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s m m tî .

,&%i%3lTea aro used In various fonas to produce fine fin ishes 

on metal surfaces, Previously# grli^Üng ond abrasive processes have 

been studied in  Isolation; the present voife houever hcs shorn tha t 

grinding can be usefully  interpreted in  abrasive wear tcima*

Wear experiments using small grinding isheela on a pin and ring 

machine have been able to  reproduce many of the effects observed 

not only In grinding but also in  such specialised processes as 

super-flnishinge

Abra^ve wear theory has been re-examined, especially the 

parameters making up the K fac to r, end then applied to  tha grinding 

process* tn  order to  te s t  theore tica l predictions a grinding 

dynamometer was constructed to measure forces in  surface grinding# 

Idealised indentors having simple gem etzical shapes, sim ilar 

to  those assumed in  abrasivo wear theory, were tracked across smooth 

metal surfaces* Measuraaents o f the scratches produced were then 

compared with theory*

Scratch te s ts  on a ran^co of hoat-treated s tee ls  using both 

idealised indent ors end abrasive g r its  showed th a t pile-up a t the 

edge of scratches la  o highly significant facto r in  determining wear 

ra te  in  abrasion and cutting forces in  grinding*

Finally a wide range of techniques fo r examining abrasives has 

been studied, the most notable of v&lch involved the use of a 

scanning electron microscope*
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1# In tro d u o t io n .

Grlmdizsg w heels and a b ra s iv e  p a p e rs  a lth o u g h  

m anufactured  from s im i la r  m a te r ia ls  e x h ib i t  c e r t a in  

s t r u c t u r a l  d if f e r e n c e s  # A g r in d in g  w heel i s  made up o f  

a b ra s iv e  p a r t i c l e s  h e ld  to g e th e r  by a bonding m a te r ia l ,  

th e  p ro p o r tio n  o f  which p ro v id e s  a method o f  c o n t r o l l in g  

th e  h ard n ess  (g rad e) o f  th e  wheel » The wheel a ls o  c o n ta in s  

v o id s  I th e  amount o f  v o id  ( s t r u c tu r e )  can  be r e g u la te d  

p ro v id in g  a n o th e r  method o f  a d ju s t in g  perform ance #

A brasive  p ap e rs  c o n s is t  o f  a b ra s iv e  p a r t i c l e s  g lu ed  on to  a  

back ing  m a te r i a l .  T h is  ty p e  o f  c o n s tru c t io n  l i m i t s  th e  

amount o f  a b ra s iv e  which i s  a v a i la b le  and i s  more 

s u s c e p tib le  to  c lo g g in g  th a n  an  a b ra s iv e  v h e e l .

D esp ite  d if f e r e n c e s  i n  c o n s tru c tio n  th e  u lt im a te  

perform ance o f  b o th  a g r in d in g  w heel and a b ra s iv e  p ap e r 

depend on th e  a b ra s iv e  g r i t s  from which th e y  have been 

m anufactured  « These g r i t s  a re  random ly shaped and have 

been  formed from th e  breakdown o f  l a r g e r  p ie c e s  o f  a b r a s iv e .  

The su r fa c e  o f  b o th  w heels and p ap e rs  a r e  th e re fo r e  made up 

o f  a  la rg e  number o f  random ly o r ie n ta te d  g r i t s .

G rind ing  i s  a  w id e ly  used  com m ercial p ro c e s s  and most 

o f  th e  work re p o r te d  i n  th e  l i t e r a t u r e  h a s  been  c a r r ie d  ou t 

under c o n d itio n s  s im i la r  to  th o se  en co u n te red  i n  p r a c t i c e .

The b u lk  o f  r e s u l t s  in v o lv ed  h a rd  m a te r ia ls a /p ^  « 800Kg/mm^, 

co a rse  a b ra s iv e s rv 60 g r i t ,  h ig h  s u r fa c e  s p e e d s fy  5 ,000  f t /m in .  

each  p o r t io n  o f  th e  g r in d in g  w heels s u r fa c e  b e in g  used  

r e p e a te d ly .



A brasive  w ear s tu d i e s ,  on th e  o th e r  han d , have been  

m ain ly  concerned w ith  e lu c id a t in g  th e  b a s ic  mechanism o f  

th e  p r o c e s s .  Most in v e s t ig a t io n s  have in v o lv ed  r e l a t i v e l y  

s o f t  m a te r ia l s ,  f re q u e n tly  p u re  m e ta ls ,  f in e  a b ra s iv e s  

A/ 200 g r i t ,  slow speeds A /200 f t /m in ,  and i n  many c a se s  

each  p o r t io n  o f  th e  a b ra s iv e  p ap e r  was o n ly  used  once#

The pu rpose  o f  th e  p re s e n t  work was to  s tu d y  th e  

b road  p a t t e r n  o f  b eh av io u r o f  s o l id  a b ra s iv e s  o ver a  w ide 

range o f  c o n d itio n s  and to  se e  i f  a  co n n e c tio n  co u ld  be 

e s ta b l i s h e d  betw een g r in d in g  and a b ra s iv e  wear#



2# Bevlew o f  S u rface  G rind ing  and A brasive  Wear 

2#1 In tro d u c tio n .

G rind ing  i s  a  s p e c ia l is e d  and expensive  p ro c e s s  

which i s  u se d , f o r  hardened  s t e e l  components i n  p a r t i c u l a r ,  

to  o b ta in  good su rfa c e  f i n i s h  and a c c u ra te  c o n tro l  o f  

dim ensions# Many o f  th e  problem s a s s o c ia te d  w ith  g r in d in g  

p ro c e s s e s , such a s  h ig h  f l a s h  te m p e ra tu re , o x id a t io n , the  

mechanism o f  ch ip  fo rm a tio n  and m e ta l lu rg ic a l  changes a re  

a ls o  im p o rtan t i n  a b ra s iv e  w ea r.

The purpose o f  t h i s  rev iew  i s  to  ex p lo re  to  what 

e x te n t  g r in d in g  and a b ra s iv e  wear p ro c e s se s  a r e  r e l a t e d . 

A dm itted ly  b o th  p ro c e s se s  use th e  came a b ra s iv e  m a te r ia ls  

b u t th e  methods o f  c o n s tru c tin g  g r in d in g  w heels and 

a b ra s iv e  p ap e rs  d i f f e r  c o n s id e ra b ly , G im ila r ly  th e  

c o n d itio n s  under which each  i s  su b seq u en tly  used  a r e  n o t 

th e  same,

T h e o re t ic a l  tre a tm e n ts  o f  b o th  g r in d in g  and a b ra s io n , 

d isc u sse d  l a t e r ,  have co n s id e red  them to  be c u t t in g  r a th e r  

th a n  w earing  p ro c e s s e s .  C u ttin g  p ro c e s s e s  i n  t h i s  c o n te x t 

a re  th o se  p ro c e s se s  where each c o n ta c t betw een work and 

to o l ,  be th e  to o l  a  c u t t e r  o r  an  a b ra s iv e  g r a in ,  p roduces 

a  c h ip .  On th e  o th e r  hand a wear p ro c e s s  in v o lv e s  c o n ta c t 

betw een a s p e r i t i e s  b u t g e n e ra l ly  o n ly  a  sm all p ro p o r t io n  o f  

th e se  c o n ta c ts  p roduces a  wear p ro d u c t .

A nother s ig n i f i c a n t  d i f f e r e n c e  betw een c u t t in g  and 

w ear p ro c e s se s  i s  th e  e f f e c t  o f  l u b r i c a n t s ,  t7 ith  c u t t in g  

p ro c e s se s  lu b r ic a n ts  h e lp  to  s t a b i l i s e  c o n d it io n s  and



3 6  O r i t  A l w n d u o r »  -

>4

F ig 2 .1  V aria tion  o f G-rinding Forces With

Depth o f Cut, d . (M arshall and Shaw 1952).

36 <Srif" Alurtdu*Vt 46 AlvNrtckj*v\

lie

o . 8  ̂ »fc\f̂  pejT iSAiooVe,

Fig 2 .2  V ariation  o f G-rinding Forces With

Table Speed, v . (M arshall and Shaw 1952).

F ig  2 .3  V ariations o f  G-rinding Forces With Inverse  

Wheel Speed, N (M arshall and Shaw 1952).



improve th e  e f f ic ie n c y  o f  th e  a b ra s iv e  by p re v e n tin g  

c logg ing*  I n  a  w ear process^ in v o lv in g  f o r  example 

th e  rubb ing  to g e th e r  o f  two m eta l specimens# a s u i t a b le  

lu b r ic a n t  w i l l  d r a s t i c a l l y  reduce  th e  r a t e  o f  wear*

2*2 S u rface  G rind ing  

2*2i F orce Measurements

The f i r s t  re p o r te d  fo rc e  m easurem ents f o r  su rfa c e  

g r in d in g  a re  due to  M arshall and Shaw (1952) # They 

d esig n ed  a  dynamometer which m easured b o th  ta n g e n t ia l  and

norm al fo rc e s  and th e y  took  m easurem ents o ver a  c o n s id e ra b le  

range o f  c o n d itio n s*  T h e ir  dynamometer could  o n ly  be used 

a t  r e l a t i v e l y  slow work sp eed s; most o f  t h e i r  r e s u l t s  were 

o b ta in e d  a t  ta b le  speeds o f  th e  maximum p o s s ib le

ta b le  speed b e in g  I6fpm#, and t h e i r  work was co n fin ed  to  

d ry  g rin d in g *  These r e s t r i c t i o n s  a l l  se rv ed  to  in c re a s e  

th e  s e v e r i ty  o f  th e  t e s t s  and make s a t i s f a c to r y  o p e ra t io n  

more d i f f i c u l t *  D e sp ite  th e se  v e ry  obvious d e p a r tu re s  

from norm al g r in d in g  p r a c t ic e  t h e i r  r e s u l t s  a r e  o f  

c o n s id e ra b le  i n t e r e s t*  They showed th a t  th e  v e r t i c a l  and 

h o r iz o n ta l  g r in d in g  fo rc e s  were p ro p o r t io n a l  to  th e  in v e rse  

o f  wheel speed and th e  w id th  o f  w orkpiece f ig (2 * 1 ) ;  th a t  

th e  v e r t i c a l  and h o r iz o n ta l  fo rc e s  in c re a s e  w ith  ta b le  speed 

f i g  (2*2) and th a t  v e r t i c a l  and h o r iz o n ta l  f o rc e s  a re  

p ro p o r t io n a l  to  th e  d ep th  o f  c u t  f o r  d ep th s  below abou t 

0*001 in *  f ig ( 2 .3 )  *
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As & r e s u l t  o f  t h e i r  experim en ts th e y  p o s tu la te d  a

* g r in d in g  c o e f f ic ie n t*  which i n  fo rm u la tio n  resem bles th e

c o e f f ic ie n t  o f  f r i c t i o n ,  b e in g  d e f in e d  a s  th e  r a t i o  o f  th e

ta n g e n t ia l  to  norm al fo rc e  # Indeed  th e  v a lu e  o f  th e

•g r in d in g  c o e f f ic ie n t*  when th e  g r in d in g  wheel i s  c u t t in g

f r e e ly  i s  on ly  s l i g h t l y  g r e a te r  th a n  th e  c o e f f ic ie n t  o f

f r i c t io n #  T y p ica l v a lu e s  a re  shown i n  T able 2#1#

The • a c tu a l  c o e f f ic ie n t  o f  f r i c t io n *  was m easured by

clam ping th e  w heel and d ragg ing  i t  a c ro s s  th e  su rfa c e  o f

th e  specim en; nox*mal and ta n g e n t ia l  fo rc e s  were reco rd ed

u s in g  th e  g r in d in g  dynamometer# I t  i s  q u e s tio n a b le

w hether such c o n d itio n s  a re  any d i f f e r e n t  from th o se  which

o ccu r d u rin g  g r in d in g ; s c ra tc h  t e s t s  re p o r te d  l a t e r  have

shown th a t  i n  th e  s i t u a t i o n  a lre a d y  d e s c r ib e d  th e  wheel w i l l

remove m etal from th e  t e s t  p ie c a#  S ince th e  c o n d itio n s  a re

now id e n t i c a l  to  th o se  encoun tered  i n  g r in d in g , i t  i s  n o t

s u r p r i s in g  t h a t  s im i la r  v a lu e s  a re  observed  f o r  th e

•g r in d in g  c o e f f ic ie n t*  and mean c o e f f i c i e n t  o f  f r i c t i o n .

More s ig n i f i c a n t  th a n  th e  ao tim l v a lu e  o f  th e  g r in d in g

c o e f f ic ie n t  i s  th e  v e ry  marked d if f e r e n c e  i n  i t s  v a lu e  and

f o r  t h a t  observed  f o r  o th e r  c u t t in g  p ro c e s se s  such a s

tu rn in g  where th e  r a t i o  of:-»

ta n p ren tia l fo rc e  ^ a\
norm al fo rc e  '  * ^

The same r a t i o  f o r  g r in d in g  i s  abou t 0#5*
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A nother m ajor d if f e r e n c e  which th ey  observed betw een 

grinding: aM  o th e r  ch ip  form ing p ro c e s se s  was th e  s p e c i f ic  

energy  which i n  g r in d in g  i s  g iv e n  b y : -

u  = (2 ,2 )

where u  « energy  expended p e r  u n i t  volume removed 

( i n  I b / in ^ )

D w w heel d ia m e te r  ( in )

H o ta n g e n t ia l  fo rc e  i n  ( lb )

If a  wheel speed (rpm)

V a  ta b le  speed ( f t /m in )  

b a  specim en w id th  ( in )  

d a wheel dep th  o f  c u t ( in )

The s p e c i f ic  en e rg y  f o r  g r in d in g  i s  v e ry  much g r e a te r  

th a n  t h a t  f o r  o th e r  ch ip  form ing p ro c e s s e s ;  ty p ic a l  v a lu e s  

a re  g iv e n  i n  ta b le  2 ,2*

M arsha ll and Shaw a ls o  observed  t h a t  th e  g r in d in g  fo rc e  

components and th e  s p e c i f ic  energy  were in d ep eM en t o f  th e  

h a rd n ess  o f  th e  w o rk p iece , a  s in g u la r ly  unexpected  r e s u l t  

which any adequate  th e o ry  m ust be a b le  to  ex p la in #

T h is  rev iew  o f  e a r l i e r  work shows th a t  b o th  fo rc e  

c o e f f ic ie n t s  and s p e c i f i c  e n e rg ie s  f o r  g r in d in g  and s in g le  

p o in t  c u t t in g  d i f f e r #  The m ost obvious i n t e r p r e t a t i o n  o f  

th e se  f a c t s  i s  to  su g g e s t t h a t  th e  b a s ic  mechanism o f  

m eta l rem oval i n  th e  two p ro c e s s e s  d iffezs»  Backer e t  a l  (1952)
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F ig  2 ,4  S p e c if ic  Energy-Depth o f Cut Curve fo r

G-rinding T ests.(B ack er ,M arsh all and Shaw 1952)

F ig  2 .5  Chip D e ta il

a m
J ' k

i r r ,. ■>,

F ig  2 .6  Carbon-Black R ep lica  Showing D is tr ib u tio n  o f G-rits 

in  Surface o f a Diamond-Dressed Grinding HTheel 

(32^ .6  -  H8 -  VBE) X5. (Backer e t a l 1952).
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c la im  U ia t th a  d if^ a re iia e s  cou ld  t o  ex p la in o d  l a r g e ly  a s  

a  s iü ô  e f f e c t*  They showed f i g ( 2 #h) t h a t  th e re  I s  a  

s ig n i f i c a n t  in c re a s e  i n  s p é c i f ie  energy  w ith  d eg rea se  i n  

specim en (c h ip )  e ls e *  Indeed th e  deduced sh e a r  s tr e n g th  

In v o lv ed  when g r in d in g  under m ild  c o n d itio n s  ro u g h ly  

co rresp o n d s to  th e  th e o r e t i c a l  s t r e n g th  which i s  abou t 

1*8 z  10 ^ p s l* f o r  s te e l*  They f i n a l l y  concluded t h a t  

th e  sm a lln e ss  o f  c h ip  s iz e  was a p p a re n tly  th e  most 

Im p o rtan t d is t in g u ia h in g  c h a r a c t e r i s t i c  o f  th e  g r in d in g  

o p e ra tio n #  and th e  r e l a t i v e l y  la rg e  s p e c i f ic  energy  and 

sh e a r  s t r e s s  im p o rta n t e f f e c t s #

However# i n  g r in d in g  th e  fo rc e s  a r e  l a r g e ly  

in d ep en d en t o f  w orkpiece h a rd n ess  w hereas i n  s in g le  

p o in t  c u t t in g  th e  fo rc e s  a re  s t ro n g ly  h a rd n ess  dependent#  

Thus th e  b a lan ce  o f  ev idence su g g e s ts  t h a t  g r in d in g  and 

s in g le  p o in t  c u t t in g  in v o lv e  d i f f e r e n t  methods o f  m eta l 

rem oval#

2#22 Chip T h ickness

The e a r l i e s t  p ap e r  p u b lish e d  concern ing  th o  s iz e  

o f  g r in d in g  c h ip s  i s  a t t r i b u t e d  to  A lden (1914) # He 

developed  an  e x p re s s io n  f o r  c h ip  th ic k n e s s  In  c y l in d r i c a l  

g r in d in g  based  on g eo m etr ica l r e la t io n s h ip s  assum ing 

th a t  each  g r i t  w i l l  remove a  ch ip  whoso d im ensions a re  

sim ple  g eo m e tr ica l p r o je c t io n s  o f  th e  wheel and w orkpiece*



ïïhen expressed In surface grinding terms Alden^s 
oc[.uatlon becomes:

2 a v " a J D (2 ,3 )

Where n  « th e  number o f  g r i t s  p e r  u n i t

le n g th  a t  th e  p e r ip h e ry  c u t t in g  

i n  th e  same groove

V =5 work v e lo c i ty  (efpm)

V « wheel v e lo c i ty  (sffem)

d a  wheel d ep th  o f  c u t  ( in )

D a  wheel d ia m e te r ( in )

The q u a n ti ty  n  I s  d i f f i c u l t  to  de te rm in e  by d i r e c t  

measurement and co n seq u en tly  i t s  v a lu e  must be e s ta b l i s h e d  

from secondary  v a r ia b le s *

More r e c e n t ly  Backer# Shaw and M arsha ll (1952) 

developed  th e  fo llo w in g  e x p re s s io n  f o r  th e  g r i t  d ep th  

o f  c u t  3

h8v
ttD l i e  r As? I:/  B _  ■ _v 0 V (2*4)

where t  » g r i t  d ep th  of c u t ( in )

V as work speed (sfpm) 
d  « wheel depth o f  c u t  ( in )  

D o Wheel diameter ( in )

H o wheel speed  (rpm)



0 = ivombcp o f  c u t t in g  p o in ts  pep squaro 

in c h  o f  wheel sOTfaco 

r  » r a t i o  o f  w id th  to  d ep th  o f  s c ra tc h  

g e n e ra ted  by a  g r i t  

V 23 v/heel v e lo c i ty

I t  can  be shown th a t  e q u a tio n  2*4 io  sim ply  a 

developm ent o f  A lden^s e q u a tio n  (2*3) f o r  th e  ^ i t  dep th  

o f  c u t*  Backer a t  a l  claim # a s  a  r e s u l t  o f  m icro sco p ic  

exam ination  o f  th e  grinding; ch ip s#  th a t  th ey  a r e  o f  

c o n s ta n t w id th  th roughou t t h e i r  le n g th  and th a t  a s  th e  

c o n d itio n s  u n d er which th ey  a re  formed o re  s im i la r  to  

m ic ro ^ ia illin g #  th e y  w i l l  be wedge shape I n  c h a ra c te r  

( f i g  2*5) •

Tho q u a n t i ty  a  I n  A lden^s e q u a tio n  (2*3) i s  th en  

g iv en  by:

a = » »>• c (2.5)

b u t b '=  % £  (2 .6 )

com bining e q u a tio n s  (2*5) and (2*6)

n  o (2 ,7 )

s u b s t i tu t i n g  f o r  a  l a  e q u a tio n  (2*3) g iv e s
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t  *-• s V (2 .8 )
V C p t / 2  V D

which on re a rra n g in g  1b as b e fo re

_à_z_  / â
V c p  V D

( 2 . 4 )

A li th e  q u a n t i t i e s  i n  th e  Backer e t  a l  e x p re s s io n  can  be 

determ ined*  The v a lu e  o f  C i s  co n v e n ien tly  determ ined  by 

making a wheel t r a c k  on a  g la s s  p la t e  covered  w ith  a  

uniform  la y e r  o f  carbon  b la c k  abou t 0.0001 i n .  t h i c k .  The 

so o t covered p l a t e  may be used  a s  a  p h o to g rap h ic  

n e g a tiv e  to  make e n la rg ed  p r i n t s  o f  th e  wheel t r a c k  from which 

th e  v a lu e  o f  0 can  be determ ined  by co u n tin g  th e  number o f  

m arks/in^  f i g  ( 2 .6 ) .  V.ith a 46 g r i t  wheel o f  s t r u c tu r e  8# 

th e  number o f  c o n ta c t  p o in ts  p e r  sq u a re  in c h  was found to  be 

1930, which g iv e s  a mean g r i t  dep th  o f  c u t  o f  abou t 60u i n .  

f o r  a wheel dep th  o f  c u t  o f  0.001 in *

The w id th /d e p th  r a t i o  r  may bo determ ined  from a ta p e r  

s e c t io n  o f  a  r e p r e s e n ta t iv e  ground s u r f a c e .  The v a lu e  o f  

r  was found to  l i e  betw een 5 and 20# 15 b e in g  a  good 

average fo r  f in e  g r in d in g .

