easured u s in g  a sm all sh a rp ly  

p r o f i l e d  d is c  a t  low v e lo c i t i e s .

F ig . 7 .1  shows th e  adhesion  measurements made by th e  tr ib o m e te r  t r a i n  over
I

a h i l l y  ro u te  in  S co tlan d . I t  can be seen how th e  mean adhesion  o f  each 

t e s t  s e c tio n  v a r ie d  w ith  th e  w eather c o n d itio n s  w ith  adhesion  f a l l i n g  to  

0 .1 5  in  l i g h t  r a i n .  The adhesion  o f  w e tte r  r a i l s  was found to  v a ry  from 

0 .3  to  0 .2 . This ag rees  w e ll w ith  th e  c o e f f ic ie n ts  o f f r i c t i o n  o f  wet

specim ens m easured by bo th  th e  r o l l i n g  d is c  tr ib o m e te r  and th e  Amsler
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m achine. There i s  s im ila r  agreem ent on the  c o e f f ic ie n t  o f  adhesion  due 

to  o i ly  d e b ris  la y e r s  (0 ,1 )  m easured by the  tr ib o m e te r  t r a i n  n e a r flan g e  

lu b r i c a to r s .  >

F ig . 7 .2  shows th re e  su ccess iv e  adhesion  p r o f i l e s  m easured by th e  

tr ib o m e te r  t r a i n  on an in f r e q u e n t ly  used  t e s t  t r a c k  (B eagley 1974 ,2 ). The 

t e s t  s e c tio n  had been w ire b rushed  on th e  p rev io u s  day to  remove the  loose  

r u s t .  The tra c k  was i n i t i a l l y  wet w ith  morning dew and bo th  th e  t e s t  and 

c o n tro l s e c tio n s  e x h ib ite d  mean adhesion  le v e l s  o f  0 , l8 (ex c lu d in g  th e  

h i ^ e r  adhesion  measurements th a t  were found in  th e  tu n n e ls ) .  As the  

t r a c k  d r ie d  adhesion  f e l l  to  a minimum on th e  c o n tro l  s e c tio n  and appeared  

to  r i s e  on th e  brushed  s e c t io n . These changes in  adhesion  a re  v e ry  s im ila r  

to  th e  e f f e c t s  produced by d ry ing  specimens on th e  Amsler m achine, and 

f u r th e r  s u b s ta n t ia te  th e  e f f e c t  o f  l i g h t  r a i n f a l l  observed  by Bar w e ll ( 1963) .  

A part from th e  sk id d in g  o f  th e  ex p erim en ta l t r a i n  on r u s ty  s l i g h t l y  wet 

t r a c k  m entioned in  Chapter 6, c o e f f ic ie n ts  o f  adhesion  o f  th e  o rd e r o f  

0 .0 1  and as low as O.OO5 have been observed  under s im ila r  c o n d itio n s  

d u rin g  b rak in g  t e s t s  on in d iv id u a l  w h ee lse ts  (Murray 1973). These low 

v a lu es  were p re d ic te d  by the  rh e o lo g ic a l  a n a ly s is  o f  Chapter 6 and 

in d ic a te d  by the  c o e f f ic ie n t  o f  f r i c t i o n  o f  0 .0 5  observed  on th e  Amsler 

machine u sin g  s l i g h t l y  wet h e a v ily  ru s te d  r o l l e r s .  These e f f e c t s  have n o t 

y e t  been observed  on th e  tr ib o m e te r  t r a i n .  This may be because o f  th e  

u n r e a l i s t i c  c o n tin u a l b rak in g  o f  th e  w h ee lse ts  cau sin g  ty re  tem p era tu res  

to  r i s e .

F ig . 6 .4  showed how f r i c t i o n  f e l l  to  0 .1  as  l e a f  d e b r is  was a p p lie d  to  

th e  r o l l e r s  o f  th e  Amsler m achine. This ag re es  w e ll w ith  th e  adhesion  seen 

d u rin g  t e s t s  in  the  Autumn u s in g  th e  tr ib o m e te r t r a i n .  F ig . 7 .3 . Water 

a p p lie d  to  th e  tr a c k  d u ring  th e se  t e s t s  fu r th e r  low ered  adhesion  to  0 . 05, 

th e  same o rd e r o f  magnitude as was observed  when w ater was sprayed  onto 

th e  l e a f  covered r o l l e r s .

Sand has long  been used  to  p re v e n t vd iee lslip  and a sand p a s te  u s in g  a 

c e l lu lo s e  th ic k e n e r  was developed in  o rd e r to  ease  i t s  a p p l ic a t io n .  This



— 83 —

p a s te  was a p p lie d  to  the  Ainsler r o l l e r s  and unexpec ted ly  th e  f r i c t i o n  

g ra d u a lly  f e l l  u n t i l  a c o e f f ic ie n t  o f 0 .0 5  wag o b ta in e d  (B eagley and 

P r i tc h a rd  1973).’ Moreover, in  subsequent t r a c k  t e s t s  n o t on ly  was v e ry  

low  adhesion  observed  u sin g  t h i s  m a te r ia l  b u t a d ie s e l  m u ltip le  u n i t  was 

unab le  to  s top  on th e  te n ac io u s  la y e r  t h a t  had been l e f t  on the  t r a c k .

This u n d e rlin e s  good s im u la tio n  o f w h e e l / r a i l  c o n d itio n s  found on the  

Amsler m achine. In  s p i te  o f th e  th e o r e t ic a l  re a so n s  fo r  n o t eq u a tin g  the  

c o e f f ic ie n t s  o f  f r i c t i o n  determ ined  on la b o ra to ry  machines w ith  those  

e x p erien ced  on th e  t r a c k ,  the  Amsler machine ap pears  to  c o r r e la te  rem arkab ly  

w e ll ,

7 .4  WHEEL/RAIL ADHESION

This th e s i s  has examined how th e  maximum tra n s m it ta b le  fo rc e  between two 

s u rfa c e s  i s  changed by su rfa ce  con tam ination . There a re  o th e r  f a c e ts  to  

w h e e l / r a i l  adhesion  \d iich  can be b ro a d ly  d iv id e d  in to  problem s a s s o c ia te d  

w ith  locom otive design  and those  a s s o c ia te d  w ith  w h e e l / r a i l  dynam ics. In  

th e  form er, power to  w eight r a t i o s ,  motor to rque  and c o n tro l  c h a r a c te r i s t i c s  

and w e i ^ t  t r a n s f e r  a re  th e  most im p o rtan t pa ram ete rs  to  be co n sid e red .

In  th e  l a t t e r ,  lo n g i tu d in a l  and l a t e r a l  c reep , and th e  re d u c tio n  o f 

e f f e c t iv e  adhesion  w ith  speed a re  th e  m ajor f a c to r s  th a t  rem ain to  be 

exam ined. The experim ents on the  Amsler machine u s in g  v a rio u s  lo n g i tu d in a l  

creep  r a t i o s  showed th a t  the  shape o f th e  creep curve d id  n o t change a s  th e  

l im i t in g  c o e f f ic ie n t  o f  f r i c t i o n  was v a r ie d  ( 5 .6 ,1 ,2 ) ,  However, a l l  the  

above problem s a re  su b se rv ie n t to  the  l im i t in g  t r a n s m itta b le  fo rc e , thv, 

c o e f f ic ie n t  o f  adhesion  determ ined  by th e  s t a t e  o f  th e  in te r a c t in g  

s u r fa c e s .

S tan d ard  w h e e l / r a i l  c o e f f ic ie n ts  o f  adhesion  a re  used as  design  p a ram ete rs  

f o r  bo th  t r a c k  and r o l l i n g  s to c k . Brakes and b rak in g  d is ta n c e s  a re  

d esigned  assum ing id ie e l / r a i l  adhesion  o f  0 ,0 7  to  0 ,0 9 . This low f ig u re  

i s  used  to  ensure  a s a f e ty  m argin s in ce  adhesion  as  low as t h i s  r a r e l y  

o c c u rs . Locomotives a re  designed  to  develop t r a c t i v e  e f f o r t  e q u iv a le n t 

to  a  c o e f f ic ie n t  o f adhesion  between O .lS and 0 ,2 4 . An adhesion  o f  abou t
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0 ,2  i s  a lso  used in  co n ju n ctio n  w ith  the  tra c k  g ra d ie n t in  d e term in ing  

p e rm is s ib le  t r a i n  lo ad in g s  a long  s p e c i f ic  r o u te s .  I t  can be seen th a t  

o n ly  adhesion  below app rox im ate ly  0 ,2  i s  o f  i n t e r e s t  to  Railw ay E n g in ee rs  

a lth o u g h , o f  co u rse , g re a t  b e n e f i ts  would accrue  i f  v a lu es  h ig h e r th an  