Hahn (1955) h a s  p o in te d  o u t t h a t  i n  s in g le ^ p o in t 

th e o ry  th e  assum ption  i s  u s u a lly  made th a t  th e  to o l  fo rc e s  

a r i s e  from th e  ch ip  b ea rin g  on th e  rak e  su rfa c e  o f  th e  to o l  

and th a t  th e  c le a ra n c e  su rfa c e  i s  f r e e  o f  rubb ing  fo rc e s*

T h is assum ption  f a l l s  down however when v e ry  shallow  c u ts



RUBBING

UNSTABLE CUTTING

+  CUTTING  
X FORCE

® THRUST  
œ FORCE

r
0  .001 .0 0 2  .0 0 3  .0 0 4

DEPTH OF CUT (IN .)

Material: Leaded bronze
Tool: Carboloy 883, 0 rake, 0.458 clearance
Speed: 20 fpm
Width of cut: V» in.
H ighly work-hardened surface ________

F ig  2 .7  Force-Depth o f Cut R ela tion  fo r  a Tool o f  
Small Clearance P enetrating  the U nstable 
"Transitional" Region. (Hahn 195^).

.00 0 7

W .0 0 0 6

z
DRESSING 

4 I
j LEAD-010^

.0004

REV
.0003

X  i DRESSING 
— ^  IN'lead-0004̂  

'R EV

.0002

.0001

CONSECUTIVE GRINDS

Work: SAE 4150 47-52C
Wheel: 38AG0-L8VBE 
Normal force; 0.16 lb

P ig  2 .8  P rogressive Changes in  C utting A b il i ty  o f  
Grinding \Yheel Surface.(Hahn 1936).
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(0*000U in * ) a re  tak en  w ith  to o ls  o f  sm all c le a ra n c e #

P ig  (2 ,7 )  shows th e  fo rc e s  on a s ln g le - ^ o ln t  to o l  a t  v ery  

sm all d ep th s  o f  c u t#  Below a dep th  o f  c u t o f  0#000h i n .  

th e re  i s  no ch ip*m etal I s  removed a s  d u s t. A ll  th e  fo rc e s  

on th e  to o l  a c t  on th e  c le a ra n c e  su rfa c e #  F u rth erm o re ,  

i n  t h i s  re g io n  th e  th r u s t  (norm al) fo rc e  i s  abou t tw ice  

th e  ( ta n g e n t ia l )  c u t t in g  fo rce#  C onsequen tly , th e  

assum ption  th a t  th e  ru b b in g  fo rc e s  on th e  c le a ran c e  

su r fa c e  i n  g r in d in g  a re  n e g l ig ib le  ap p ears  to  be v ery  

u n r e a l i s t i c  and on th e  c o n tra ry ,  because o f  th e  r e l a t i v e  

m agnitude o f  norm al fo rc e  to  ta n g e n t ia l  fo rc e  and th e  

independence o f  work h a rd n e s s , a  more r e a l i s t i c  assum ption  

ap p ea rs  to  be t h a t  th e  rubb ing  fo rc e s  on th e  c le a ra n c e  

su r fa c e  o f  th e  g r a in  a re  dom inant and th e  rake  su rfa c e  

o f  th e  g r a in  a re  minor#

M oreover, i t  w i l l  be reco g n ised  t h a t  no form al 

c le a ra n c e  i s  p ro v id ed  on th e  g ra in  so t h a t  in te r f e r e n c e  

must o ccu r a s  a  r e s u l t  o f  e l a s t i c  e f f e c ts #

A s i t u a t i o n  i n  which th e re  a re  no c u t t in g  fo rc e s  on 

th e  rak e  su rfa c e  o f  th e  g r a in  w i l l  o c c u r , i f  one t r i e s  to  

g r in d  tu n g s te n  c a rb id e  w ith  a lu m in iu m ^ x id e  whèels# In  

t h i s  c a se  no m eta l a t  a l l  i s  removed and y e t  th e re  a r e  

norm al and ta n g e n t ia l  fo rc e s  which must o r ig in a te  e n t i r e ly

on th e  c le a ra n c e  su rfa c e #
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2#23 The r &ln Pypothe& ls

The o b se rv a tio n s  quoted above le a d  Eahn (1556) to  

fo rm u la te  h i s  m b b ln g -g ra ln  h y p o th e s is#  H ith e r to ,  

most in v e s t ig a to r s  have co n s id e red  th e  g r in d in g  p ro c e s s  

to  be e s s e n t i a l l y  l i k e  a m il l in g  p r o c e s s ,  b u t on a 

m icroscop ic  s c a le #  G enera lly :, th e y  have co n s id e red  

the  f o r c e s ,  norm al and ta n g e n t ia l  to  tho  wheel s u r fa c e , 

to  a r i s e  from th e  c h ip s  a c t in g  a g a in s t  th e  rak e  su rfa c e  

o f  th e  g r i t  and have n e g le c te d  any f r i c t i o n a l  rubb ing  

fo rc e s  on th e  c le a ra n c e  su rfa c e  o f  th e  g r i t#

Ilahn su g g e s ts  t h a t  th e re  i s  c o n s id e ra b le  ev idence 
which in d ic a te s  t h a t  i n  th e  g r in d in g  p ro ce ss  i t  may be 

more r e a l i s t i c  to  c o n s id e r  th e  f r i c t i o n a l  rub b in g  fo rc e s  

on th e  c le a ra n c e  su r fa c e  and n e g le c t  th e  c u t t in g  fo rc e s  

on th e  rak e  su rfa ce #

In  m eta l c u t t in g  w ith  s in g le - p o in t  to o ls  where tho  

ch ip  fo rc e s  p red o m in a te , th e  ta n g e n t ia l  fo rc e  i s  

g e n e ra lly  abou t tw ice  th e  norm al fo rc e  * I f  such  to o l s  

were sim ply reduced  to  m icro sco p ic  s iz e  and th e  fo rc e s  

f o r  a number o f  them added to g e th e r ,  th e re  would be no 

reaso n  fo r  th e  r a t i o  o f  th e  t o t a l  fo rc e  to  be any 

d i f f e r e n t  from t h a t  f o r  any one to o l#  C onsequently# i f  

th e  rake  su rfa c e  f o rc e s  a re  predom inant one shou ld  f in d

th e  r a t i o  o f  ta n g e n t ia l  fo rc e  ( c u t t in g )  to  normal fo rc e

( th r u s t )  to  be th e  same a s  i n  single<«»point machining# 

nam ely, abou t two# I n  g r in d in g  th e  r e v e r s e  i s  t r u e • th e



r a t i o  i s  abou t i ,  and c o n seq u en tly , more n e a r ly  

resem bles th e  e l i d i n g - r r i c t i o a  p ro c e s s  where th e  r a t i o  i s  

abou t

Even w ith  s in g le  p o in t - c u t t in g  th e  r a t i o  o f  c u t t in g  

to  normal fo rc e  I s  ab o u t a  n o t  2 when v ery  shallow  c u ts  

a r e  taken#

F u r th e r  argum ent i n  su p p o rt o f  th e  ru b b in g -g ra in  

h y p o th e s is  i s  o b ta in ed  when a b ra s iv e  w heels a re  d re sse d  

by a diamond# The diamond h a s  been  observed  to  a c tu a l ly  

c u t  th rough  th e  g ra in #  I t  i s  known t h a t  th e  le a d  o f  th e  

diamond d u rin g  d re s s in g  g r e a t ly  in f lu e n c e s  th e  c u t t in g  

a c t io n  o f  a  wheel# C le a r ly  th e  d re s s in g  a c t io n  i s  such 

a s  to  p ro v id e  ze ro  c le a ra n c e  on th e  g ra in #  The 

com parison betw een a s low ly  d re sse d  and a  r a p id ly  d re sse d  

wheel i s  shown i n  f i g  (2#8)# T h is  d a ta  was d e r iv e d  from 

t e s t s  where th e  wheel was p re s se d  a g a in s t  th e  w orkpiece 

w ith  a p re s c r ib e d  fo rc e  and th e  r a t e  o f  s to c k  rem oval 

m easu red . For th e  wheel d re sse d  a t  0#000h Ix i/rer  diamond 

l e a d ,  th e  r a t e  o f  s to c k  rem oval f o r  th e  f r e s h ly  d re sse d  

wheel i s  0 #00016 cu  i r / s e c  co rresp o n d in g  to  th e  f i r s t  

p o in t  on th e  low er curve# Subsequent g r in d in g  a c tu a l ly  

caused  th e  wheel to  sh a rp en  a s  shown# The r a t e  o f  s to c k  

rem oval f o r  a  f r e s h ly  d re sse d  wheel w ith  diamond le a d  o f  

0 ,010  in / r e v  i s  0#00056 cu I r / s e o ,  o r  th re e  tim es t h a t  f o r  

th e  slow ly  d re sse d  wheel# I t  i s  c l e a r  th e re fo r e  t h a t  th e  

c le a ra n c e  su r fa c e s  o f  th e  g r i t s  p la y  an  im p o rta n t r o le  in  

th e  g r in d in g  p ro cess#
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ploughing

\
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PDRCK IN T tN S lT y  L » / |N

Test conditions: Wheel 38A801L8VBE
Wheel speed: 34,000 rev/min 
Work speed: 1400 rev/min 
Wheel diameter J in.
Work diameter: 1J in.
Dressing lead: 0 0001 in./rev 
Conventional work rotation 
Coolant: Flow Rex 100 
Work material: AISI 4150 53*55

F ig  2.9 Wheel depth of cut versus force  in te n s ity .
(Hahn I 962)
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As a r e s u l t  o f  h i s  c o n t ro l le d  fo rc e  g r in d in g  

experim en ts Hahn (1962) su g g ested  two methods o f  m etal 

rem oval I nam ely a  p l o u ^ in g  p ro c e s s  where th e  a b ra s iv e  

g r a in  p l a s t i c a l l y  p loughs a  groove and throw s up 

a lo n g s id e  sm all p a r t i c l e s  o f  h ig h ly  d i s t o r t e d  m etal#  

and secondly# a  c u t t in g  p ro c e s s  lA ere  a  t r u e  c h ip  

i s  formed ahead o f  th e  g ra in #  He a ls o  su g g ested  th a t  

some g ra in s  may sim ply  rub  w ith o u t removing any m a te r ia l  

w hatsoever#  The p lo u ^ « c u t t ln g  t r a n s i t i o n  and th e  plough*» 

ru b b in g  t r a n s i t i o n  a re  shown i n  f i g  (2  #9)#

O risb ro o h  (I9 6 0 ) observed  t h a t  th e  fo rc e  p a t t e r n  on 

a g r in d in g  wheel changed p ro g re s s iv e ly  d u rin g  a  ru n  and 

cou ld  be d iv id e d  in to  fo u r  re g io n s  f i g  (2 #10)#

( i )  An u n s ta b le  re g io n  where th e  fo rc e s  r i s e  to  

peak and th e n  f a l l  to  a  s te ad y  v a lu e  a s  th e  d u l l in g  

e f f e c t#  produced  by wheel tru in g #  w ears o f f ;

(11) a  r e g io n  o f  s ta b le  g r in d in g  c o n d itio n s  where 

fo rc e s  and speeds a r e  c o n s ta n t and h e a t  i s  i n  e q u ilib r iu m ;

( i i i )  i n  t h i s  re g io n  th e re  i s  a  p ro g re s s iv e  b u ild -u p  

o f  f o rc e s  and power r e f l e c t i n g  th e  r e a c t io n s  o f  th e  wheel 

to  th e  p a r t i c u l a r  com bination  o f  work speed# d ep th  o f  c u t  

and work m a te r ia l#  Wheel g r i t s  become d u ll#  o v e rh e a tin g  

may develop  and g r in d in g  becomes p ro g re s s iv e ly  l e s s  

e f f i c i e n t ;

( iv )  th e  r a t e  o f  in c re a s e  o f  th e  fo rc e s  becomes 

l e s s ;  th e re  i s  ev id en ce  o f  v ib r a t io n  and a s  t h i s  develops 

th e  m agnitude o f  th e  fo rc e s  commence to  f a l l #  as
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P ig  2 .10  P attern  of fo rce s  in  grinding.(G -risbrook I 96O),
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P ig  2 .11  S p e c if ic  energy -  i^ate of metal removal up cut and dormcut,
(Orisbrook 19bO).
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observ ed  by Landberg (1956)#

G rlsb ro o k  showed t h a t  th e  re g io n  o f  s ta b le  g r in d in g  

c o n d it io n s  was s h o r te r  f o r  th e  sm a lle r  g r i t  s iz e #  which 

he  c la im ed  could  be r e l a t e d  to  Hahn^s rub b in g  g r a in  

h y p o th e s is  s in c e  w ith  th e  same amount o f  a t t r i t i o n  on 

each  g r i t  th e re  w i l l  be a h l ^ e r  r a t e  o f  in c re a s e  o f  

a r e a  w ith  th e  h l ^ e r  c o n c e n tra t io n  o f  g r i t s  and th e re fo r e  

a n  In c re a s e  In  th e  r a t e  o f  g la z in g .  A lso by p l o t t i n g  

s p e c i f i c  energy  a g a in s t  r a t e  o f  m eta l rem oval f i g  (2  #11) 

f u r th e r  su p p o rt f o r  th e  rubb ing  g r a in  h y p o th e s is  was 

o b ta in ed #  As th e  r a t e  o f  m eta l rem oval f a l l s  a  c r i t i c a l  

c o n d i t io n  (o f  c r i t i c a l  ch ip  th ic k n e s s  and deg ree  o f  

d u l ln e s s  o f  g r i t )  w i l l  a r i s e  where th e  mechanism o f  

g r in d in g  changes from one p red o m in an tly  o f  c u t t in g  to  

one o f  a b ra s io n #  F o r c o n d itio n s  o f  m e ta l rem oval above 

t h i s  c r i t i c a l  value#  th e re  I s  an  a lm o st c o n s ta n t 

s p e c i f i c  energy# Q rlsb rook  d id  n o t c l a r i f y  what was 

m eant by  th e  term  a b ra s io n  I n  t h i s  co n tex t#  b u t  I n  view 

o f  h i s  re fe re n c e  to  th e  ru bb ing  g r a in  h y p o th e s is#  he 

en v isag ed  a  p lo u ^ ln g  and ru b b in g  mechanism#

Backer e t  a l  and Hahn^s tre a tm e n t o f  th e  g r in d in g  

p ro c e s s  a re  la r g e ly  I n  agreem ent when th e  w heel I s  

o p e ra t in g  n o rm ally  I n  t h a t  th e y  assume In  t h i s  

s i t u a t i o n  m eta l i s  b e in g  removed a s  ch ip s  e s s e n t i a l l y  

by a  c u t t in g  mechanism# I t  i s  o n ly  a t  v ery  low r a t e s  

o f  m e ta l rem oval t h a t  t h e i r  Id e a s  d iv e rg e#  The b a s ic  

co n cep t o f  g r i t  d ep th  o f  c u t  r e l i e s  h e a v ily  on th e
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assum ption  t h a t  each  ^ a c tiv e  g r i t*  removes a <^lp  and 

t h a t  th e  c h ip s  fonaed  have th e  p r e c is e  geom etry o u tl in e d  

e a r l i e r .  Backer e t  a l  su g g ested  t h a t  th e  h l ^  c o n s ta n t 

v a lu e  o f  s p e c i f ic  energy  observed  below a c e r t a in  

c r i t i c a l  v a lu e  o f  g r i t  d ep th  o f  c u t  was due to  th e  

m a te r ia l  re a c h in g  I t s  th e o r e t i c a l  s t r e n g th  r a th e r  th a n  

a  b a s ic  change I n  th e  mechanism o f  m e ta l rem oval# 

A dm itted ly  Hahn was s tu d y in g  a  d i f f e r e n t  type  o f  g r in d in g  

p ro cess#  namely c o n s ta n t fo rc e  g rin d in g #  b u t he 

a t t r i b u t e d  th e  changes o f  s lo p e  I n  th e  m eta l rem oval 

r a t e  «  norm al fo rc e  diagram  to  a change I n  th e  b a s ic  

c u t t in g  mechanism (cuttlng4*ploughlng»zn2bblng) #

I t  i s  concluded  t h a t  th e  e x a c t s i t u a t i o n  o p e ra t in g  

a t  th e  b o u n d arie s  o f  th e  g r in d in g  p ro c e s s  a re  i n  doubt 

b u t  t h a t  when th e  p ro c e s s  I s  o p e ra tin g  s a t i s f a c t o r i l y  

m e ta l I s  b e in g  removed by a c u t t in g  mechanism i n  th e  form 

o f  ch ip s#  I n  view  o f  I t s  c r i t i c a l  Im portance I n  g r in d in g  

th e o ry  I t  I s  r a th e r  s u r p r i s in g  t h a t  l i t t l e  ev idence  I s  

a v a i la b le  i n  su p p o rt o f  th e  assum ption  t h a t  each  g r i t  

removes a c h ip ;  a  n o ta b le  ex cep tio n  i s  t h a t  due to  

O risb ro o k  (1962) d is c u s s e d  l a t e r #
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2 .3  ABRASrVE TJF.AR

2.31 In tro d u c tio n

In  a b ra s iv e  p ro c e s se s  I t  i s  assumed th a t  th e  

a b ra s iv e  su rfa c e  i s  h a rd e r  th a n  th e  m a te r ia l  b e in g  

a b rad e d . The a c t io n  o f  ab rad in g  a m a te r ia l  p roduces 

grooves i n  i t s  su rfa c e  th e  c o n te n ts  o f  which u l t im a te ly  

become th e  wear p ro d u c t.

Q u a n ti ta t iv e  e x p re s s io n s  f o r  a b ra s iv e  wear have 

been developed by c o n s id e r in g  th e  a b ra s iv e  p a r t i c l e s  to  

have sim ple g eo m etr ica l sh ap es; th e  r e s u l t in g  ex p re ss io n s  

a re  o f  th e  g e n e ra l form

V/L a  KVV/pĝ  where V i s  th e  volume lo ss#  L th e  

s l id in g  d is ta n c e #  W th e  norm al lo a d  and p̂  ̂ th e  

flow  p re s su re  o f  th e  m a te r ia l .