t h i s  cou ld  be g u aran teed . Adhesion measurements made by th e  tr ib o m e te r  

t r a i n  a re  now be ing  used to  compile p re c is e  s t a t i s t i c a l  in fo rm a tio n  in  th e  

form o f  p r o b a b i l i t i e s  o f  s l i p  o c cu rrin g  a t  s p e c i f ic  demand adhesion  le v e l s  

over s p e c i f ic  ro u te s .  This w i l l  enab le  Railway E ng ineers  to  a s s e s s  

w hether th e  optimum design  adhesion  c o e f f ic ie n ts  have been chosen w ith  

re g a rd  to  bo th  s a f e ty  and economy,

7 .4 .1  Track Contam ination

Adhesion on B.R. t r a c k  i s  u s u a lly  more than  ad eq u a te . However c e r ta in  

forms o f  t r a c k  con tam ination  o f te n  g ive r i s e  to  wheel sp in  o r sk id d in g . 

Knowing th e  p ro cess  o f  t r a c k  con tam ination  i s . a t  l e a s t  as  im p o rtan t as  

u n d e rs tan d in g  th e  r e s u l t in g  f r i c t i o n  mechanism in  a com plete u n d e rs tan d in g  

o f  v d ie e l /ra i l  ad h esio n . Only by u n d e rs tan d in g  th e  b u i ld  up o f  t r a c k  

con tam ination  can improvements in  w h e e l / r a i l  adhesion  be ach iev ed . The 

la b o ra to ry  experim ents have e lu c id a te d  some o f  th e  mechanisms in v o lv ed  

and th e se  a re  used i n . t h e  fo llo w in g  d e s c r ip t io n .

Dry main l in e  tr a c k  g e n e ra lly  has a sh iny  c lean  m e ta l l ic  weai* band; th e  

d e b r is  coverage i s  low s in ce  th e  o x id e s , b rakeb lock  d u s t e t c ,  a re  r a p id ly  

com pressed in to  sm all f la k e s  t h a t  a re  then  thrown c le a r  o f  th e  wear band 

by p a ss in g  w heels. The sm all q u a n tity  o f  o i l  t h a t  o c c a s io n a lly  drops from 

p a ss in g  t r a f f i c  i s  r a p id ly  sp read  a long th e  l in e  and mixes w ith  th e  d e b r is .  

Even a la rg e  b lob  o f  o i l  a p p lie d  to  the  tr a c k  on ly  causes low f r i c t i o n  

a lo n g  a few yards o f  the  l in e  fo r  th e  d u ra tio n  o f  a couple o f  t r a i n  

p assag es  (B ro s te r  e t  a l  1974). Most o f  the  o i l  i s  squeezed to  th e  s id e  o f  

th e  wear band le a v in g  on ly  a sm all q u a n ti ty  to  be sp read  a long  th e  t r a c k  

and be r a p id ly  removed w ith  the  d e b r is .  This squeezing  a c tio n  i s  ve ry  

s ig n i f i c a n t .  O ily  f lu id s  w i l l  o n ly  cause a p e r s i s t e n t  adhesion  problem

when th ey  a re  c o n tin u a lly  a p p lie d  to  th e  t r a c k  e ,g ,  where locom otives
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s ta n d  and d rip  o i l  o r n ear f lan g e  lu b r i c a to r s .  Under th e se  c ircum stances 

a te n ac io u s  m ixture o f s o l id  d e b ris  and o i l  can form over the  wear band. 

These f ilm s  a re  v e ry  s ta b le  s in ce  th e  h igh  s o l id  co n ten t en su res  th a t  they  

cannot be pushed a s id e  and th e  o i l  co n ten t h e lp s  r e s i s t  th e  washing a f f e c t s  

o f  r a i n .  S im ila r la y e r s  can a lso  be formed from o th e r  s o l id  d e b ris . ' 

p ro v id ed  th a t  the  f ilm  o f  compressed m a te r ia l  i s  s u f f i c i e n t ly  p l ia b le  n o t 

to  f la k e  from th e  su rfa ce  l ik e  the  d ry  c lean  r u s t  on main l in e  tr a c k  

m entioned above, A wide range o f  m a te r ia ls ,  c o a l, saw dust, le a v e s  e tc ,  

f a l l  in to  t h i s  ca teg o ry  a lth o u g h  th e  most troublesom e i s  le a v e s . Although- 

th e se  film s  a re  so ften ed  by heavy r a in  then  pushed a s id e  by t r a i n  w heels, 

le a v e s  a re  c o n tin u a lly  tra p p e d  between wheel and r a i l  in  c u t t in g s  du ring  

Autumn and r a p id ly  re -fo rm  th e  troublesom e f ilm  as soon as  th e  r a in  s to p s .

The heavy r a in  d iscu ssed  above h e lp s  c lean  s o l id  d e b ris  from th e  t r a c k .  

However l i g h t  r a in  or h igh  hum id ity  can in c re a se  th e  degree o f  t ra c k  

co n tam ination  by im p artin g  s u f f i c i e n t  p l i a b i l i t y  to  the  s o l id  d e b ris  th a t  

would o th e rw ise  be thrown c le a r  o f  the  wear band. This phenomenon i s  

p a r t i c u l a r l y  im p o rtan t w ith  re g a rd  to  r u s t .  On main l in e  t r a c k  the  

q u a n ti ty  o f  d e b ris  on th e  wear band r a p id ly  in c re a s e s  under s l i g h t l y  wet 

c o n d itio n s  as r u s t  i s  squeezed in  a s lu r r y  from the  s id e s  by th e  l a t e r a l  

o s c i l l a t i o n  (h u n tin g ) o f  p a ss in g  w heels. N a tu ra lly  th e  lower th e  tr a c k  

u t i l i s a t i o n  th e  more corroded i t s  wear band w i l l  be , a lthough  even th e  

wear band o f  main l in e  t r a c k  can form s ig n i f ic a n t  la y e r s  o f r u s t  when 

e a r ly  morning dew h e lp s  corrode th e  t r a c k ,

7 .4 .2  Loss o f  Adhesion and i t s  P rev en tio n

Track c o n d itio n s  can be d iv id ed  in to  th re e  b road  c a te g o r ie s  acco rd in g  to  

t h e i r  in f lu e n c e  on ad h esio n . The f i r s t ,  vdiich in c lu d e s  c lean  main l in e  

and d ry  co rroded  t r a c k ,  have adequate adhesion  fo r  a l l  p re s e n t  t r a c t io n  

demands (jUL>0,25). The second ca teg o ry  in c lu d e s  s l i g h t ly  wet t r a c k  

con tam inated  by le av e s  o r heavy c o rro s io n . These film s  can cause such 

low adhesion  (0 ,0 5 ) th a t  h ig h  speed wheel sp in  can occur on le v e l  t ra c k

a t  s te a d y  t r a i n  v e lo c i t i e s  causing  r a i l  b u rn s . Very severe  o p e ra tin g
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d i f f i c u l t i e s  occur i f  th e se  c o n d itio n s  e x i s t  when h ig h e r adhesion  i s  

demanded during  s t a r t i n g  or b rak in g .

The th i r d  ca teg o ry  o f  r a i l  co n d itio n  on ly  p re s e n ts  a problem  when h ig h e r 

t r a c t io n  i s  demanded e .g .  du ring  s t a r t i n g ,  a c c e le r a t io n ,  on in c l in e s  e t c . ,  

e q u iv a le n t to  a c o e f f ic ie n t  o f  adhesion  above 0 ,1 5 . In  t h i s  case w heel/ 

r a i l  s l i p  on ly  appears  as a problem on c e r ta in  s e c tio n s  o f  t r a c k  e ,g ,  n ear 

s ig n a l s ,  s t a t io n s ,  on in c l in e s  e t c . ,  even though s im ila r  v a r ia t io n s  in  

a v a i la b le  adhesion  occur on a l l  t r a c k .  Flange lu b r i c a to r s  can o f te n  cause 

adhesion  o f  0 ,1  (B ro s te r  1975). They a re  i n s t a l l e d  on curves to  reduce 

n o t  on ly  r a i l  wear b u t a lso  cu rv ing  r e s i s ta n c e .  A lthough th e  l i b e r a l  

q u a n t i t ie s  o f  g rease  a p p lie d  to  th e  tra c k  ach ieve  th e  l a t t e r ,  th e  

l u b r i c a to r s  o f te n  d e fe a t t h e i r  own purpose by causing  locom otives to  s l i p .  