A lthough th e  e x a c t v a lu e  o f  th e  c o n s ta n t term  K v a r ie s  

w ith  p a r t i c l e  g eo m etry ,ab ras iv e  wear th e o ry  p r e d ic t s  th e  

wear volume to  bo In v e rs e ly  p ro p o r t io n a l  to  th e  h a rd n ess  

o f  th e  m a te r ia l  b e in g  abraded  and d i r e c t l y  p ro p o r t io n a l  

to  s l id in g  d is ta n c e  end a p p lie d  lo a d .

2 .32  E xperim ental o b se rv a tio n s  o f  a b ra s iv e  w ear 

A brasive p ap ers

The r e la t io n s h ip  betw een h a rd n ess  and r e s is ta n c e  to  

wear by a b ra s io n  when rubbed a g a in s t  emery p ap e r h as  been  

s tu d ie d  f o r  a  wide range o f  m e ta l l ic  m a te r ia ls  by Kruschov
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axîd Babichev (1957) ♦ T h e ir  ex p erim en ta l c o n d itio n s  

v e re  chosen so a s  to  e l im in a te  th e  e f f e c t s  o f  such f a c to r s  

a s  speed o f  e l id in g ,  f r i c t i o n a l  h e a tin g  o f  th e  specimen^ 

in s u f f i c i e n t  h a rd n ess  o f  th e  a b ra s iv e  and d e t e r io r a t io n  

o f  th e  a b ra s iv e  i n  s e rv ic e  #

They found t h a t  f o r  a  la rg e  range o f  an n ea led  p u re  

m e ta ls  th e  wear r e s is ta n c e  £  ( th e  in v e rs e  o f  th e  

a b ra s iv e  wear r a t e )  was d i r e c t l y  p ro p o r tio n a l to  h ard n ess  

( f i g  2 .1 2 ) ,  as  would be p re d ic te d  by a b ra s iv e  wear theory#  

However, th e  s i t u a t i o n  was more complex when co ld  worked 

m a te r ia ls  and h e a t - t r e a te d  s t e e l s  were te s te d #

The f i r s t  unexpected  r e s u l t  was th a t  f o r  a wide range 

o f  m a te r ia ls  w ear r e s i s ta n c e  i s  l a r g e ly  independen t o f  th e  

amount o f  co ld  w orking to  which th e  m a te r ia l  h as  been 

su b je c te d  ( f i g  2 « 1 3 )| s in c e  co ld  w orking in c re a s e s  

h a rd n ess  a b ra s iv e  wear th e o ry  p r e d ic t s  a  co rresp o n d in g  

in c re a s e  i n  w ear %*e s i  s ta n ce #  Kruschov and Babichev 

su g g ested  th a t  t h i s  a p p a re n tly  anomalous b eh av io u r was 

due to  th e  in te n s e  work h ard en in g  which o ccu rs  d u rin g  th e  

a b ra s iv e  p ro cess#  They claim ed t h a t  th e  r e s is ta n c e  to  

a b ra s iv e  wear depends on th e  h a rd n ess  o f  th e  m a te r ia l  i n  

i t s  maximum work hardened  s t a t e  end a s  t h i s  i s  a t ta in e d  

d u rin g  th e  co u rse  o f  th e  t e s t ,  p re lim in a ry  work h ard en in g

w i l l  have no e f f e c t  #

The most i n t e r e s t i n g  a s p e c t o f  Kruschov and B abi-

cheVs wotk was th a t  c a r r ie d  o u t on s te e ls #  A s e t  o f

ty p ic a l  r e s u l t s  f o r  p l a in  carbon  s t e e l  a re  shown i n  f i g . (2 .1 1 ;).
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and th e  g e n e ra l ca se  i s  p re s e n te d  i n  diagram m atic form 

i n  ( f i g  2 # 1 5 ). The r e s u l t s  show t h a t  in c re a s in g  

h a rd n e s s  hy a l lo y in g  g iv e s  a  co rresp o n d in g  in c re a s e  i n  

w ear r e s i s t a n c e ;  t h i s  o b se rv a tio n  i s  c o n s is ta n t  w ith  

a b ra s iv e  w ear th eo ry #  Cold w orking ; a s  w ith  p u re  m etals#  

h a s  no e f f e c t  on w ear r e s is ta n c e #  Hardened and 

tem pered s t e e l s  e x h ib i t  anomalous b eh av io u r; th e  wear 

r a t e s  f o r  th e s e  m a te r ia ls  f a l l s  o f f  th e  l i n e a r  r e l a t i o n  

betw een w ear r e s i s ta n c e  and h ard n ess#  Compared w ith  

o th e r  m a te r ia ls #  h e a t - t r e a te d  s t e e l s  a re  shown to  wear 

more r e a d i ly  th a n  would be ex p ec ted  from t h e i r  h a rd n e ss ; 

t h i s  anomalous b eh av io u r i s  p e rh ap s r e l a t e d  to  th e  

g e n e ra l ly  ac ce p ted  f a c t  t h a t  th e  fo rc e s  produced when 

g r in d in g  hardened  s t e e l s  a re  s u b s ta n t i a l ly  th e  same a s  

th o se  produced by s o f t  s te e ls #

More r e c e n t ly  N athan and Jo n es (1967) have re p o r te d  

on th e  in f lu e n c e  o f  th e  h a rd n ess  o f  th e  a b ra s iv e  on th e  

a b ra s iv e  w ear o f  a  wide range o f  m e ta l l ic  m a te r ia ls  o f  

v a ry in g  h ard n ess#  The a b ra s iv e s  used were carborundum# 

corundum# g a rn e t#  f l i n t  and g la s s  i n  th e  form o f  a b ra s iv e  

b e l t s  and th e  experim en ts were a rran g ed  such t h a t  th e  

specim en was c o n t in u a l ly  en co u n te rin g  f r e s h  a b ra s iv e #  As 

a r e s u l t  o f  t h e i r  experim en ts th e y  concluded th a t  each 

a b ra s iv e  h a s  an  e f f e c t iv e  h a rd n ess  which d e f in e s  th e  

maximum h a rd n ess  o f  th e  m a te r ia l  which i t  can  abrade#  

When N athan nnd J o n e s 's  r e s u l t s  a re  r e p lo t t e d  i n  th e  form 

o f  ^  (year r e s i s ta n c e )  a g a in s t  h a rd n ess  ( f i g  2#16) in s te a d
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o f  w ear volume a g a in s t  h a rd n ess  ( f i g  2#17) a  s im i la r  

r e la t io n s h ip  to  t h a t  observed  by Kruechov and B abichev i s  

o b ta in ed #  nam ely, f o r  p u re  m e ta ls ,  a  l i n e a r  in c re a s e  i n  

w ear r e s is ta n c e  w ith  h ard n ess  b u t f o r  hardened  s t e a l s  a  

r a t e  o f  In c re a se  i n  wear r e s i s ta n c e  w ith  h a rd n ess  which 

f a l l s  below th e  o r ig in a l  l in e #

U n fo r tu n a te ly , th e  h a rd e s t  p u re  m eta l used  by N athan 

and Jones was n ic k e l  157 Kg/mm^# The h a rd e r  m a te r ia ls

were N i-h ard  c a s t  i r o n  and hardened  s t e e l ;  th e  d e v ia t io n

o f  th e  l a t e r  from th e  b eh av io u r which would be expected

from a b ra s iv e  w ear th e o ry  h as  a lre a d y  been  d isc u sse d #

N athan mnd Jo n es  proposed an  e m p ir ic a l r e la t io n s h ip  

f o r  th e  wear volume i n  a b ra s io n  i n  th e  fo llo w in g  fo r ia :-

H
V » I, log^Q ^  ibbV k s  (2 .9 )

V n volume o f  a b ra s iv e  wear

T/ a  lo a d  i n  Kg

L n s l id in g  d is ta n c e

th e  e f f e c t iv e  h a rd n ess  o f  th e  a b ra s iv e
p

m a te r ia l  h a rd n ess  K g /m

They p o in te d  o u t t h a t  th e  above e x p re s s io n  was u n re l ia b le  

f o r  v e ry  s o f t  m a te r ia ls  such as  t i n  and alum inium 

(h a rd n ess  l e s s  th a n  50Kg/mm^) # The v a l i d i t y  o f  th e  

fo rm ula th e re fo re  r e l i e s  h e a v ily  on th e  r e s u l t s  f o r  

h ard aaed  and ten d ered  s t e e l s  whose b eh av io u r i s  known to
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be u n usua l#  The f a c t  t h a t  th e  r e s u l t s  f o r  th e  h a rd e r  

m a te r ia ls  f i t  may th e re fo re  be p u re ly  f o r tu i to u s #  The 

fu n c t io n  logjQ  “ a v a r ie s  w ith  th e  h a rd n ess  o f  th e  work 

m a te r ia l  b u t i t  ^  may w e ll be t h a t  th e  mechanism o f  

m eta l rem oval may v ary  i n  a s im ila r  manner w ith  th e  

h a rd n ess  o f  th e  workpiece# p a r t i c u l a r l y  i n  view o f  th e  

f a c t  t h a t  most o f  th e  h a rd e r  m a te r ia ls  were th e  same# 

namely s te e l s #

In  th e  work ju s t  d e sc r ib e d  th e  e f f e c t s  o f  c lo g g in g  and 

b lu n tin g  o f  th e  a b ra s iv e  were la r g e ly  e lim in a te d  a s  th e  

m eta l specim ens were c o n s ta n tly  en c o u n te rin g  f r e s h  

a b ra s iv e #  The r e s u l t s  a re  n o t th e re fo r e  d i r e c t l y  

a p p l ic a b le  to  th e  more p r a c t i c a l  s i t u a t i o n  where th e  work 

i s  t r a v e r s e d  re p e a te d ly  o v er th e  su rfa c e  o f  th e  ab ra s iv e#  

M ulhearn and Samuels (1962) c a r r ie d  o u t a b ra s iv e  

wear t e s t s  where th e  su rfa c e  o f  th e  a b ra s iv e  was used 

r e p e a te d ly ;  th ey  used  s i l i c o n  c a rb id e  papers^ th e  work 

m a te r ia l  b e in g  f u l l y  co ld  worked m ild  s te e l#  T h e ir  r e s u l t s  

showed t h a t  th e  r a t e  o f  a b ra s io n  g ra d u a lly  f e l l  w ith  

in c re a s e  i n  e l id in g  d le ta n c e  ( f i g  2#18)# a  f in d in g  which 

i s  n o t a l to g e th e r  unexpected  a s  one would a n t ic ip a te  t h a t  

th e  a b ra s iv e  would bo g ra d u a lly  u sed  up d u rin g  th e  co u rse  

o f  a  t e s t #  The e f f ic ie n c y  o f  th e  p ap e r w i l l  a ls o  be

reduced  e s  a  r e s u l t  o f  c lo g g in g  by w ear d e b r is#  M ulhearn 

fînd Samuels found th a t  th e  a b ra s iv e  a c t io n  stopped 

e a r l i e r  w ith  f in e  th a n  w ith  cou rse  p ap e rs  which su p p o rts  

th e  su g g e s tio n  o f  a c lo g g in g  mechanism# I t  must a ls o  be



remembered th a t  th e  Q .uantlty o f  a b ra s iv e  m a te r ia l  on th e  

s u r fa c e  o f  th e  p a p e r  w i l l  be l e e s  w ith  f i n e r  grades*

As a r e s u l t  o f  t h e i r  ex p e rim en ta l work M ulhearn and 

Samuels developed  an e x p re s s io n  f o r  th e  mass lo s s  

o f  th e  form

- e * ^ )  (2 .1 0 )

where n  «• number o f  r e v o lu tio n s  ( s l id in g

d is ta n c e )  

a mass lo s s  a f t e r  n  r e v o lu tio n s

M a  mass lo s s  a f t e r  an  i n f i n i t e  number

o f  r e v o lu tio n s  

^  ss a  c o n s ta n t

They showed th a t  t h i s  e x p re s s io n  was i n  good agreem ent 

w ith  t h e i r  p r a c t i c a l  o b se rv a tio n s*  I t  i s  o f  i n t e r e s t  to  

n o te  t h a t  w ith  a b ra s iv e  p ap e rs  th e re  I s  a  d e f in i t e  l im i t  

to  th e  q u a n t i ty  o f  m a te r ia l  which can  be removed a s  th e  

a b ra s iv e  e v e n tu a l ly  i s  co m p le te ly  used  up* W ith th e  

g r in d in g  p rocess#  on th e  o th e r  hand# th e re  shou ld  be no 

change I n  th e  r a t e  o f  m eta l rem oval p ro v id ed  th e  wheel 

i s  s e l f  sharpen ing*  The ex p e rim en ta l r e s u l t s  o b ta in ed  

u n d er th e s e  c o n d i t io n s  w i l l  be th e  same a s  th o se  produced 

i n  w ear t e s t s  when th e  specim en i s  c o n t in u a l ly  

en c o u n te rin g  f r e s h  a b ra s iv e  p aper*  I f  c o n d itio n s  a re  

such t h a t  th e  w heel g la z e s  however th e  a b ra s iv e  g r i t s  

w i l l  become b lu n te d  and th e  r a t e  o f  m etal rem oval w i l l
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f a l l  p ro g re s s iv e ly ,  a  c o n d itio n  s im i la r  to  t h a t  observed  

by M ulhcara and Samuels#

2#33 P a r t i c l e  Bizo

A lthough a b ra s iv e  wear th e o ry  ta k e s  accoun t o f  and 

i s  s e n s i t iv e  to  th e  geom etry o f  th e  a b ra s iv e  g r i t s #  t h e i r  

a c tu a l  s iz e  i s  n o t co n sid ered #  I t  would be expected  

th e re fo r e  t h a t  th e  wear r a t e  shou ld  be l a r g e ly  in s e n s i t iv e  

to  changes i n  p a r t i c l e  s iz e #

Many in v e s t ig a to r s  have found th a t  when th e  m aterial-»  

a b ra s iv e  com bination  i s  f ix e d  and o n ly  th e  p a r t i c l e  s iz e  

o f  th e  a b ra s iv e  v a r ie d  th e re  i s  a  c e r t a i n  c r i t i c a l  p a r t i c l e  

s iz e  which d e te rm in es  th e  e x a c t n a tu re  o f  th e  wear 

p ro c e ss#  Above th e  c r i t i c a l  v a lu e  th e  w ear r a t e  i s  

independen t o f  p a r t i c l e  s iz e  b u t below th e  c r i t i c a l  v a lu e  

th e  w ear r a t e  i s  v ery  dependent on p a r t i c l e  s iz e #  A 

ty p ic a l  e e t  o f  r e s u l t s  due to  Goddard and w iln an  (1962) 

a re  shown i n  ( f i g  2*19)#

The ex p e rim en ta l o b se rv a tio n s  can  be ex p la in e d  in  

two ways; e i t h e r  th e  v a lu e  o f  e  i n  th e  w ear e q u a tio n  3#30 

depends c r i t i c a l l y  on p a r t i c l e  s iz e  f o r  f i n s  a b ra s iv e s  

b u t f o r  c o a rse  p a r t i c l e s  i s  independen t o f  p a r t i c l e  s iz e  

o r  th e  f i n e r  g rad es  o f  a b ra s iv e  may be more r e a d i ly  

clogged  by w ear d e b r is #  A re fin em en t o f  th e  second 

mechanism h a s  been  p o s tu la te d  by Sabinow icz (1965) who 

su g g est a t h a t  i t  io  n o t so much th e  c lo g g in g  o f  th e  

a b ra s iv e  which occurs# b u t tîie  fo rm a tio n  o f  la rg e  p a r t i c l e s
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which p re v e n t th e  a b ra s iv e  c o n ta c t in g  th e  work su rfa ce #  

G rind ing  f o rc e s  have been  shown to  be u n a f fe c te d  

by v a r ia t io n s  i n  g r i t  s i z e ;  i t  should  be remembered 

however t h a t  g r in d in g  u s u a l ly  In v o lv es  th e  use o f  

f a i r l y  co a rse  a b ra s iv e s  w e ll  above th e  c r i t i c a l  p a r t i c l e  

s iz e  r e p o r te d  f o r  a b ra s iv e  p ap e rs#

2#%  Groove Volume

I t  i s  g e n e ra l ly  a c c e p te d  th a t  th e  a b ra s iv e  p a r t i c l e s  

produce grooves i n  th e  s u r fa c e  b e in g  ab rad ed , th e  volume 

o f  th e se  grooves becoming th e  wear p ro d u c t#  When w ear 

p r e d ic t io n s  and ex p e rim en ta l r e s u l t s  were compared i t  

soon became a p p a re n t t h a t  th e r e  were c o n s id e ra b le  

d is c re p a n c ie s ;  s e v e ra l  in v e s t ig a to r s  (S tro u d  and v/ilman 

(1962) ,  M ulhearn and Samuels (1 9 6 2 ), Goddard e t  a l  (1939)) 

have shown t h a t  th e  obsez^ed wear r a t e  was w e ll below 

th a t  p re d ic te d  o f te n  a s  much a s  by an  o rd e r  o f  m agnitude# 

O bviously o n ly  a  p ro p o r t io n  o f  th e  groove volume 

d is p la c e d  by th e  a b ra s iv e  was ap p earin g  a s  a  wear 

p roduct#  M ulhearn and Sam uels (1962) su g g ested  t h a t  o n ly  

a  p ro p o r tio n  o f  th e  g r i t s  c u t  th e  m a te r ia l ,  th e  rem ainder 

m erely  plough a  groove d is p la c in g  b u t n o t rem oving 

m a te r ia l ;  th u s  i f  o n ly  10;^ o f  th e  g r i t s  a re  c u t t in g  th e  

w ear r a t e  observed  w i l l  be one te n th  o f  t h a t  p re d ic te d #

An a l t e r n a t iv e  e x p la n a tio n  due to  s e v e ra l  w orkers (S tro u d

and Wilman ( 1962) and Goddard e t  a l  (1939)) l e  t h a t  o n ly  

a  p ro p o rtio n  o f  th e  groove volume d is p la c e d  by each  g r i t
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F ig  2 ,2 0  V a ria tio n  o f c o e f f ic ie n t  o f  f r i c t io n  vd.th 
hardness fo r  various m eta ls ,

(G-oddard and Tfilman 19 6 2 ),
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i e  rem ored , a g a in  I f  i t  l a  assumed th a t  o n ly  10^ o f  th e  

volume o f  each  groore  i s  removed th e  w ear r a t e  o b ta in ed  

e s p e r im e n ta lly  w i l l  be one te n th  o f  th a t  p re d ic te d  

th e o r e t ic a l ly *  In  view o f  th e  im portance o f  th e se  

co n cep ts  i n  a b ra s iv e  wear th e o ry  th e y  w i l l  be d is c u s se d  

i n  g r e a t e r  d e t a i l  a t  a  l a t e r  s t a g e .

2 #35 C o e f f ic ie n t  o f  F r i c t io n

Many in v e s t ig a t io n s  o f  a b ra s iv e  w ear have a l s o  

in c lu d e d  th e  measurement o f  th e  c o e f f i c i e n t  o f  f r i c t i o n #  

The m ain co n c lu s io n s  from such ex p erim en ts  w ith  emery 

p a p e r  i s  t h a t  above a  c r i t i c a l  p a r t i c l e  s i s e  th e  

c o e f f i c i e n t  o f  f r i c t i o n  i s  in d ep en d en t o f  p a r t i c l e  

s iz e  b u t below th e  c r i t i c a l  p a r t i c l e  s iz e  th e  

c o e f f i c i e n t  o f  f r i c t i o n  i s  r e l a t e d  t o  p a r t i c l e  d im en sio n s . 