F lange lu b r i c a t io n ,  p o in t  lu b r ic a t io n ,  f i s h p la te  g rease  and th e  o i l s  and 

g re a se s  t h a t  d rip  from t r a in s  a re  d e tr im e n ta l to  adhesion  e x p e c ia l ly  when 

i t  r a i n s .  However p re lim in a ry  r e s u l t s  from th e  tr ib o m e te r  t r a i n  show th a t  

low  adhesion  due to  t h i s  o i ly  con tam ination  i s  r a r e  compared w ith  th a t  

caused by s o l id  d e b r is  and s l i g h t l y  wet t r a c k .  A lthough H arw ell concluded 

t h a t  s l i g h t l y  wet t r a c k  could  cause low ad h esio n , th e re  was no p h y s ic a l 

e x p la n a tio n  o f  th e  mechanisms in v o lv ed . This th e s i s  has p ro v id ed  th i s  

p h y s ic a l  e x p lan a tio n  and has shown th a t  the  p resence  o f  d e b r is  on the  wear 

band enhances th e  p r o b a b i l i ty  o f  wheel s l i p .  T rain s r e a d i ly  s l i p  in  th i s

manner on corroded  t r a c k  in  th e  e a r ly  morning \dien i t  i s  wet w ith  morning
\

dew. Adhesion can a lso  be low ered on wet main l in e  t r a c k  du rin g  th e  day, 

vhen s u f f i c i e n t  d e b r is  i s  moved onto th e  wear band from th e  a d ja c e n t 

co rroded  a re a s .

Remedies fo r  low ad hesion  must be c a r e f u l ly  co n sid e red  s in ce  a l l  th e  m ajor 

ty p es  o f  t r a c k  con tam ination  i . e .  o i l ,  w ater and d e b r is  p la y  some p a r t  in  

keep ing  adhesion  w ith in  to le r a b le  l i m i t s .  A lthough la rg e  q u a n t i t ie s  o f o i l  

a re  d e tr im e n ta l  to  ad h esio n , a few m onolayers can reduce th e  co rro s io n  

r a t e  o f  th e  wear band. D ebris h e lp s  c o n tin u a lly  remove o i l  w hile w ater 

s o f te n s  th e  th ic k  la y e r s  o f  d e b ris  th a t  can b u i ld  up on the  wear band.
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However, s in ce  th e re  i s  v e ry  l i t t l e  o i ly  con tam ination  p re s e n t  on B.R. 

t r a c k ,  a g e n e ra lly  b e n e f ic ia l  remedy would then  be one th a t  p rev en ted  the  

b u i ld  up o f  d e b ris  and a lso  reduced  c o rro s io n .

Adhesion problem s must be ta c k le d  by id e n t i f y in g  th e  cause o f  a wheel s l ip  

b e fo re  a s p e c i f ic  remedy can be u sed . A sand /w ater j e t  i s  p r e s e n t ly  being  

developed to  c lean  le a f y  con tam ination  from th e  r a i l s  d u ring  Autumn,

However such a remedy w i l l  n o t be e f f e c t iv e  where w h ee ls lip  i s  caused by 

s l i g h t l y  wet corroded  t r a c k .  I t  i s  p lanned  to  t e s t  two sand b ased , t r a i n  

mounted, rem edies under th ese  c o n d itio n s . One i s  a suspension  o f  sand in  

a shear th in n in g  medium, th e  o th e r  c o n s is ts  o f  sm all q u a n t i t ie s  o f  sand 

th a t  a re  blown in to  the  w h e e l / r a i l  n ip  u s in g  compressed a i r .  L in es id e  

a p p l ic a to r s ,  however, would be more conven ien t than  t r a i n  mounted d ev ices , 

a lthough  an e f f e c t iv e  f l u i d  rem ains to  be found. Furtherm ore, many 

a p p l ic a to r s  a re  a lre a d y  i n s t a l l e d  a long  tr a c k  where adhesion  problem s 

o ccu r, A new c r i t e r io n  fo r  choosing f l u i d  rem edies has been proposed  in  

th i s  t h e s i s ,  A range o f  def lo c c u la t in g  ag en ts  i s  now be ing  screen ed  in  

o rd er to  s e le c t  th e  one th a t  w i l l  most e f f i c i e n t l y  reduce  th e  s t r e n g th  

o f  iro n  oxide p a s te s .  Using the  a p p ro p r ia te  chem ical i t  may be p o s s ib le  

to  s ig n i f i c a n t ly  reduce  th e  q u a n tity  o f  d e b ris  on the  tr a c k  and th u s  

e lim in a te  th e  most in s id io u s  cause o f  low ad h esio n , s l i g h t l y  wet r a i l  

co n tam ination , / .