The c o e f f ic ie n t  o f  f r i c t i o n  i s  a l s o  a  fu n c t io n  o f  th e  work 

m a te r ia l ;  i n  g e n e ra l th e  h a rd e r  th e  work m a te r ia l  th e  

lo w er th e  c o e f f ic ie n t  o f  f r i c t i o n *  A ty p ic a l  s e t  o f  

r e s u l t s  due to  Goddard and Wilman (1962) a r e  shown i n  

( f i g  2 * 2 0 ).



2#h Model E xperim ents and S c ra tc h  T e s ta  

2 #41 In tro d u c tio n .

P r a c t ic a l  o b se rv a tio n s  o f  th e  wear d e b r is  produced by a 

number o f  a b ra s iv e  p ro c e s s e s ,  co v erin g  a  wide range o f  

c o n d i t io n s ,  show th e  w ear p ro d u c t to  be c h ip - l ik e  i n  form# 

s im ila r  to  th a t  produced by  s in g le  p o in t  c u t t in g #

T h e o re tic a l  tre a tm e n ts  o f  a b ra s iv e  wear have th e re fo re  

assumed th a t  m a te r ia l  i s  removed e s s e n t i a l l y  by a  c u t t in g  

mechanism in v o lv in g  a la rg e  number o f  randomly 

o r ie n ta te d  to o ls  o f  in d e te rm in a te  geom etry#

One o f  th e  most s ig n i f i c a n t  d i f f e r e n c e s  betw een c u t t in g  

u s in g  a b ra s iv e s  and s in g le  p o in t  c u t t in g  i s  th e  rak e  an g le  

o f  th e  c u t t in g  t o o l ,  th o u g h t to  be n e g a tiv e  f o r  most 

ab ra s iv e  g r i t s  and g e n e ra l ly  p o s i t iv e  i n  s in g le  p o in t  

c u t t i n g •

A number o f  w orkers have re p o r te d  on s c ra tc h  t e s t s  

in v o lv in g  b o th  id e a l i s e d  to o l s  and s in g le  a b ra s iv e  g r i t s #

The main o b je c t  o f  such experim en ts  h a s  been  to  p ro v id e  

more in fo rm a tio n  co n cern in g  th e  b a s ic  mechanism by which 

m a te r ia l  i s  removed d u rin g  ab ras io n #  I t  shou ld  be 

em phasised however t h a t  th e  a p p l ic a t io n  o f  th e  f in d in g s  o f  

s c ra tc h  t e s t s  in v o lv in g  id e a l i s e d  in d e n to r s ,  s o f t  m a te r ia ls  

and slow speeds to  a p ro c e s s  such a s  g r in d in g , where th e

c u t t in g  to o l  i s  an  a b ra s iv e  g r i t ,  th e  work m a te r ia l  a  

hardened s t e e l  and th e  c u t t in g  speed /vgOOO'/min, can  on ly  

be made w ith  extrem e c a u tio n #
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C u t t i n g  a n g l e  ( s c r a t c h i n g )  S,
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Scratch ing force: 1 -  so ld er ,
2 -  lea d ,
3 -  b rass,
4 -  s te a r in ,
5 -  b rass.

F = 0 .1  Kg. 
P = 0 .1  Kg. 
P = 0 .1  Kg. 
P = 0 .1  Kg. 
P = 0 .5  Kg.

C utting force: 6 -  S te e l  5 , t  = 2 mm, s = 0 .28  am/rev 
(d ata  from Wul’f  e t  a l 1948).

P ig  2 ,21  Scratch ing and cu ttin g  fo r c e s  aga in st cu ttin g  
angle fo r  a s e r ie s  o f m etals.

(Kruschov and Babichev I 960) .

^  50 60 70 80  SO WO HO
C u t t i n g  ( s c r a t c h i n g )  a n g l e  S,  i n  d e g r e e s

Pig 2.22 C o e ff ic ie n t  o f f r ic t io n  o f  fa ce t during scratch ing  
and c u tt in g  aga in st c u ttin g  angleS  (same con d ition s  
as f i g  2 .21 ), (Kruschov and Babichev I96O).
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IdcallGOü Indentors
The e f f e c t s  o f  c u t t in g  an g le  on th e  s c ra tc h in g  

perform ance o f  c u t te r s  h av in g  a 90^ fa c e  an g le  h as  

been  a tu d le d  by Kruschov and Babichev (I960) u s in g  to o ls  

o f  rake  an g le  +25 ze ro  and -»25 * They m easured s c ra tc h  

fo rc e  f o r  a  number o f  m e ta ls  ran g in g  from s o ld e r
p p

pg^4#2Kg/mm to  b ra e s  pj^102Ks/ma when c u t t e r s  were 

tra c k e d  a c ro s s  t h e i r  s u r fa c e s  under a  c o n s ta n t load*

They re p o r te d  th a t  c u t t e r s  w ith  rak e  a n g le s  o f  +25^ and 

ze ro  produced a ch ip  when sc ra tc h e d  o v er a m eta l su rfa c e  

b u t th e  c u t t e r  w ith  a n e g a tiv e  rak e  ang le  caused  th e  

m e ta l to  s e p a ra te  I n  th e  form o f  s o f t  c ru shed  tu rn in g s*  

W ith c o ld e r  th e  n e g a tiv e  le a d  an g le  c u t t e r  ploughed a  

groove In  th e  su rfa c e  w ith o u t p ro d u cin g  a tu rn in g *

Force m easurem ents ( f i g  2*21) showed t h a t  th e  

ta n g e n t ia l  fo rc e  depends on th e  m a te r ia l  b e in g  sc ra tc h e d  

and I t  d e c re a se s  w ith  In c re a s e  I n  s c ra tc h in g  ang le*  

Kruschov and Babichev a ls o  quote* on th e  same graph* 

r é s u l t a  due to  Wul*f e t  a l  (19U8) which show t h a t  th e  

c u t t in g  fo rc e  d u rin g  s in g le  p o in t  c u t t in g  In c re a s e s  w ith  

an  In c re a s e  I n  c u t t in g  ang le*  T h is  ap p a ren t anomaly I s  

due to  th e  e::q>erlmental c o n d itio n s  |  I n  s c ra tc h in g  th e  

norm al fo rc e  I s  k ep t c o n s ta n t w hereas I n  m achining 

p ro c e s se s  th e  dep th  o f  c u t l a  c o n s ta n t and co n seq u en tly  th e  

fo rc e s  w i l l  vary# O bviously  I n  b o th  p ro c e s se s  th e  c u t t in g  

mechanism w i l l  be th e  same) f o r  example th e  c o e f f i c ie n t  o f  

f r i c t i o n  o f  th e  f a c e t  d u rin g  s c ra tc h in g  and c u t t in g  a g a in s t



a.

P ig  2.23 B asic geometr^^ o f scratch in g  point 
in  Bierbauin's equipment

(Kruschov and Babichev I 96O)

P ig  2,24- C ro ss-sec tio n  of scra tch  produced by 
Bierbaum * s equipment.

(Kruschov and Babichev I 960) ,
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c u ttin g ; e % le  fo llo w s th e  same tr e n d  a s  shown In  ( f i g  2 .2 2 ) ,  

nam ely n e g a tiv e  rake  a n g le s  g iv e  a  low c o e f f i c i e n t  o f  

f r i c t i o n  p o s i t iv e  rake  a n g le s  a  h ig h  c o e f f i c i e n t  o f  

f r i c t i o n *

K raschov and Babichev a l s o  d e s c r ib e  a  s e r i e s  o f  

s c ra tc h  t e s t s  made w ith  th e  In d e n to r  o f  a  * Bierbaum 

m ic ro ^ c h a ra c te r is e r^  » The s c ra tc h in g  p o in t  i n  th e  

Bierbaum t e s t  i s  a cube s e t  so t h a t  i t s  d ia g o n a l i s  

p e rp e n d ic u la r  to  th e  t e s t  s u r fa c e  w ith  th e  cube edge AB 

fo rw ard  ( f i g  2*23) * The m a te r ia l  removed from  th e  s c ra tc h  

form s r id g e s  on i t s  s id e s  ( f i g  2«2U)« T e s ts  on a  s e r ie s  

o f  annealed and co ld  worked m a te r ia ls  showed th a t  th e  

Bierbaum h a rd n ess  was s e n s i t iv e  to  co ld  w orking i n  e x a c tly  

th e  same way a s  h ard n ess  by im pression#  However i f  th e  

Bierbaum t e s t  was m odified  so t h a t  s c ra tc h in g  i s  by cube 

f a c e t  in s te a d  o f  i n  th e  norm al t e s t  cube edge# a  d i f f e r e n t  

ty p e  o f  s c ra tc h  i s  produced w ith  th e  s e p a ra t io n  o f  a  c h ip .  

Under th e s e  c o n d itio n s  th e  s c ra tc h  h a rd n ess  was shown to  be 

in s e n s i t i v e  to  co ld  work (work h ard en in g ) which in d ic a te s  

t h a t  th e  m a te r ia l  had reach ed  i t s  l im i t in g  work hardened 

c o n d it io n  d u r in g  th e  t e s t#  I t  shou ld  be p o in te d  o u t th a t  

th e  m a te r ia l  used  f o r  th e s e  t e s t s  was n ic k e l  # iic h #  o f  

co u rse  t i s  w e ll known f o r  th e  r a p id i ty  w ith  which i t  work

h ard en s#

As a r e s u l t  o f  t h e i r  experim en ts Kruschov and Babichev 

concluded  t h a t  two ty p es  o f  s c ra tc h  were p o s s ib le  one 

in v o lv e s  th e  fo rm a tio n  o f  a groove by a  p lo u g h in g  a c t io n
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m a te r ia l  b e in g  d is p la c e d  b u t  n o t removed# th e  o th e r  a  

c u t t in g  m echanlca th e  groove volume b e in g  removed a s  a  

tu r n in g .  T h e ir  r e s u l t s  a ls o  su g g e s t th a t  th e  t r a n s i t i o n  

from c u t t in g  to  p lo u # in g  depends on th e  m a te r ia l  b e in g  

sc ra tch ed #  th e  c u t t in g  an g le  o f  th e  in d e n to r  and i t s  

o r ie n ta t io n  r e l a t i v e  to  th e  su rfa c e  b e in g  s c ra tc h e d  

( f a c e t  cu ts#  edge p l o u ^ s )  * C onfirm atory  ev idence  f o r  

t h i s  l a t e r  o b se rv a tio n  h a s  been  p ro v id ed  by a  number o f  

w orkers (Tabor (195U) ifEl (1962)# who have re p o r te d  t h a t  

when s c ra tc h in g  w ith  th e  f a c e t  o f  on in d e n to r  a  ch ip  i s  

removed b u t when s c ra tc h in g  by edge p l a s t i c a l l y  in p re s s e d  

grooves a r e  produced w ith o u t rem oving m a te r ia l .

The e x is te n c e  o f  c u t t in g  and n o n -c u tt in g  g r i t s  on 

a b ra s iv e  p a p e rs  h a s  been ex p la in e d  by M ulhearn end 

Samuels (1962) i n  te rm s o f  c r i t i c a l  * a t  ta c k  angle* |  th e  

a t ta c k  an g le  b e in g  th e  an g le  betw een th e  c u t t in g  f a c e t  o f  

in d e n to r  and th e  work m a te r ia l  ( i n  c u t t in g  to o l  nomen

c la tu r e  90® + th e  rak e  a n g le ) ,  They concluded a s  a  r e s u l t  

o f  experim ents w ith  id e a l i s e d  c u t t in g  to o l s  t h a t  th e  c r i t i c a l  

* a t ta c k  angle* f o r  f u l l y  work hardened  m ild  s t e e l  was 90®# 

A pplying th e  r e s u l t s  o b ta in e d  w ith  id e a l i s e d  in d e n to rs  to  

a b ra s iv e  g r i t s  th e y  su g g ested  th a t  th e  g r i t s  w ith  a t t a c k  

an g le s  le e s  th e n  th e  c r i t i c a l  v a lu e  p l o u ^  a  groove w ith o u t 

removing m a te r ia l#  g r i t s  w ith  g r e a te r  a t t a c k  a n g le s  

remove a ch ip#  U sing e le g a n t m e ta llp g ra p h ic  te ch n iq u e s  

they  found t h a t  on ly  10;^ o f  th e  g r i t s  on t h e i r  a b ra s iv e  

p ap e rs  had a t ta c k  a n g le s  exceed ing  th e  c r i t i c a l  v a lu e#  They
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ir; 2 ,23  Tyr-'-nidal t o o l s  used t o  siia iilr.te  a b r a s iv e  p a r t ic l e s .  
Pace ABC i s  in  co n ta ct w ith  th e  r a a te r ia l. .Ingle 
AC3 = 90°  In a l l  c a s e s . Angle "a" i s  r e fe r r e d  to  as 
th e  " a tta ch  an g le" . The arrow i n i i c c t e s  th e  d ir e c t io n  
o f  s l i d i n g .  (hu lhearn  and 3 a: in e l s  I 962 ),
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P ig  2 .2 6  Curves I and I I  rep resen t th e  v a r ia t io n  of th e  c r o s s -  
s e c t io n a l  area o f  th e  groove w ith a tta c k  a n g le  as 
c a lc u la te d  from e q n s . ( l )  and ( 2 ) r e s n e c t iv e ly .  The 
experim entally  measured v a lu e s  arc shoan by b la ck  
c I r c l e s . ( Copper w oiirsiece).

( ic d r ik s  and !lu lh eam  1 9 ) .

d on ation  1 . donation  2 .

A =

where ;

T/ l  + M trnb\ 
cp \ix  -  tr.nbj

A JJL -.7
c s c o ta  + CD

A =
P =
b =
c =

=

/^ =

s =
■7 =

c r o s s - s e c t io n a l  area o f  groove, 
y ie ld  p ressu re  o f  workpiece m a te r ia l ,  
ra.ke an g le  = a  -  90*^(a = a t t  ck a n g le ) ,  
con stan t
c o e f f i c i e n t  o f  f r i c t i o n  betw een th e  c o n ta c tin g  
su rfa ces .
c o e f f ic i e n t  o f  f r i c t i o n  between th e  t o o l  fa c e  
and th e  m a te r ia l .
shear s tr e n g th  o f  th e  work i e c e  m a te r ia l,  
a - p l ie d  lo a d .
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concluded th e re fo re  th a t  on ly  iO^ o f  th e  g r i t s  were 

c u t t in g  end th a t  th e  rem ainder p lough a  groove w ith o u t 

rem oving m a te r ia l#

More r e c e n t ly  B edriks and H ulheam  (1963 & 196h) 

have used  pyram idal to o ls  o f  known geom etry and o r ie n ta t io n  

to  s im u la te  s c ra tc h in g  by a b ra s iv e  p a r t i c l e s #  P rev io u s  

tre a tm e n ts  o f  a b ra s iv e  w ear have co n s id e red  th e  lo a d  to  be 

c a r r ie d  by one o r  more o f  th e  In c l in e d  fa c e s  which s ta y  i n  

c o n ta c t  w ith  th e  work ( f i g  2*25) » B edriks and M ulhesm  

p o in t  o u t th a t  f o r  p a r t i c l e s  w ith  * a t ta c k  angles*  g r e a te r  

t hsn 90°  th e re  i s  no f r o n ta l  f a c e t  to  su p p o rt th e  lo a d  and 

th e  to o l  would d ig  in to  th e  work m a te r ia l ;  o b v io u sly  i n  t h i s  

s i t u a t i o n  co n v en tio n a l a b ra s iv e  w ear th e o ry  i s  in a p p lic a b le #  

They thei*efore d isc u sse d  th e  two mechanisms o f  m a te r ia l  

d isp lacem en t namely s c ra tc h in g  by p lough ing  and s c ra tc h in g  

by c u t t in g  In  term s which a re  v a l id  f o r  a l l  v a lu e s  o f  

* a t ta c k  angle* # The p lough ing  mechanism was an a ly sed  in  

te rm s o f  th e  sh e a rin g  and p lo u g h in g  term  a s  u sed  by Bowden 

end Tabor (1950) to  p r e d ic t  f r i c t i o n a l  fo rc e #  The c u t t in g  

mechanism was an a ly sed  l a  te rm s o f  th o  o rth o g o n a l c u t t in g  

to o l  th e o ry  developed  by M erchant (I9 h 5 )*  B edriks and 

M ulheam  (1963 & 196h) suggested#  a s  a r e s u l t  o f  p lo t t i n g  

t h e i r  s c ra tc h  w id th  p r e d ic t io n s  and ex p erim en ta l r e s u l t s  

on th e  same g raph  ( f i g  2 * 2 6 ), t h a t  th e  c r i t i c a l  * a tta c k *  

a n g le  o ccu rs  a t  th o  p o in t  where th e  two cu rv es  I n te r s e c t#  

The graph a l s o  shows v e ry  good agreem ent betw een th e
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p r e d ic te d  and ex p e rim en ta l f ig u re s *  They concluded th a t  

th e  change from p lo u g h in g  to  c u t t in g  depends on th e  

c o e f f i c i e n t  o f  f r i c t i o n  betw een th e  to o l  fa c e  end th e  

m a te r ia l  and th e  c r i t i c a l  'a t ta c k *  an g le*  I t  I s  o f  

I n t e r e s t  to  n o te  th a t  a b ra s iv e  w ear th e o ry  would p r e d ic t  

a  g raph  o f  a s im i la r  shape to  t h a t  shown i n  ( f i g  2*26) 

b u t s e iz u re  would o ccu r a t  an  'a t ta c k *  an g le  o f  90^#

The f a c t  t h a t  s e iz u re  does n o t  o ccu r co u ld  be ex p la in e d  by 

assum ing t h a t  th e  to o l  l a  n o t a b s o lu te ly  sharp  and a  

s u f f i c i e n t  a re a  I s  p ro v id ed  t o  su p p o rt th e  norm al lo a d  i n  

th e  form ra d iu s e d  c u t t in g  edge# w ear la n d  o r  b u i l t  up 

edge* I n  o rth o g o n a l c u t t in g  th e  to o l  i s  assumed to  be 

su p p o rted  by f r i c t i o n ;  when to o l s  h av in g  a p o s i t iv e  rak e  

a re  u sed  th e  c o e f f ic ie n t  o f  f r i c t i o n  up th e  to o l  fa c e  h a s  

to  have u n u su a lly  h ig h  v a lu e s  i f  th e  f r i c t i o n a l  fo rc e  i s  

to  be  g r e a t  e n o u ^  to  b a lan ce  th e  norm al fo rc e*

A b rasiv e  w ear th e o ry  i s  v e ry  s e n s i t iv e  t o  th e  w id th / 

d ep th  r a t i o  o f  th e  s c ra tc h e s  produced on th e  abraded  

s u r f a c e ,  i n  o th e r  words th e  shape o f  th e  g r i t *  The use  

by b o th  S e d rik s  and M ulheam  (1963 & 1964) a s  w e ll  as  

Kruschov and Babichev (I960 ) o f  In d e n to rs  h av in g  a  w id th / 

d ep th  r a t i o  o f  111 does n o t  th e re fo r e  seem e n t i r e l y  

j u s t i f i e d  i n  view o f  th e  f a c t  t h a t  most I n v e s t ig a to r s  have

re p o r te d  r a t i o s  o f  betw een 5i1 and 10*1 when s c m tc h in g  

w ith  a c tu a l  a b ra s iv e s*  M ulhearn and Samuels (1962) 

found t h a t  s in g le ^ p o in t  c u t t in g  to o l s  w hich had an  apex



an g le  o f  abou t 90^ produced grooven w ith  an ap es an g le  o f  

160®* They d id  n o t f a r t h e r  ex p lo re  t h i s  o lry i l f lc a a t

o b se rv a tio n  b u t i t  could  be advanced ao a re a so n  f o r  u s in g  

to o l s  w ith  a w id th /d e p th  r a t i o  o f  1*1 . M oreover i n  t h e i r  

th e o ry  M ulheam  and Samuels (1962) fo llow ed  o th e r  w orkers 

i n  assum ing t h a t  th e  groove form was id e n t i c a l  w ith  t h a t  

on th o  in d e n to r*  T h is  la rg e  d if fe re n c e  betw een to o l  apex 

an g le  and groove ang le  h as  n o t been  n o ted  i n  o th e r

experim en ts  In c lu d in g  th o se  o f  th e  p re s e n t  a u th o r  which 

a re  re p o r te d  l a t e r .