7 ,5  CONCLUSIONS

W h e e l/ra il adhesion  i s  an ex trem ely  complex phenomenon c o n tro l le d  by th e  

i n te r a c t io n  o f  w ater w ith  o i l  and s o l id  co n tam ination . There i s  in s u f f i c i e n t  

o i l  on most t r a c k  to  cause low adhesion  when d ry . Water fu r th e r  low ers 

th e  adhesion  o f  s l i g h t l y  o i ly  r a i l s  whereas d ry  iro n  ox ides in c re a s e  

adhesion  by ad so rb in g  th e  o i l .  Under some s p e c i f ic  c ircum stances d e b ris  

h e lp s  form th in  la y e r s  th a t  cover th e  wear band. These a re  s tro n g  enough 

to  su pport heavy lo ad s  b u t can be weak enough in  shear to  reduce adhesion  

and cause wheel s l i p .  Leaves r e a d i ly  form such f ilm s  a lthough  th e  most

common c o n s t i tu e n ts  a re  r u s t  and w a te r . L abora to ry  experim ents have
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shown th a t  low adhesion  can be caused by m ix tu res  o f  iro n  oxide and w ater, 

and a th e o r e t i c a l  ex p lan a tio n  fo r  th i s  has been developed based  on th e i r  

rh e o lo g ic a l  p r o p e r t ie s .  I t  i s  concluded th a t  low w h e e l / r a i l  adhesion  i s  

u s u a lly  caused by a com bination o f  s o l id  d e b ris  and sm all q u a n t i t ie s  o f 

w a ter. I t  i s  because B r i ta in .h a s  s-uch a co ld , damp c lim a te  t h a t  w heel/ 

r a i l  adhesion  on B.R. i s  such a problem .
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LABORATORY INVESTIGATION INTO WHEEL/RAIL ADHESION 
BY T.M. BEAGLEY

ABSTRACT:

W h ee l/ra il adhesion i s  a f fe c te d  by th e  contam ination th a t  i s  p re sen t on 

th e  ra ilh e a d . This can be b road ly  d iv ided  in to  th re e  c a te g o rie s  o i l ,  w ater 

and so lid  d e b r is . The f r i c t i o n a l  phenomena a sso c ia te d  w ith  each o f th ese  

groups were examined on a v a r ie ty  o f la b o ra to ry  s im u la tio n  r i g s .  The 

in te ra c t io n s  between each group were then  explored so th a t  a comprehensive 

d e sc r ip tio n  o f w h e e l/ra il  adhesion could be e s ta b lis h e d . Concepts of 

boundary lu b r ic a t io n  can be used to  d e sc rib e  th e  low f r i c t i o n  of su rfaces  

contam inated by o i l  and /or w ater. However th ese  concepts a re  shown to  have 

th e i r  l im ita t io n s  when so lid  d eb ris  i s  trapped  in  th e  c o n tac t a rea  and e i th e r  

s ig n if ic a n t ly  lowers adhesion when mixed w ith  sm all q u a n ti t ie s  o f w ater under 

dynamic co n d itio n s , o r in c re a se s  th e  c o e f f ic ie n t  of f r i c t i o n  by adsorbing th e  

o i l .

There i s  in s u f f ic ie n t  o i l  on most tra c k  to  cause low adhesion even when the 

r a i l s  a re  wet. Under some s p e c if ic  circum stances d e b ris  he lps form th in  la y e rs  

th a t  cover th e  wear band and a re  weak enough in  shear to  reduce adhesion and 

cause wheel s l i p .  Leaves re a d i ly  form such film s although  th e  most common 

c o n s ti tu e n ts  are  r u s t  and w ater. Laboratory  experim ents have shown th a t  low 

adhesion can be caused by m ix tures of r u s t  and w ater, and a th e o r e t ic a l  

ex p lan a tio n  fo r  th i s  has been developed based on th e i r  rh e o lo g ic a l p ro p e r tie s . 

I t  i s  concluded th a t  low w h e e l/r a il  adhesion i s  u su a lly  caused by a v iscous 

p a s te  formed of so lid  d e b ris  and sm all q u a n ti t ie s  o f w ater. I t  i s  because 

B r i ta in  has such a co ld , damp c lim ate  th a t  w h e e l/ra il  adhesion on BR i s  such 

a problem.