V/hen a sphere  o r  c y l in d e r  i s  tra c k e d  a c ro s s  a  s u rfa c e  

d efo rm atio n  con occur e l a s t i c a l l y  o r  p l a s t i c a l l y #  P l a s t i c  

d efo rm atio n  i n  t h i s  s i t u a t i o n  in v o lv e s  th e  fo rm a tio n  o f  a 

groove e i t h e r  by d isp lacem en t (m a te r ia l  b e in g  ploughed b u t 

n o t  removed) o r  by a c u t t in g  a c t io n  (m a te r ia l  p i l e s  up i n  

f r o n t  o f  th e  In d e n to r  and u n d er fav o u rab le  c o n d i t io n s  i s  

removed)* k ra g e le k l l  (1965) has an a ly sed  th e  p lough ing^ 

c u t t in g  t r a n s i t i o n  f o r  b o th  a  sphere and a  c y l in d e r  end h i s  

f in d in g s  show th a t  th e  s ig n i f i c a n t  f a c to r s  a re  j i  th e  

t r u e  m o lecu la r c o e f f ic ie n t  o f  f r i c t i o n  betw een th e  work 

m a te r ia l  aM  th e  in d e n to r  and th e  r a t i o  ^ /R  (h beizig th e  

d ep th  o f  th e  groove and R th e  r a d iu s  o f  th e  sp h ere  o r  

c y lin d e r )  * The a n a ly s is  shows th a t  th e  g r e a te r  th e  v a lu e  o f

u  th e  m a i l e r  th e  v a lu e  o f  th e  r a t i o  /R  f o r  c u t t in g  to  occur*  

I n  th e  case  o f  a sphere c u t t in g  b eg in s  a t  a  v a lu e  o f  

V r »  0 i f  JR. a  1 end f o r  a  c y l in d e r  c u t t in g  b eg in s  a t  

V r 53 0 i f  ju « 0*39 showing t h a t  m a te r ia l  lo  more r e a d i ly



removed by el c y l in d e r  th a n  a sphere#

Sedidks end Mulhearîi*8 a n a ly o is  o f  c u t t in g  w ith  a 

pyram idal in d e n to r  oT*d K ro g e ln k il'K  a iia ly s la  f o r  n ephcre 

and f o r  a  c y l in d e r  a l l  in v o lv e  th e  m o lecu lar c o e f f ic ie n t  

o f  fx’i c t io i i  betw een th e  in d e n to r  and th e  work m a te r ia l  | 

th e  o th e r  s ig n i f i c a n t  f a c to r  a b e in g  f o r  pyram idal 

I n ie n to r a  c r i t i c a l  'a t ta c k *  a n g le  and f o r  cphcres end 

c y lin d e rs  th e  r a t i o  ^/H# However# i n  the  c o n te x t o f  th e  

p re s e n t  work# th e  most s ig n i f i c a n t  a s p e c t o f  % ragel8k il*8  

f in d in g s  i s  t h a t  th ey  c a s t  some doubt on th e  concep t o f  a 

c r i t i c a l  'a t ta c k *  an g le  a s  th ey  show th a t  m a te r ia l  can  be 

removed under fav o u rab le  c o n d it io n s  by to o ls  which a re  

v e ry  b lu n t  and have e f f e c t iv e ly  v ery  em ail 'a t ta c k *  

an g les#

2#43 Erporim entB in v o lv in g  f i l e s  and a b ra s iv e  s u r fa c e s

Bpurr and Eewcomb (1957) have s tu d ie d  th o  wear 

behav iou r o f  a number o f  m a te r ia ls  when rubbed a g a in s t  

f i l e s  under lo a d s  o f  10*70% # T h e ir  t e s t s  ware unusua l 

I n  th a t  th o  d i r e c t io n  o f  s l i d in g  was o p p o s ite  to  t h a t  

used  i n  th e  nonaa l f i l i n g  p ro c e s s  and tho  f i l e  t e e th  

th e re fo re  had 'a t ta c k *  a n g le s  o f  betw een 11® and 19®#

The r e s u l t s  p roduced showed th a t  th e  wear r a t e  was 

d i r e c t l y  p ro p o r t io n a l  to  th e  p ro d u c t o f  th e  lo a d  and

ta n  Ô { O b e in g  th e  an g le  o f  in c l in a t io n  o f  th e  f i l e  

te e th #  Having d svcloped  an  e x p re s s io n  f o r  th e  r a t e  o f  

m etal removal based  on th e  assum ption  th a t  th e  f r o n t a l
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f a c e t s  o f  th e  f i l e  t e e th  suppox^ th e  norm al lo a d  S purr and 

Hewcomh p o in te d  o u t t h a t  th e  a c tu a l  q u a n t i ty  o f  m a te r ia l  

removed was l e s s  th a n  th a t  p re d ic te d #  T able 2*3 shows th e  

c o e f f ic ie n t s  o f  w ear f o r  a  range o f  m a te r ia ls  

c a lc u la te d  from  ex p e rim en ta l r e s u l t s  and th e  ec^ression:**

W » ^  ^  (2 .1 1 )
p tan@

where W « volume lo s s  p e r  u n i t  s l id in g  d is ta n c e

L a  norm al lo a d

p s  th e  flow  p re s s u re  o f  th e  m a te r ia l  

Ô as th e  an g le  o f  i n c l in a t io n  o f  th e  f i l e  

t e e th

S ince th e  v a lu e s  o f  th e  c o e f f i c i e n t s  o f  wear K.| 

a r e  a l l  l e s s  th a n  u n i ty ,  th e  p ro c e s s  i s  o b v io u sly  l e s s  

th a n  100/S e f f i c i e n t ;  in d eed  u nder th e  most fav o u rab le  

c o n d itio n s  o n ly  $0^ o f  th e  p r e d ic te d  w ear volume i s  

a c tu a l ly  removed# A n o ta b le  f e a tu r e  o f  th e  v a lu e s  o f  

i s  th a t  th e y  te n d  to  in c re a s e  f o r  th e  work m a te r ia ls  o f  

g r e a te r  h a rd n ess  showing t h a t  p ro p o r t io n a l ly  h ig h e r  

w ear r a t e s  can  be eohieved  w ith  h a rd e r  m eta ls#

s p u r r  and Newcomb's f in d in g s  a re  o f  p a r t i c u l a r  

i n t e r e s t  when compared w ith  th e  c r i t i c a l  '  a ttack *  

an g le  concep t su g g ested  by M ulhearn and Samuels (1962) 

and f u r th e r  developed  by S ed rik s  and M ulheam  (1963 & 

1964)# M ulheam  e t  a l l  in te r p r e t e d  th e  c r i t i c a l  'a t ta c k *



I  PLA TIN U M

0-3

M easurements made on the trolley m achine.
O M easurem ents made on the D enison test m achine.

F ig  2 .2 7  %ear o f  P e t a ls  'j l id in g  Over F i l e s  P lo tte d  A gainst  
Tangent o f  th e  .Ingle o f  I n c l in a t io n  6 o f  th e  F i le  
T eeth , (Spurr and Newcomb 1957)•

(d)

F ig  2 ,2 3  T races o f  h a ir  shadows (a t  X260) a c r o ss  some 
t y n ic a l  grooves on a specim en o f  s i l v e r ,  Note 
th a t  th e r e  i s  u s u a l ly  h igh er  o i le - u o  at th e  
d eeo er  s id e  o f  th e  g rooves,

( Stroud and IVilman I962) ,



an g le  f o r  a  py ram idal to o l  i n  te rm s o f  o rth o g o n a l 

c u t t in g  theory#  ty p ic a l  a t ta c k  a n g le s  b e in g  abou t 50®-90® 

depending  on th e  work m a te r ia l  # Y et S pu rr and Hewcomb 

have shown ( f i g  2 .2 7 ) ,  u s in g  s im i la r  m a te r ia l s ,  t h a t  

m a te r ia l  can  be removed by to o l s  h av in g  v ery  em ail 

a t t a c k  an g le s  u nder c o n d itio n s  w h i ^  a re  a  b e t t e r  

ap p rox im ation  to  o rth o g o n a l c u t t i n g .  In d eed , th e y  

su g g es t th a t  t o o l s  w ith  even sh a llo w er a n g le s  th a n  th o se  

which th e y  used  (11® •  19®) m ight remove m a te r i a l .  These 

marked v a r ia t io n s  i n  f in d in g s  may be p a r t i a l l y  ex p la in e d  

by g e o m e tr ic a l d i f f e r e n c e s  betw een th e  c u t t e r s  and 

d if f e r e n c e s  i n  th e  ex p erim en ta l c o n d itio n s  ( th e  py ram idal 

to o l  was tra c k e d  a c ro s s  th e  s u r fa c e  once w hereas th e  

specim en en co u n te rs  a  su c c e ss io n  o f  c u t t in g  edges when 

robbed a g a in s t  a  f i l e ) .

% e  most w id e ly  cpioted a s p e c t  o f  S p u rr and Newcomb* s  

work i s  t h e i r  c o r r e l a t io n  o f  r a t e s  o f  a b ra s io n  w ith  th e  

e l a s t i c  modulus o f  th e  m a te r ia l ,  r a t h e r  th a n  i t s  h a rd n e s s ; 

t h i s  r e s u l t  i s  v e ry  d i f f i c u l t  t o  e x p la in  end rem ains 

u nsupported  by any o th e r  p u b lish e d  w ork.

A number o f  in v e s t ig a to r s  have c a r r ie d  o u t experim en ts  

u s in g  e i t h e r  s in g le  a b ra s iv e  g r a in s  o r  a b ra s iv e  s u r fa c e s ;  

ty p ic a l  o f  t h i s  work i s  t h a t  due to  S troud  and Wilman 

( 1962) . They showed by t r a v e r s in g  a  b lo c k  o f  s i l v e r  a  

s h o r t  d is ta n c e  a/1mm o v er emezy p a p e r  t h a t  o n ly  a  

p ro p o r t io n  o f  th e  groove volume was removed,A/cf10;^ th e
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rem ainder o f  th e  m a te r ia l  b e in g  d is p la c e d  by a  p lo n k in g  

mechanism# U sing a  l i g h t  p r o f i l e  tech n iq u e  th ey  observed  

a  p lo n k e d  up r id g e  a t  th e  edge o f  th e  grooves ( f i g  2 #23)# 

P i l e  up a t  th e  edge o f  s u r fa c e  s c ra tc h e s  h a s  been  observed  

by  o th e r  w orkers b o th  w ith  id e a l i s e d  in d e n to rs  and 

a b ra s iv e s#

One o f  th e  m ost s t r ik in g  om issions i n  th e  l i t e r a t u r e  
i s  th e  la c k  o f  ex p e rim en ta l d a ta  on th e  s c ra tc h in g  o f  

h a rd  m a te r ia ls  such a s  hardened  s te e l#  A dm itted ly  

id e a l i s e d  in d e n to rs  a re  d i f f i c u l t  t o  m anufactu re and co u ld  

e a s i l y  be ch ipped  when used  on h a rd  m a te r ia l s ;  t h i s  

argum ent does n o t ap p ly  however to  a b ra s iv e s#  The f a c t  

t h a t  more in v e s t ig a to r s  have n o t  s tu d ie d  h a rd  m a te r ia ls  

i s  a l l  th e  more s u r p r i s in g  s in c e  such m a te r ia ls  a re  

f r e q u e n t ly  m achined by a b ra s iv e  p ro c e sse s#
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2 #5 é e n e ra l  co n e lu s lo n s

A s tu d y  o f  th e  l i t e r a t u r e  h a s  shown t h a t  d e s p i te  

th e  marked s im i la r i t y  o f  g r in d in g  and a b ra s iv e  w ear 

p ro c e s s e s  th ey  have been  s tu d ie d  v e ry  l a r g e ly  i n  

i s o la t io n #  There seems to  be l i t t l e  j u s t i f i c a t i o n  f o r  t h i s  

s t a t e  o f  a f f a i r s  p a r t i c u l a r l y  because th e o r e t i c a l  

tr e a tm e n ts  o f  b o th  p ro c e s se s  have reg a rd ed  them a s  c u t t in g  

on a  m icro  sc a le #

A nother n o tic e a b le  f e a tu r e  common to  b o th  g r in d in g  

and a b ra s iv e  w ear i s  th e  anomalous b eh av io u r o f  h e a t -  

t r e a t e d  s t e e l s ;  g r in d in g  fo rc e s  have been  found to  be 

l a r g e ly  independen t o f  th e  h a rd n ess  o f  th e  w orkpiece and 

a b ra s iv e  wear t e s t s  r e v e a l  t h a t  hardened  s t e e l s  have l e s s  

r e s i s ta n c e  to  w ear th a n  would be a n t ic ip a te d *

I n  b o th  ty p es  o f  p ro c e s s  th e  p r e c is e  mechanism by 

which m a te r ia l  I s  removed i s  s t i l l  i n  doubt# I n  a b ra s iv e  

p ro c e s s e s  i t  h as  been  su g g ested  t h a t  o f te n  o n ly  a  

p ro p o r t io n  o f  th e  g r i t s  a r e  c u t t in g  w hereas i n  g r in d in g  

i t  i s  g e n e ra l ly  assumed t h a t  a l l  th e  g r i t s  a re  c u t t in g #
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3 A brasive  Wear Theory 

3*1 In tro d u c tio n

In  th e  fo llo w in g  e e c tio n s  we s h a l l  f i r s t l y  s e t  o u t th e  

methods o f  c a lc u la t in g  th e  volume o f  m a te r ia l  removed p e r  

u n i t  s l id in g  d is ta n c e  f o r  d i f f e r i n g  ty p e s  o f  in d e n to rs#  

Secondly t h i s  th e o ry  w i l l  th e n  be a p p l ie d  to  th e  

c o n d itio n s  o f  g rin d in g #

F or th e  p u rpose  o f  c a lc u la t io n  i t  w i l l  be assumed 

t h a t  th e  a b ra s iv e  g r i t s  a re  pyram idal o r  c o n ic a l  in  

shape# I t  i s  a ls o  assumed t h a t  th e  a b ra s iv e  h a s  v e ry  

sh arp  c u t t in g  edges end when tra c k e d  a c ro s s  a su rfa c e  under 

lo a d  w i l l  c u t  a  g roove , th e  d im ensions o f  th e  groove 

b e in g  determ ined  by th e  geom etry o f  th e  p a r t i c l e ^  th e  

h a rd n ess  o f  th e  m a te r ia l  b e in g  ab raded  and th e  a p p lie d  

norm al fo rce#

3#2 P re d ic t io n s  b ased  on Id e a l is e d  In d e n to rs  

3*2*1 Square Based Pyramid

(1) C u ttin g  by f a c e t

L et th e  b ase  an g le  o f  th e  s c r a tc h  be 2 0  and th e  

w id th  o f  th e  s c ra tc h  formed be 2a* f ig s  (3*1 and

3 .6 )

The a re a  o f  o ro e s -e e o tlo n  o f  th e  e c ra tc h  1b g iv en  by 

Ag = c o t e  (3 .1 )
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F or a  ty p ic a l  p a r t i c l e  th e  a re a  su p p o r tin g  a 

lo a d  dw iG A.

A4 a  a  a  
’ ^

th e re fo r e
2 kR (3 .2)

In  a  G lid in g  d is ta n o e  th e  volume o f  m etal 

removed 3 v  i a

à V a Ô Lâ  cote

a  c o t e  (3 ,3 )

Combining (3#2) and (3#3) %

\JL a  ^ w c o t e  

Pm
(3 .4 )

For a  t o t a l  lo a d  W and assum ing a l l  th e  g r i t s  have 

th e  some geometry#

Volume lo s s  p e r  u n i t  s l id in g  d is ta n c e

= Tf c o t e  (3*5)

Pq
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(11) C a tt in g  by edge

F o r a  s c ra tc h  b ase  ang le  20  end w id th  2a

f i g s  (3 ,2  and 3 ,6 )

The a r e a  o f  th e  ec ra to h  i s  g iv e n  by

Ag *» a^ cot©  (3 ,6 )

In  a  s l i d in g  d is ta n c e  àL  th e  volume removed â v  i s  

(̂ V a  a^ cotG (3 #7)

The norm al lo a d  i s  su p p o rted  by th e  a re a  Â  

b u t
A.| a  a^ « (3 ,6 )

%

Combining (3 ,7 )  and (3 ,8 )  $

à v  èw cot©

- T T  ’

F or a  t o t a l  lo a d  W aasum ing a l l  p a r t i c l e s  to  be o f  

a  s im i la r  shapes

Volume lo s s  p e r  u n i t  s l i d in g  d is ta n c e  a  W c o t  0

(3 ,1 0 )

3 ,2 ,2  T r ia n g u la r  based  pyram id

( i )  C u tt in g  by f a c e t
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n t h  Û s c ra tc h  o f  w id th  2a and b ase  ang le  2© 

f ig s  (3 ,3  end 3*6} th e  a re a  su p p o rtin g  th e  normal 

lo a d  i s  g iv en  by

4 et a2 V3 
3 Pm

(3 ,1 1 )

2T h ere fo re  a es (3 .1 2 )

The a re a  o f  th e s c ra tc h  i s

& a a  c o t e (3 .1 3 )

Combining e a u a tio n s  (3*12) and (3*13)

s co t® (3 .1 4 )

Pm

I f  th e  t o t a l  lo a d  i s  c a r r i e d  by a number o f  

p a r t i c l e s  o f  th e  same shape

Volume lo s s  p e r  u n i t  e l id in g  d is ta n c e

= -VT.w cote. (3,15)
Pm

(11) C u ttin g  by edge

W ith a s c ra tc h  o f  w id th  2a and b ase  a n ^ e  26  

f i g s  (3i#4 and 3*6) th e  a re a  su p p o rtin g  th e  norm al 

lo a d  i s  g iv en  by



1:2

.  .  ^  (3.16)

T h e re fo re  « 3 3w {3*17)

2 / ^  Pm

The a re a  o f  th e  © cratch I s

Ag » a^ co t©  (3*18)

Combining eq u a tio n s  (3*17) and (3*18)

Ag = / 3  c o t e  (3 .1 9 )

2 Pn

I f  th e  t o t a l  lo a d  io  c a r r i e d  by  a number o f  g r i t s  

o f  th e  same shape

Volume lo s s  p e r  u n i t  s l i d in g  d is ta n c e

. (3 .20)
2 Pm

3 .2 .3  C o n ica l in d e n to r

L et th e  b a se  an g le  o f  th e  in d e n to r  be  26 and th e

w id th  o f  th e  s c ra tc h  2 a . f i g s  (3*5 and 3*6)

The a re a  o f  c r o s s - s e c t io n  o f  th e  s c ra tc h

Ag *» a^ cot©  (3*21)

A rea su p p o rtin g  th e  loadoW i s  A  ̂ where

A  ̂ o (3 .2 2 )
2 Pm
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th e r e fo r e  (3 ,2 3 )i r P a

L e t th e re  be 17 p a r t i c l e s  when th e  t o t a l  lo a d

W =  h S w o p  à w  = i  ( 3 , 2 4 )

Prom (3 .2 3 ) and (3 .2 4 )

q2 =, 2 —E (3 .2 5 )

F o r a  e l id in g  d is ta n c e  I> th e  worn volume V i s  

g iv en  by
V = rr Ag L (3 .2 6 )

com bining ( 3 .2 1 ) ,  (3 .2 5 ) end (3 .2 6 )

2 a (3.27)
f P m

3 ,2 ,4  D isc u ss io n

The g e n e ra l form o f  th e  e q u a tio n  f o r  th e  volume lo s s  

p e r  u n i t  s l i d in g  d is ta n c e  i s

^  Pm

where th e  c o n s ta n t C i s  some fu n c tio n  o f  th e  geom etry o f  

th e  a b ra s iv e  p a r t i c l e .

I n  th e  i n i t i a l  c a lc u la t io n s  no allow ance was made 

f o r  th e  b u i l t  up a t  th e  f r o n t  o f  th e  in d e n to rs  o r  p lough ing
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a t  th e  edge o f  th e  s c r a tc h e s ,

S e d ric k s  and M L hearn ( 1963) have shown t h a t  when an  

id e a l i s e d  to o l  i s  tra c k e d  a c ro s s  a  f l a t  s u r fa c e  f a c e t  

f i r s t #  th e  c h ip  formed ru n s  up th e  to o l  fa c e  to  ab o u t th e  

same e x te n t  a s  th e  s c ra tc h  depth# th u s  in c re a s in g  th e  

lo a d  b e a r in g  a re a  by a f a c to r  o f  two* T h is e f f e c t  h a lv e s  

th e  v a lu e  o f  C i n  th e  ca se  o f  f a c e t  f i r s t  s c ra tc h e s  i n  

e q u a tio n  3*28 ,

S im ila r  t e s t s  c a r r ie d  o u t by Kruschov and Babichev 

( i 960) u s in g  a  diamond cube in d e n to r  showed# when 

s c ra tc h in g  an n ea led  e le c t ro -d e p o s i te d  n ic k e l#  t h a t  

s c ra tc h in g  by f a c e t  p roduced a  c h ip  b u t s c ra tc h in g  w ith  

th e  cube edge p lo u g h s a  groove# S xperlm ents repozrted 

l a t e r  i n  t h i s  t h e s i s  co n firm  th e  im portance o f  p lou g h in g  

when s c ra tc h in g  by edge b u t  have shown th a t  m a te r ia l  can 

be removed by t h i s  mechanism . The p lo u g h in g  mechanism 

w i l l  be assumed to  reduce th e  e f f ic ie n c y  o f  edge s c ra tc h in g  

by a  f a c t o r  o f  two th u s  h a lv in g  th e  c a lc u la te d  v a lu e  o f  

0 ,

The c a lc u la te d  and m o d ified  v a lu e s  o f  0 a re  shown 

i n  t a b le  ( 3 *1) *

In  f u r th e r  c a lc u la t io n s  a  r e p r e s e n ta t iv e  v a lu e  o f  

C a  0 ,5  w i l l  be used  g iv in g  a  w ear e q u a tio n

V  a  p4a..,̂ ,̂ 4 Æ ( 3 . 29)
Fra
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where W » lo a d  i n  Kg

0  sa h a l f  an g le  o f  a  ty p ic a l  s c ra tc h

L a  s l id in g  d is ta n c e  i n  cms

» flow  p re s s u re  o r  h a rd n ess  i n  Kg/cm^

The mean v a lu e  o f  6 i s  o b ta in e d  ex p e rim en ta lly #  

V alues o f  6  observed  i n  f in e  g r in d in g  end a b ra s iv e  

w ear g iv e  w id th /d e p th  r a t i o s  o f  betw een 50 and 5 to  1 #j 

an  average v a lu e  b e in g  abou t 20;1#

Even when th e  w id th /d ep th  r a t i o  i s  ta k e n  in to  accoun t 

a b ra s iv e  wear th e o ry  has been found to  be i n  e r r o r  when 

a p p l ie d  to  a c tu a l  wear s i t u a t i o n s ,  th e  p r e d ic te d  f ig u re s  

b e in g  g r e a te r  th a n  th e  observed# Two p o s s ib le  e x p la n a tio n s  

f o r  t h i s  d isc rep an cy  a re  ( i )  on ly  a  p ro p o r tio n  o f  th e  g r i t s  

a r e  c u t t in g  a t  any one tim e o r  a l t e r n a t i v e l y  ( i i )  o n ly  a 

p ro p o r t io n  o f  th e  s c ra tc h  volume i s  a c tu a l ly  removed# To 

a llo w  f o r  b o th  p o s s i b i l i t i e s  e q u a tio n  (3 ,2 9 ) r e q u ir e s  

m o d ific a tio n #  two new p aram ete rs  b e in g  in c o rp o ra te d ; oL 

p ro p o r tio n  o f  g r i t s  a c tu a l ly  c u t t in g  and p ro p o r tio n  o f  

groove volume removed# The eq u a tio n  now becomes:

2  « (3 ,3 0 )

E xperim ental ev idence  suqjporting th e  concep t t h a t  

o n ly  a p ro p o r tio n  o f  th e  g r i t s  a re  c u t t in g  i s  p ro v id ed  by 

M ulheam  and Samuels (1962); who have shown th a t  f o r
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any m a te r ia l  th e re  l e  a  c r i t i c a l  a t ta c k  an g le  end g r i t  a 

w ith  an  a t t a c k  an g le  l e s s  th a n  th e  c r i t i c a l  v a lu e  do n o t  

remove a ch ip #  The second mechanism h a s  been  observed  

by S tro u d  and Wilman (1962) when ru b b in g  s i l v e r  o ver an  

a b ra s iv e  s u r fa c e ;  th e y  concluded t h a t  o n ly  a  p ro p o r tio n  

o f  th e  e c ra tc h  volume i s  removed# th e  rem ainder b e in g  

d is p la c e d  to  th e  edge  o f  th e  groove * The p re s e n t  work 

a ls o  p ro v id e s  f u r th e r  ex p e rim en ta l su p p o rt f o r  t h i s  l a t t e r  

mechanism#

In  w ear s tu d ie s  th e  d is c re p a n c ie s  betw een th e  

t h e o r e t i c a l  and p r a c t i c a l  wear r a t e s  a r e  accounted  f o r  

by th e  so  c a l le d  K f a c to r*  In  a b ra s iv e  wear th e o ry  th e  

K f a c t o r  h as  e f f e c t iv e ly  been su b d iv id ed  in to  th re e  

d i s t i n c t  p a r ts #

K = d . ^ . e o t e  (3 .3 1 )

Kot o n ly  does each  in d iv id u a l  p a ram ete r have a 

d e f i n i t e  p h y s ic a l  s ig n i f ic a n c e  b u t  th ey  can  a l l  be

m easured f o r  any p a r t i c u l a r  p ro ce ss#

3 ,3  The A n n lic a tio n  o f  A brasive Wear Theory to  th e

G rin d in g  P ro c e ss  

3#3#1 In t ro d u c t io n

Any a t t e a ^ t  to  r e c o n c i le  g r in d in g  and a b ra s iv e  w ear 

th e o ry  m ust r e l y  h e a v i ly  on th e  b a s ic  prem ise# fundam ental 

to  b o th  p ro ce sse s#  t h a t  when th e  a b ra s iv e  i s  p erfo rm in g
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s a t i e f a c t o r t l y  m e ta l l ic  p p r t io le e  a re  b e in g  removed 

e s s e n t i a l l y  by a c u t t in g  a c tio n #

The v ery  marked s i m i l a r i t i e s  betw een th e  r e s u l t s  

re p o r te d  f o r  b o th  p ro cea so s  a re  a l l  th e  more remarlcable 

in  view o f  th e  very  d i f f e r e n t  c o n d itio n s  under which 

experim ents have been c a r r ie d  o u t .

G rind ing  i s  a w idely  used  com m ercial p ro c e ss  and 

most o f  th e  work re p o r te d  i n  th e  l l t e r a t u z ^  h a s  been  c a r r ie d  

ou t under c o n d itio n s  s im ila r  to  th o se  encoun tered  in  

normal p r a c t i c e .  The b u lk  o f  r e s u l t s  Invo lved  h a rd  m a te r ia ls  

A/ pj^ S3 600 co a rse  a b ra s iv e s  A / 60 g r i t#  h ig h

su rfa ce  speeds A / 5 #000 f t /m in  each p o r t io n  o f  th e  

g rin d in g  w heels su rfa c e  b e in g  used  re p e a te d ly #  A brasive 

wear s tu d ie s ,  on th e  o th e r  h an d , have been  d ir e c te d  i n  th e  

main to  e lu c id a t in g  th e  b a s ic  mechanism o f  th e  p ro c e s s .

In  most s tu d ie s  r e l a t i v e l y  s o f t  m a te r ia ls  have been used# 

f re q u e n tly  p u re  m e ta ls ,  f in e  a b ra s iv e s  A/ 200 g r i t#  slow 

speeds A/ 200 f t /m in  and i n  many in v e s t ig a t io n s  each 

p o r t io n  o f  th e  a b ra s iv e  p ap e r  was on ly  used  once#

T h e o re tic a l  tre a tm e n ts  o f  g r in d in g  have reg ard ed  th e  

p ro cess  e s s e n t i a l l y  as one o f  c u t t in g  u s in g  v e ry  sm all 

s in g le -p o in t  to o ls #  Each g r i t  i s  assumed to  remove a 

c h ip . E xperim ental o b se rv a tio n s  have shown t h a t  th e  r a t i o

o f  norm al to  ta n g e n t ia l  fo rc e  i s  0 ,5  i n  g r in d in g  and 2 

f o r  s in g le  p o in t  c u t t i n g .  A brasion# on th e  o th e r  hand# h as 

been reg ard ed  a s  a  s c ra tc h in g  p r o c e s s .  Each p a r t i c l e  

c u ts  a  groove i n  th e  work s u r fa c e  whose c o n te n ts  i s
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removed ae  a  wear p ro d u c t, p ro b ab ly  some form o f  ch ip #  The 

a b ra s iv e  p a r t i c l e s  a re  assumed to  have a  n o g a tiv o  rak e  

and allow ance can be made f o r  p lo u g h in g  and rub b in g  g r i t s #  

The c o e f f ic ie n t  o f  f r i c t i o n  i e  abou t 0#5 s im ila r  to  th a t  

observed  w ith  g rin d in g #

D esp ite  th e  v e ry  obvious d i f f e r e n c e s  i n  ex p e rim en ta l 

c o n d itio n s  and th e o r e t i c a l  tre a tm e n t th e  marked 

s i m i l a r i t i e s  o f  p r a c t i c a l  r e s u l t s  a re  co n s id e red  to  J u s t i f y  

an  a ttem p t to  i n t e r p r e t  th e  g r in d in g  p ro c e s s  i n  a b ra s iv e  

wear term s#  Indeed i t  w i l l  bo su g g ested  l a t e r  t h a t  some 

o f  th e  anom alies o f  th o  p re s e n t  th e o r ie s  o f  g r in d in g  can  

be ex p la in e d  by ad o p tin g  an  a b ra s iv e  wear approach#

When ap p ly in g  th e  e x p re s s io n s  developed  from 

a b ra s iv e  wear th e o ry  to  g r in d in g  i t  i e  assumed t h a t  th e  

same c o n d itio n s  a re  a p p lic a b le #  T hat i s  to  say# th e  

geom etry o f  th e  groove c u t  i s  d e term ined  by th e  shape o f  

th e  a b ra s iv e  g r i t s *  th e  h ard n ess  o f  th e  m a te r ia l  b e in g  

ground and th e  a p p lie d  norm al fo rc e#

In  o rd e r  to  app ly  a b ra s iv e  th e o ry  to  g r in d in g  th e  

r a t e  o f  m etal removal p e r  u n i t  s l i d in g  d is ta n c e  must be 

ex p ressed  i n  term s o f  th e  p a ram ete rs  o f  th e  type  o f  

g r in d in g  b e in g  s tu d ie d ,  i# e #  su rface*  c y l in d r i c a l  o r  

i n t e r n a l  » The i*© suiting e x p re s s io n  i s  th e n  s u b s t i tu te d  

i n  th e  w ear eq u a tio n  (3*30) to  o b ta in  th e  norm al g r in d in g  

fo rc e  #
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3»3»2 S u rface  g r in d in g

An e ^ r e s B io n  f o r  th e  norm al fo rc e  i n  B urface 

g r in d in g  f o r  example i s  d e r iv e d  a s  fo llo w s :

L e t:  D a  wheel d ia m ete r  i n  in c h es

r  « wheel speed i n  re v s  p e r  m inute 

T « t a b le  speed i n  f e a t  p e r  m inute 

d « w heel d ep th  o f  c u t i n  in ch es  

Pjjj a  h a rd n ess  o f  m a te r ia l  b e in g  ground in  

Kg/mm^

w a  work w id th  i n  in c h es  (p lunge g r in d in g )  

o r  c ro s s  fe ed  i n  in c h es  p e r  

t r a v e r s e

Then

Wheel su r fa c e  speed » 2 #54 D r  i r  cn^/min (3#32)

Work epeed « 2 #54 12 T ciA/niin (3*33)

Combining (3 #32) and (3#33)

S lid in g  speed (up c u t)  « 2 #54 (D rir ♦ 12T) cn/m in

(3,34)
and

S lid in g  speed (down c u t)»  2#54 (D r*rr -  12T) cm/min

(3#35)
The r a t a  o f  m eta l rem oval i s

V » 12. 2*54^ T d  w cm^/min (3#36)

Combining (3#32) w ith  (3#34) and (3 .3 3 ) w ith  (3#34)* th e



r a t e  o f  m e ta l rem oval p e r  u n i t  s l i d in g  d is ta n c e  i s  

g iv e n  Dy th e  ex p ro B slo n ss-

Op c a t  X. a  2,5h^  T d T/ c a ^ /c a  
L 2,54(D  n r  + 12T)

DOTsn c u t  X a  12. 2.5^3 T a w cm ^/ea
L 2.5U(D n r  -121)

(3 .3 7 )

(3 .38 )

S ince th e  ta b le  cpeed I n  etzrface g r in d in g  I s  on ly  

1 /100 o f  th e  wheel speed an  average v a lu e  f o r  th e  r a t e  

o f  m e ta l rem oval w i l l  be assumed*

X (av erag e ) = T d_w cm^/cm
1, 2#5^;(D r i r )

s u b s t i tu t i n g  th e  above e x p re s s io n  i n  th e  wear 

eg im tio n  (3  #30) and re a r ra n g in g  i n  term s o f  W

W = 12. 2.543  T a w p_ 10% Kg
  ---------- _ S ------- (3  AO)
2 .54(0  rTr)e* Ô 0 .5  c o t#

The norm al fo rc e  i n  pounds îî @ 2*2nj th u s  

e v a lu a tin g  th e  c o n s ta n t te rm s

K -  10,630 T a  w Pa I t s  ( 3 ^ 1 )

D r & p  c o t 3



3*3*3 C y l in d r ic a l  G rind ing  

L e t: D ts Wheel d iam ete r  i n  in c h es

« work d ia m e te r  i n  in c h es

d e wheel d ep th  o f  c u t  i n  in c h es

r; wheel speed i n  rpm

'2 as work speed i n  rpm

w as work w id th  p lunge g r in d in g  o r

c ro s s  f e e d /re v  co n v en tio n a l

g r in d in g

th e n

Wheel s u r fa c e  speed « D r.j TT 2#54 cq /m in  (3*42) 

Work speed « r^  Tr 2*54 cm/min (3*43)

T h ere fo re  com bining (3*i^2) and (3 #43)

S lid in g  speed (c o n v en tio n a l)
w 2*54tt(d Fg) cm/®in

(3 .4 4 )

G lid in g  speed (c lim b)
a  2#54ir(D r^ Pg) c s /m in

(3 .4 5 )

The r a t e  o f  m e ta l rem oval » d irD ^ Pg w 2*54^ cnP/m in

(3*46)

Combining (3#!A) w ith  (3*46) and (3J45) w ith  

(3*46) th e  rg^te o f  m eta l rem oval p e r  u n i t  e l id in g  

d is ta n c e  i s ;



conventional V 
L

i i r  Pg w 2.54^
P  ̂ ♦ D, Pg)

(3A 7)

climb 1
L

<Lir D_ r ,  w 2.54II *2
F 3 :V T F  p^ .  b ,  Pg)

(3 .48)

P u ttin g  the  above expreesione in  the  wear eq u a tio n  

(3 .30) and rea rran g in g  in  terms o f  *

conven tional ” ^ Pb ~  ̂ °»  ^2 # 2.54^ 10^
2.54TT(D p^ ♦ Pg) 0 ,5  co t Kg

climb u a

(3 .49)

cL%,TrD« » 2.54^ 10^
2 ,54 ir(D  p, -  D Pg)0,5o< 3  cot© Kg

(3 .50)

Evaluating the constant terms and converting to pounds 
the normal grinding force is:

conven tional IS = 2*840 p D w dl lb  (3 .51)
 .................  II I " t t l l iw  I I  I f c  l . l ,  I

(D p^ + Pg)o(. /S co t©

climb M a 2,840 Pg, D, Pg w cL lb

(D P  ̂ -  Pg)ol co t©  (3 .52)



A b rasiv e  wear th e o ry  can  be a p p lie d  to  o th e r  

g r in d in g  p ro c e s se s  by s u b s t i tu t in g  th e  r a t e  o f  m eta l removal 

p e r  u n i t  s l i d in g  d is ta n c e  i n  th e  w ear eq u a tio n #  Thus th e  

p a ram e te rs  re q u ire d  to  i n t e r p r e t  g r in d in g  in  a b ra s iv e  

wear te rm s a r e ;

( i )  th e  r a t e  o f  m eta l rem oval p e r  u n i t  s l i d in g  

d i s t a n c e ,

( i i )  th e  w id th /d ep th  r a t i o  o f  th e  s c ra tc h e s  

formed on th e  s u r f a c e .

( i i i )  d  th e  p ro p o r tio n  o f  th e  g r i t s  c u t t in g #

( iv )  jS th e  p ro p o r t io n  o f  th e  groove volume removed#

(v) th e  h ard n ess  o f  th e  m a te r ia l  b e in g  ground#

3 #4 G rin d in g  Force P re d ic t io n s

3 .4 .1  ia ti:Q ,tee tiQ 5

Many s tu d ie s  o f  th e  g r in d in g  p ro c e s s  in v o lv in g  

dynamometer fo rc e  m easurements have been re p o r te d  end in  

th e  f i r s t  in s ta n c e  we w i l l  u se  t h i s  e a r l i e r  p u b lish e d  

work to  t e s t  th e  th e o r e t i c a l  p r e d ic t io n s  o f  th e  norm al 

g r in d in g  fo rc e  o b ta in ed  u s in g  a b ra s iv e  w ear theo ry#  

U n fo r tu n a te ly  some o f  th e  p aram ete rs  re q u ire d  f o r

c a lc u la t io n  were n o t m easured o r  even co n s id e red  by 

o th e r  w orkers and i t  h a s  th e re fo re  been  n e c e ssa ry  i n  

most c a se s  to  assume r e p r e s e n ta t iv e  v a lu es#  The 

p a ram ete rs  i n  q u e s tio n  were th o se  which make up th e  K
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? ig  3.8 Grinding fo rce s  fo r  various ta b le  speeds.(G risbroolc 1962)
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f a o to r  I n  eq u a tio n  (3*31} namely c o t  G $ oc and. # I n  th e  

i n i t i a l  c a lc u la t io n s  a v a lu e  o f  co tG  ty p ic a l  o f  f in e  

g r in d in g  was adopted ( c o tô  a  0 # 1 ) , and oL and 3  were 

assumed to  he u n ity #  The f a c t  t h a t  th e  w e ll known, 

e x p re s s io n  f o r  th e  g r i t  d ep th  o f  c u t  i n  g r in d in g  

(e q u a tio n  2#4) assumes t h a t  a l l  th e  g r i t s  a re  c u t t in g  

mnd th a t  th e  whole o f  th e  groove volume i s  removed would 

seem to  j u s t i f y  a v a lu e  o f  u n i ty  f o r  oL and 3  when 

a p p lie d  to  th e  g r in d in g  p ro cess#

3 .h#2  su r fa c e  G rind ing

The f i r s t  re p o r te d  fo rc e  m easurem ents f o r  su rfa c e  

g r in d in g  a re  due to  M arsha ll and Shaw (1932)# T h e ir  

dynamometer cou ld  on ly  be used  a t  r e l a t i v e l y  slow ta b le  

speeds# most o f  t h e i r  r e s u l t s  were o b ta in ed  a t  ta b le  

speeds o f  Ufpm  ̂ th e  maximum p o s s ib le  ta b le  speed b e in g  

I6fpm# and t h e i r  work was co n fin ed  to  d ry  g rin d in g #

These r e s t r i c t i o n s  a l l  se rv ed  to  in c re a s e  th e  s e v e r i ty  

o f  th e  t e s t s  and make s a t i s f a c to r y  o p e ra t io n  more 

d i f f i c u l t  # They m easured th e  w id th /d e p th  r a t i o  o f  th e  

g r in d in g  s c ra tc h e s  u s in g  a  ta p e r  s e c t io n  tech n iq u e  and 

th e y  found 13 to  be an  av e rag e  v a lu e  f o r  th e  w id th / 

d ep th  r a t i o  i n  f in e  g rin d in g #

F orce p r e d ic t io n s  u s in g  M arsha ll and Shaw* a 

r e s u l t s  f o r  a s t e e l  o f  h a rd n ess  43 Rockwell C (420 DH?) 

a re  shown i n  f i g  (3*7) ♦ The fo rc e s  p r e d ic te d  were below
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th o se  observed  i n  a l l  c a s e s  and f o r  th e  s i l i c o n  c a rb id e  

w heel were c o n s id e ra b ly  i n  e r ro r#

One o f  th e  m ost s ig n i f i c a n t  and s u r p r i s in g  o f  th e  

f in d in g s  o f  M arsh a ll and Shaw was t h a t  th e  g r in d in g  

fo rc e s  were independen t o f  th e  work p ie c e  h ard n ess#  The 

r e s u l t s  Of a b ra s iv e  w ear c a lc u la t io n s  b ased  on  t h i s  work 

a r e  g iv en  i n  ta b le  3 .2 #

F o r hardened  s t e e l  th e  fo rc e  p r e d ic t io n s  a re  w ith in  

10% o f  th e  observed  v a lu e .  F o r th e  same m a te r ia l  i n  th e  

an n ea led  c o n d itio n  th e  c a lc u la te d  v a lu e s  a r e  o n ly  23% 

o f  th e  ex p e rim en ta l v a lu e#  I t  would ap p ea r th e re fo re  

th a t  hardened  s t e e l  i s  a  un ique e a s e ; th e  fo rc e  c a lc u la t io n s  

su g g es t t h a t  b o th  th e  whole o f  th e  s c ra tc h  volume i s  

removed and every  g r i t  i s  c u t t in g #  Re^#examining th e  

e a r l i e r  c a lc u la t io n s  f o r  th e  s t e e l  h av in g  a  h a rd n ess  o f  

Rockwell 043 (420 VFH) showed t h a t  th e  fo rc e s  observed  

w ith  th e  alum ina w heel were c o n s is ta n t  w ith  th o se  p re d ic te d  

f o r  a  s t e e l  h av in g  a  h a rd n ess  o f  Rockwell C63 (630 VPR).

O risb ro o k  (1962) ex tended  th e  work o f  M arsh a ll and 

Shaw# u s in g  a  s im i la r  ty p e  o f  dynamometer# to  more 

p r a c t i c a l  c o n d i t io n s ;  nam ely h ig h e r  ta b le  speeds and 

w et g r in d in g .  He observed  t h a t  th e  fo rc e  p a t t e r n  on a  

g r in d in g  wheel changed p r o g re s s iv e ly  d u rin g  a  ru n  and

cou ld  be d iv id e d  in to  fo u r  re g io n s  f i g  (2  #10)# Force 

p r e d ic t io n s  were made# u s in g  a b ra s iv e  w ear theo ry#  f o r  th e  

s te a d y  s t a t e  re g io n s  o f  th e  fo rc e  p a t t e r n  cu rv es f i g  (3  # 6 ).
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The t e s t s  c a r r ie d  o u t a t  th e  h i ^ e r  ta b le  speeds gave 

lo n g e r  p e r io d s  o f  g r in d in g  s t a b i l i t y »  and th e  b e s t  

agreem ent betw een th e  t h e o r e t i c a l  p r e d ic t io n s  and 

ex p e rim en ta l fo rc e  m easurem ents*

O bserved end p r e d ic te d  f o rc e s  f o r  s e v e ra l  t a b le  

speeds a r e  shorn  i n  ta b le  3 #3

3 #4 #3 C y l in d r ic a l  G rindinrr

Landberg (1936) h a s  re p o r te d  on th e  c y l in d r i c a l  

g r in d in g  o f  s t e e l*  U sing m easuring  c e n t r e s  ta n g e n t ia l  

and norm al fo rc e s  a re  m easured* A p a r t i c u l a r l y  

I n t e r e s t i n g  f e a tu r e  o f  Landberg* s  work was th e  s e le c t io n  

o f  g r in d in g  c o n d itio n s  A i c h  gave an  e x c e p tio n a lly  lo n g  

p e r io d  o f  g r in d in g  s t a b i l i t y  (^ /1 2 0  mlns o f  co n tin u o u s 

g r in d in g )  « A pplying a b ra s iv e  w ear th e o ry  th e  fo rc e s  

p r e d ic te d  were c o n s id e ra b ly  l e s s  th a n  th o se  observed ; 

i n  f a c t  th e y  were o n ly  23% o f  th e  observed  fo rc e *

T able  3*4#

I n  view o f  th e  ex tended  p e r io d  o f  g r in d in g  

s t a b i l i t y »  i t  would ap p ea r t h a t  t h i s  d isc re p a n c y  m ust be 

accoun ted  f o r  by some d if f e r e n c e  i n  g r in d in g  mechanism 

p o s s ib ly  th e  w id th /d e p th  r a t i o  o r  more l i k e l y  th e  

p ro p o r t io n  o f  groove volume removed o r  g r i t s  c u t t in g  

(assum ed to  be  u n i ty  i n  a l l  th e  i n i t i a l  c a lc u la t io n s )  *
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The expérim en ta  c a r r i e d  o u t by M arehall and Shaw 

and by  O risb ro o k  were m ain ly  concerned w ith  hardened  

S tee le#  a lth o u g h  th e y  d id  observe th e  independence o f  

th e  g r in d in g  fo rc e s  from  th e  w orkpiece h a rd n ess#  Force 

p r e d ic t io n s  f o r  h a rd  s t e e l s  were i n  good agreem ent w ith  

th e  p r a c t i c a l l y  observed  v a lu e s#  Landberg*e work 

however was perform ed e n t i r e l y  w ith  m ild  s t e e l  and fo rc e  

p r e d ic t io n s  were w e ll below th e  p r a c t i c a l  v a lu es#  

C a lc u la t io n s  b ased  on M arsh a ll and Ghaw* s r e s u l t s  f o r  

s o f t  m a te r ia l s  were a ls o  i n  e r r o r  by a  s im i la r  amount#

I t  i s  su g g ested  t h a t  some d if f e r e n c e s  i n  w ear mechanism 

o p e ra te  betw een th e  g r in d in g  o f  hardened  s t e e l  and 

s o f t e r  m a te r ia ls #

Landberg a ls o  observed  t h a t  a  h a rd  w heel gave th e  

h ig h e s t  fo rc e s^ a  s o f t  wheel th e  lo w est*  The h a rd  w heel 

i s  more l i k e l y  to  g la z e , th e  s o f t  wheel to  s e l f  sharpen#

I t  i s  to  be ex p ec ted  th e r e fo r e  t h a t  th e  s o f t  wheel w i l l  

have sh a rp e r  g r i t s  and th e s e  w i l l  g iv e  g r in d in g  s c ra tc h e s  

w ith  a  s m a lle r  w id th /d e p th  r a t i o  and co n seq u en tly  low er 

c u t t in g  fo rc e s *

3*4*4 c o n s ta n t  F orce  Grinding^

C o n stan t fo rc e  g r in d in g  i s  a  r e c e n t  in n o v a tio n  and 

th e  s e t-u p  shows c o n s id e ra b le  s im i la r i t y  to  th e  p in  and 

r in g  machine re p o r te d  l a t e r #  U su a lly  sm all d ia m e te r  

w heels a re  employed and th e s e  a re  lo ad ed  a g a in s t  th e
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Fig. 11 W h e« l  d o p lh  of  cu t v « r iu s  n o r m a l  fore*  fo r  flv* w h **I*  o f  d if -
f c r o n t  h o r d n e » »

Whee l :  CMMCo. 80J K, L, M, N6 IV , X iV i X Vi 
Work: AISI 4150 55C 2V< in. bore X 1 '/, wide
IVficclspcod: 17,500 rpm 

orkspeod : 1000 rpm

F ig  3 .9  T h eo retica l p red ic tio n s  compared vrith Hahn's ( I 964.) 
experim ental r e s u lt s .
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C onditions: 'Tneel speed 13,400 rev/min,V/heel diam eter 1.790 in .
\7ork sneed 1^30 rev/m in, Work diam eter 2,315 in ,
Work m ateria l AI3I 4150 3% = 53 -  55.

P ig  3.10 T h eo retica l p red ic tio n s  compared vdth Hahn*3( 1965) r e su lts ,
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F ig  3 ,1 1  Wear th eo ry  p r e d ic tio n s  compared w ith  îkihn's ( 1963) 
experim ental r e s u l t s .
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F ig  3,12 Comparison o f  Optiz e t  a l ’ s ( I 963) experim ental r e s u lt s  
w ith  wear th eo ry  p r e d ic t io n s .



work u n d er th e  a c t io n  o f  a  c o n s ta n t f o r c e # Hahn (1955 , 

1956* 1962* 196h# 1965) h a s  r e p o r te d  e x te n s iv e ly  on 

t h i s  ty p e  o f  g rin d in g *  TRhen th e  p ro c e s s  i s  o p e ra tin g  

s a t i s f a c t o r i l y  th e  r a t e  o f  m eta l rem oval v e rsu s  tim e 

shows a  l i n e a r  r e la t io n s h ip ;  s im i la r ly  th e  r a t e  o f  m eta l 

rem oval v e rsu s  norm al fo rc e  i s  l i n e a r  f i g  (3*9)»

The r e la t io n s h ip  betw een observed  and p re d ic te d  

norm al fo rc e s  i n  th e  ca se  o f  Hahn^s r e s u l t s  f o r  c o n t ro l le d  

fo rc e  g r in d in g  a r e  shown i n  f i g s  (3*10 and 3*11) • I n  a l l  

c a se s  th e  p re d ic te d  fo rc e s  a r e  g r e a t e r  th a n  th o se  ob serv ed , 

th e  e r r o r  b e in g  an  o v e r e s tim a te  o f  ab o u t 25^» T h is  may

w e ll be accounted  f o r  by th e  v a lu e  o f  th e  w id th /d e p th  

r a t i o  assumed namely 2 0 s i*

OpitB e t  a l  ( 1965) have a l s o  s tu d ie d  c o n tro l le d  

fo rc e  g r in d in g  and t h e i r  r e s u l t s  show a  l i n e a r  r e la t io n s h ip  

betw een norm al fo rc e  and ground volume p e r  u n i t  t im e . The 

e t e e l  b e in g  ground was o f  r e l a t i v e l y  low h ard n ess  

/V 200 Kg/mm^ compared w ith  A/ 600 Kg/am^ i n  Hahn^s 

ejqperim ents # Force p r e d ic t io n s  b ased  on Qpitm e t  a l^ e  

w ork, shown i n  f i g  (3*12) a re  i n  e r r o r  by a f a c to r  o f  

f o u r ;  th e  p re d ic te d  f ig u re s  b e in g  o n ly  25^  o f  th e  

observed#

3*U*5 Abrasiignlsai!:
A brasive  wear th e o ry  can e q u a lly  w e ll be aig>lied

to  th e  ru b b in g  o f  m a te r ia l s  a g a in s t  a b ra s iv e  p ap e rs  such
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a s  emery# U n less  th e  specim en i s  c o n s ta n tly  p re se n te d  

w ith  f r e s h  a b ra s iv e  p ap e r th e  w ear r a t e  g ra d u a lly  f a l l s  

a s  th e  a b ra s iv e  i s  used  up#

ttu lh ea m  and Gamuels (1962) perform ed experim en ts 

i n  which th e  a b ra s iv e  s u r fa c e  was used  re p e a te d ly #  They 

showed t h a t  m e ta l was removed i n  th e  form o f  ch ip s  and 

t h a t  th e  w ear r a t e  f e l l  p ro g re s s iv e ly  a s  th e  su rfa c e  o f  

th e  p a p e r  g ra d u a l ly  l o s t  i t s  a b ra s iv e  p ro p e r t ie s #  T h e ir  

th e o r e t i c a l  p r e d ic t io n s  wore i n  e r r o r  by a  f a c t o r  o f  te n ;  

t h i s  was due th e y  p o s tu la te d  to  th e  f a c t  t h a t  on ly  

o f  th e  g r i t s  were c u t t in g ;  th e  rem ainder m erely  plough 

th e  su r fa c e  a s  th e y  do n o t have s u i t a b le  * a t t a c k  angle* #

A ty p ic a l  w ear cu rve  i s  shown i n  f i g  (2 .1 8 )*

A brasive  w ear c a lc u la t io n s  were c a r r ie d  o u t f o r  th e  

l i n e a r  p o r t io n  o f  th e  t e s t  a t  th e  b eg in n in g  o f  th e  ru n ; 

th e s e  gave a  w ear r a t e  th re e  tim es th a t  o f  th e  ex p erim en ta l 

f ig u re #  I t  sh o u ld  be p o in te d  o u t t h a t  th e  m eta l b e in g  

abraded  was m ild  s t e e l  so th e  d isc re p an c y

i s  s im ila r  to  t h a t  observed  when g r in d in g  s o f t  m a te r ia ls #  

Kruschov and B a b ic h e v 's  (1957) experim en ts u s in g  

a b ra s iv e  p a p e rs  d i f f e r e d  from  th o se  a lre a d y  m entioned 

i n  t h a t  th e  specim en was c o n tin u o u s ly  en co u n te rin g  50% 

f r e s h  emery p a p e r ;  changes i n  th e  p r o p e r t ie s  o f  th e

w earing  s u r fa c e s  i n  some c a s e s  due to  c lo g g in g  and I n  

o th e r s  due to  b lu n t in g  o f  th e  a b ra s iv e  w i l l  l a r g e ly  be 

e lim in a te d *  T h e ir  r e s u l t s  w ere ex p ressed  i n  term s o f  

w ear r e s i s ta n c e  and th ey  showed t h a t  w ith  p a re  m e ta ls  t h i s



Table 5.5.
Expérimental wear results for a range of materials run against carborundum 

* for a distance of 6 m* under a load of 1 Kg at a velocity of 0*5 n/s(due 
to Nathan and Jones 19̂ 7) compared with theoretical wear rates*

Material V.P.N. Caî borundum mTheory
Toi. removed mm̂ . Vol. removed mm̂ *

Tin. 10*8 16.15 27*9

Aluminium* 33.9 14..78 8.85
Copper* 61.9 5.27 3.15

Phosphor Bronze* 70.5 3.28 4.26

Niobium* 1090 3.19 2*74
Steel* 123 2.48 2*44
Nickel*

1Steel.
157 2.30 1.91

177.5 2.13 1*69

Steel* ; 222 1.85 1.35
Steel. 286.5 2.06 1.05

1: eel* 381|. , 1.80 0*78
Steel. 4% ' 1.65 0.62

Steel* 516 1.46 0*58
Steel* 576 1.23 0.52

Ni-hard type 4* 628 1.63 0*48
Ni-hard type 1* 689 1.55 0*44
Tool steel* 824. 1.29 0*56

Tool steel* 891 1.07 0*34

♦ Theoiy using equation 3*50 assuming «4 ■ 1, â m 1 and cot0 a
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v a r ie d  I n  a  l i n e a r  manner w ith  h ard n ess#  S te e ls  on th e  

o th e r  hand behaved d i f f e r e n t l y ;  w ith  a h a rd n ess  v a r ia t io n  

o f  4M (200 Kg/mm^ s o f t  to  850 h ard ) th e  w ear

r a t e  o n ly  changed by a f a c to r  o f  two# T h is  o b se rv a tio n  

adds f a r th e r  su p p o rt to  th e  id e a  th a t  th e  e f f ic ie n c y  o f  

th e  a b ra s io n  p ro c e s s  i s  g r e a te r  f o r  h a rd  th a n  s o f t  

m a te r ia l s ;  t h i s  a p p l ie s  even when th e  a b ra s iv e  i s  

p erfo rm in g  s a t i s f a c t o r i l y ,  ig n o r in g  th e  e f f e c t s  o f  

c lo g g in g  f i g  (2 ,1 2  and 2#1h)#

In  a  s tudy  o f  th e  in f lu e n c e  o f  th e  h a rd n ess  o f  

a b ra s iv e s  on th e  a b ra s iv e  wear o f  m e ta ls  Nathan end 

Jo n es (1967) used  a b ra s iv e  b e l t s  and a  v e ry  la rg e  range 

o f  m e ta ls  o f  w idely  d i f f e r in g  h ard n esses#  The t e s t s  

were a rran g ed  so th a t  th e  specim en was c o n s ta n tly  

b e in g  p re se n te d  to  f r e s h  a b ra s iv e #  T h e ir  r é s u l t a  

showed th e  r e la t io n s h ip  betw een wear volume and m etal 

h a rd n e ss  f o r  a number o f  d i f f e r e n t  a b ra s iv e s  f i g  (2 #17)# 

Thus w ith  carborundum changing th e  h ard n ess  o f  th e  s t e e l  

b e in g  ab raded  from p^123 to  p^891 Kg/mm^ a f a c to r  o f  

ab o u t 8 si o n ly  p roduces a  change in  w ear r a t e  o f  2#Ui1 •

As in  p re v io u s  work a lre a d y  d isc u sse d  i t  ap p ears  t îm t 

hardened  s t e e l  i s  more r e a d i ly  abraded  th a n  would be 

expected  r e l a t i v e  to  a s o f t  s te e l#  The r e s u l t s  o f

ap p ly in g  a b ra s iv e  w ear th e o ry  a re  shown i n  ta b le  3*5 and 

f i g  (2*17) * W ith carborundum corundum and f l i n t  th e  

th e o r e t i c a l  and p r a c t i c a l  cu rv es  meet a t  a h a rd n ess  

v a lu e  o f  abou t 150 Kg/ma # th e  p re d ic te d  wear r a t e s  f o r



hardaaed steel being well below those observed 
practically* This apparent departure from the 
previous pattern of results, namely good agreement 
between observed and predicted forces with hardened 
steels poor with soft steels, is probably due to the 
value of the width/depth ratio assumed which was 20:1 • 
This figure althou^ typical of fine grinding is 
probably Inaccurate for abrasive belts and if adjusted 
to give the correct wear rate for hardened steel, that 
for steel with a hardness of 123 Kg/mm^ will be about 
three times the practically observed value*

3.5 Discussion and Conclusions
Undoubtedly the most significant fact which emerges 

from a study of experimental results reported in the 
literature is the very marked difference in the wear 
behaviour of hard and soft steel. Force predictions 
were in good agreement with the practically observed 
values with hardened steels assuming the parameters oC and 

were unity. Similar calculations for soft materials 
were in error; observed forces being greater than
predicted by as much as h;1. Several explanations
are possible; the width/depth ratio assumed could be in 
error for example; this would imply that the scratches 
formed on a hardened steel are sharper than those produced
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? ig  3.13 Showing a p o ss ib le  e f f e c t  o f ploughing on the  
cu ttin g  mechanism of a s in g le  g r i t .



on a soft steel under similar conditions. There is no 
practical evidence to support suggestion. Alternatively 
only a proportion of the scratch volume may be removed 
or only a proportion of the grits may be cutting. 
Obviously adjusting either or both d  and g to values of 
less than unity would reconcile the practical results 
with the theoretical predictions. Altering either 
parameter will considerably influence the basic cutting 
mechanism. If it is assumed that only a proportion of 
the abrasive grits are cutting, the others merely 
ploughing a groove, it would imply when only 10% were 
active that each grit will remove a chip ten times as 
large as it would have done had all the grits been 
cutting. The alternative explanation, that only a 
proportion of the groove volume is removed,appears to 
give a more acceptable result. For example, in a 
process such as surface grinding the assumption that 
only 10% of the groove is removed leads to the ratiier 
surprising conclusion that each grit will still remove 
a chip of the same size but this will, of course be a 
proportion of a much larger groove fig (3 *13 ) • The 
mechanism by which a proportion of a groove can be 
removed must be fairly complex and probably very 
different from that of single point cutting; the breakaway 
of the built up edge of the groove may well be a 
significant factor. Experimental support for the second



eu g g e e tlo n  I s  p ro v id ed  by S troud  and ivliman (1 9 6 2 ), who, 

a s  a r e s u l t  o f  t b s t a  w ith  a b ra s iv e  p ap e rs  concluded th a t  

o n ly  a p ro p o r t io n  o f  tho  groove volume was a c tu a l ly  

removed; a  v a lu e  o f  ^  20% was quoted a s  a  r e s u l t  o f  

t h e i r  work* A d d itio n a l ev idence  i s  p ro v id ed  by 

O risb ro o k  (1 9 6 2 ), who c a r e f u l ly  determ ined  th e  number o f  

• a c t i v e ’ g r i t s  i n  th e  su rfa c e  o f  a  g r in d in g  wheel and 

th e n  counted  th e  number o f  c h ip s  produced when g r in d in g  

w ith  th e  same w heel* He deduced th a t  th e  number o f  

a c t iv e  g r i t s  was s u b s t a n t ia l ly  th e  same a s  th e  number o f  

c h ip s  form ed so t h a t  each  g r i t  co u ld  be s a id  to  have 

removed a ch ip *  These o b se rv a tio n s  f u l l y  su p p o rt th e  

su g g e s tio n  t h a t  i n  c e r t a i n  c irc u m sta n ces  o n ly  q  p ro p o r tio n  

o f  th o  groove volume i s  removed; i f  i t  i s  assumed th a t  

o n ly  a p ro p o r t io n  o f  th e  g r i t s  a re  c u t t in g  th e re  should  be 

a  co rre sp o n d in g  r e d u c t io n  i n  th e  number o f  c h ip s  produced* 

C onsequently  one would have ex p ected  a  s ig n i f i c a n t  

d i f f e r e n c e  betw een th e  number o f  c h ip s  and th e  number o f  

g r i t s .

B ackerf M arsh a ll and Shaw (1952) claim ed th a t  th e  

g r in d in g  p ro c e s s  sh o u ld  be in te r p r e te d  i n  term s o f  g r i t  

d ep th  o f  c u t  and s p e c i f ic  en e rg y ; th e se  p a ram ete rs  do n o t 

form a  p a r t  o f  an  a b ra s iv e  w ear tre a tm e n t o f  g rin d in g *

The g r i t  d ep th  o f  c u t  i e  d i f f i c u l t  to  d e te rm in e ; i t s  

v a lu e  depends c r i t i c a l l y  on th e  w id th /d e p th  r a t i o  o f  th e  

s c ra tc h e s  on th e  ground su rfa c e  and th e  number o f  c u t t in g  

p o in ts  p e r  sq u are  in c h  o f  w heel s u r f a c e .  I t  i s  th e  l a t t e r



f a c to r  which i s  th e  most d i f f i c u l t  to  o b ta in  end f o r  

which th e  w id es t v a r ia t io n s  have been  observed# F or 

exam ple. In  th e  case  o f  a  36 g r i t  wheel v a lu es  o f  C 

ran g in g  from 900 to  15^000 have been  re p o rte d *  O bviously 

t h i s  c a s t s  co n s id e ra b le  doubt on th e  f i n a l  g r i t  dep th  o f  

c u t  f ig u r e s  which have been d e r iv e d  # D esp ite  th e  

d i f f i c u l t y  o f  o b ta in in g  a p r e c is e  v a lu e  f o r  th e  g r i t  

d ep th  o f  c u t  i t  p ro v id e s  a  u s e fu l  p aram ete r In  term s o f  

which th o  g r in d in g  p ro c e ss  can  be d isc u sse d *  I t  en a b le s  

one to  p r e d ic t  th e  p o s s ib le  e f f e c t s  o f  a l t e r a t i o n s  i n  

th o  g r in d in g  c o n d itio n s  (w heel sp eed , wheel dep th  o f  

c u t ,  c ro sE -feed  and g r i t  e ls e )  on th e  b eh av io u r o f  th e  

wheel and th e  q u a l i ty  o f  th e  su r fa c e  produced* The 

e q u iv a le n t f a c to r  i n  a b ra s iv e  w ear th e o ry  i s  th e  r a t e  

o f  m eta l removal p e r  u n i t  s l id in g  d is ta n c e #

Tho second p a ram e te r, s p e c i f ic  en e rg y , i s  a  m easure 

o f  th e  work done to  remove a  s p e c i f ic  volume o f  work 

m a te r ia l  and i s  c a lc u la te d  u s in g  th e  ta n g e n t ia l  fo rc e  

developed  in  th e  g r in d in g  p ro cess#  A brasive w ear th e o ry  

a s  such makes no d i r e c t  p r e d ic t io n  o f  th e  ta n g e n t ia l  

fo rc e  b u t p r a c t i c a l  v a lu e s  when g r in d in g  s t e e l  have*been 

o f  th e  o rd e r  o f  0 .4  to  0*6 o f  th e  norm al fo rce*  P rov ided  

a l t e r a t i o n  o f  th e  g r in d in g  c o n d it io n s  h as  no e f f e c t  on 0  ,  

cC and 3  th e re  would be no co rresp o n d in g  change i n  

s p e c i f ic  energy# Any d r a s t i c  change in  o  , cC, and 3  

would produce a co rresp o n d in g  change in  th e  t a n g e n t ia l
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fo rc e  ond th e re fo r e  i n  th e  s p e c i f ic  energy# I f  th e  

p ro c e s s  becomes l e s s  e f f i c i e n t  3  v e ry  la rg e  and cK end 3  

c o n s id e ra b ly  below u n i ty  th e  s p e c i f ic  energy  w i l l  

I n c r e a s e ,  b u t a t  no tim e would a c o n d it io n  bo p re d ic te d  

a t  which a c o n s ta n t v a lu e  would bo o b ta in ed  a s  suggested  

by B acker e t  a l#  The more r e c e n t  work o f  b o th  Hahn 

( 1962) and O risb ro o k  ( i 960) ,  a lth o u g h  su p p o rtin g  a 

ru b b in g  c u t t in g  t r a n s i t i o n  does n o t f u r th e r  th e  concept 

o f  a c r i t i c a l  l im i t in g  v a lu e  f o r  th e  e p e c if io  e n e r ^ #  

S urface f i n i s h  i s  an  im p o rtan t f e a tu re  o f  th e  

g r in d in g  p ro c e ss  and in  many a p p l ic a t io n s  ac co u n ts  f o r  

i t s  U80 i n  p re fe re n c e  to  o th e r  m achining m ethods*

A brasive  wear th e o ry  makes no d i r e c t  p r e d ic t io n s  

concern ing  s u rfa c e  f i n i s h ;  however one cou ld  surm ise 

t h a t  th o  low er th e  r a t e  o f  m etal rem oval p e r  u n i t  e l id in g  

d is ta n c e  th e  b e t t e r  w i l l  be th e  r e s u l t in g  s u r fa c e  f in is h *  

As g r i t  s i s e  does n o t f e a tu r e  i n  th e  th e o ry  presum ably 

su rfa c e  f in i s h  w i l l  be s u b s t a n t i a l ly  Independent o f  t h i s  

f a c t o r ;  O risb rook*s (i9 6 0 ) r e s u l t s  su p p o rt t h i s  s ta tem en t 

a lth o u g h  th e  range o f  g r i t  s iz e s  used  wan r e l a t i v e l y  

sm all # More r e c e n t ly  nn ex p erim en ta l s tu d y  by Farm er, 

B reaker and Shaw (I960 ) h as  shown th a t  th e  moat Im portan t 

v a r ia b le  to  produce a  good su rfa c e  f i n i s h  in  s u rfa c e  

g r in d in g  was a low t a b le  speed# The v a r ia b le s  l i s t e d  

below b e in g  o n ly  a h a l f  to  a  t h i r d  aa im p o rtan t and should  

be a d ju s te d  l a  th e  d i r e c t io n  in d ic a te d  f o r  a  good f in is h #



lâM Æ Æ
»ilieel dreücing 
?,"heel grade 

Grain sizs 
Type of grind 
Wheel speed 
Wheel depth of cut 
Work hardness

¥ 0 R GOOD FINISH
Fine
High
Fine
Up
High
Low
Hard

It is highly significant that those variables which 
give a good surface finish are also moved in the same 
direction to reduce the rate of metal removal per unit 
eliding distance, namely table speed, wheel speed, wheel 
depth of cut and work hai»dneeB.

The rapid removal of metal is therefore incompatible 
V f i t h  a good surface finish; and the variable which is 
most significant in controlling metal removal rate, 
namely table speed, has the greatest effect on surface 
finish*

In most precision grinding processes the wheel is 
dressed using a diamond; a number of studies involving 
various techniques have been reported. It is necessary 
to develop a standard technique if subsequent grinding 
experiments are to five consistant results. Although 
there is no general agreement as î egards the method to 
be adopted (type of diamond, cross feed per rev, wet



7

OP dpy) aoBt w orkers have shown th a t  marked v a r ia t io n s  

o ccu r I n  grinding; Porces^ f o r  example when d i f f e r e n t  

d re c c ln g  p ro ced u res  a re  used# Ho v e ry  p r e c is e  re a so n s  

have been  advanced f o r  th e se  fo rc e  v a r i a t i o n s ,  ex cep t 

f o r  th e  su g g es tio n  t î i a t  I n  g e n e ra l te rm s th ey  a rc  a 

fu n c t io n  o f  g r i t  sh a rp n ess  ♦ An a b ra s iv e  wear tre a tm e n t 

shows th a t  th e  r a t e  o f  m eta l rem oval depends c r i t i c a l l y  

on th e  w id th /d e p th  r a t i o  o f  th e  s c ra tc h e s  formed by  th e  

in d iv id u a l  g r i t s #  I f  th e  method o f  d re s s in g  produces 

g r i t s  w ith  a sm all In c lu d ed  a n g le , th e  g r in d in g  fo rc e s  w i l l  

be low ; g r i t s  w ith  n v ery  la rg e  In c lu d ed  a n g le  on th e  o th e r  

hand would g iv e  h ig h  c u t t in g  fo rc e s#  The v a r ia b le s  oC and 

3 a rc  l a r g e ly  a fu n c tio n  o f  th e  m a te r ia l  b e in g  ground 

and th e  e f f e c t  o f  th e  g r in d in g  c o n d itio n s  on th e  a b ra s iv e s  

p erfo rm ance; g la z in g  o r  lo a d in g  w i l l  reduce th e  a b ra s iv e * s  

e f f e c t iv e n e s s  #

G risb ro o k  (i9 6 0 ) h as  shown th a t  th e  g r in d in g  fo rc e s  

can  g ra d u a lly  change d u rin g  a t e s t ;  i n  th e  l a t t e r  s ta g e s  

fo rc e s  in c re a s e #  Such changes a r e  c o n ^ a tib le  w ith  an  

a b ra s iv e  w ear tre a tm e n t i f  i t  i s  assumed t h a t  © g ra d u a lly  

changes a© g r in d in g  p ro ceed s ; i t  would be n e c e ssa ry  to  

u se  a  l a r g e r  v a lu e  o f©  which im p lie s  t h a t  th e  g r i t s  a re  

g e t t in g  b lu n te r#  In  a  p ro c e ss  such a s  e u p e r^ f in is h in g  th e  

v a lu e  o f  © pi*obably approaches 90®#

In  wear s tu d ie s  tho  d is c re p a n c ie s  betw een th e  

th e o r e t i c a l  and p r a c t i c a l  wear r a t e s  a re  accounted  f o r  by
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fo r  a g iven  s te e l(o L  and /S co n s ta n t) .
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F ig  3,15 Showing th e  e f f e c t  o f v a r ia t io n s  in  th e  v a lu e  o f  3
on normal fo r c e  fo r  a g iven  s t e e l (oL  and w idth /depth  r a t io  
co n sta n t).
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th e  s o - c a l le d  K f a c t o r .  In  a b ra s iv e  wear th eo ry  th e  

K f a c to r  has e f f e c t iv e ly  been  su b d iv id ed  in to  th re e  

cL ia tlnc t p a r t s ,  a l l  o f  which can  be m easured f o r  any 

p a r t i c u l a r  p ro c e s s .

K S3 c o t  G. d . ^

Knowing tho  h a rd n ess  o f  th e  work m a te r ia l#  th e  r a t e  

o f  m etal removal p e r  u n i t  s l i d in g  d is ta n c e #  th e  w id th / 

r a t i o  o f  th e  s c ra tc h e s  on th e  ground s u r fa c e  and th e  

p ro p o r tio n  o f  th e  groove volume removed, i t  I s  now p o s s ib le  

to  p r e d ic t  g r in d in g  f o r c e s .  I t  i s  su g g ested  th a t  cu rves 

s im ila r  to  th o se  shown i n  f ig s  (3#1h and 3 .15 ) co u ld  be 

used  f o r  e s tim a tin g  fo rc e s  p ro v id ed  tho  p ro c e ss  i s  

o p e ra tln ri c a t ! s f a o to r l ly  .

OOnOLOSIORS

( i )  G rind ing  can be reg a rd ed  a s  an  a b ra s iv e  wear

p ro c e s s ; th e  most im p o rta n t p a ram ete r b e in g  tho  

r a t e  o f  m etal rem oval p e r  u n i t  s l id in g  d is t a n c e .

(11) The g rin d in g  wheel must be c u t t in g  ’ f r e e l y ’ I f  

fo rc e  p r e d ic t io n s  a re  to  be  made. I f  m e ta l l ic  

p a r t i c l e s  a r e  n o t b e in g  removed a b ra s iv e  w ear 

th eo ry  w i l l  g ive  a q u a l l t iv e  assessm en t o f  th e  

p ro c e s s , o#g , su p er f i n i s h in g .

( i i i ) I n  o rd e r to  make a c c u ra te  fo rc e  p r e d ic t io n s  th e  w id th / 

r a t i o  c f  th e  s c ra tc h e s  made on th e  ground s u r fa c e  

must be known.
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( Iv )  111© h ig h  force©  observed  when g r in d in g  s o f t

m a te r ia l s  can  be accounted  f o r  I t  i t  l e  assumed 

t h a t  on ly  a p ro p o r t io n  o f  th e  groove volume l a  

rem oved, o r  o n ly  a p ro p o r tio n  o f  tho  g r i t s  a re  

c u t t i n g .  These f a c to r s  must be ta k en  in to  accoun t 

when making fo rc e  c a l c u l a t i o n s .

(v) To p r e d ic t  g r in d in g  fo rc e s  th e  h a rd n ess  o f  th e  work 

m a te r ia l  m ust be known.
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4# Wear T e s t s .

4 * 1 . I n t r o d u c t io n #

P ro b ab ly  th e  m ost obv ious and s ig n i f i c a n t  d if f e re n c e  

betw een g r in d in g  and a b ra s iv e  w ear i s  th e  ru b b in g  speed 

used  i n  each  o f  th e  p ro c e s se s#  T y p ica l s u r fa c e  speeds i n  

g r in d in g  a r e  /vSpOOO f t /m in ,  th o se  f o r  a b ra s iv e  wear 

/VSOO f t/m in #  Indeed  a  number o f  s tu d ie s  o f  th e  b a s ic  

mechanism o f  a b ra s iv e  w ear have been c a r r ie d  o u t a t  

ex trem ely  low s l i d in g  speeds A / 1 f t/m in #

The m ain purpose  o f  th e  p re s e n t  work w ith  s o l id  

a b ra s iv e s  (g r in d in g  w heels and a b ra s iv e  s t i c k s )  h as  been  to  

e z p lo re  th e  ty p e s  o f  w ear b eh av io u r which o ccu r o v er a  wide 

range o f  speed and lo a d s .  I t  was hoped to  o b ta in  some 

in d ic a t io n  o f  w hether a  s im i la r  mechanism a p p l ie s  th ro u g h o u t 

th e  ran g e  and a s c e r t a in  w hether th e  r e s u l t s  co u ld  be use«  

f u l l y  compared w ith  th o se  re p o r te d  e lsew here  i n  th e  

l i t e r a t u r e  f o r  ad h esiv e  w ea r, i n  p a r t i c u l a r  th e  m ild -se v e re  

w ear t r a n s i t i o n  r e p o r te d  f o r  s t e e l s  (W elsh 1965) #

E xperim ents w ith  s o l id  a b ra s iv e s  a ls o  p ro v id e  an  

o p p o r tu n ity  o f  a s s e s s in g  to  what e x te n t  th e  rem oval o f  

m a te r ia l  by a  g r in d in g  w heel can  be reg a rd ed  a s  an  a b ra s iv e  

w ear mechanism, e s p e c ia l ly  when th e  r e s u l t s  a r e  compared 

w ith  th o se  p re d ic te d  by w ear th e o ry .

A p p a ra tu s .

Two p in  and r in g  m achines were u s e d .  One was cap ab le  

o f  c o v e rin g  a  w ide range o f  sp eed s and lo a d s  (1*30,000 rpm* 

and UOg-lOKg), th e  o th e r  a  low speed  machine (Irpm ) co u ld  

a ls o  accom odate lo a d s  o f  hOg to  lOKg. The e s s e n t i a l
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P i g ,  L . l  Two a rra n g e m e n ts  o f  t h e  p in  and r i n g  w ea r m ach in e .

F ig , 4 .2  biamond dressing  attachment f i t t e d  to  the p in  and ring  
wear machine.
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d e t a i l s  f o r  th e  a b r a s iv e  wheel ex p e ris ie n ts  a re  shown i n  

f ig # h # la ;  a  r in g  B n o m in a lly  1 in c h  d ia m e te r mounted on a 

s h a f t  A i s  r o ta te d  a g a in s t  a  p refo rm ed  p in  C under a  lo a d  

P# The ends o f  th e  d iam ete r s t e e l  p in s  were machined 

to  0#175” square  and  th e n  p reform ed  by g r in d in g  to  a  

r a d i u s .  A square  p refo rm ed  p in  was u sed  to  ensure  t h a t  a  

c o n s ta n t nom inal a r e a  o f  c o n ta c t was m ain ta in ed  s in c e  

changes i n  mechanism hay be s e n s i t iv e  to  p r e s s u r e . I n  

o rd e r  to  av o id  e x c e s s iv e  v ib ra tio n #  p a r t i c u l a r l y  a t  h ig h  

speeds# i t  was found  necessaxy  to  d r e s s  th e  a b ra s iv e  w heels 

when th e y  were i n  p o s i t io n  on th e  machine* To t h i s  end a  

sm all c ro s s  s l i d e  was f i t t e d  ( f i g .  h#2) th e  w heels b e in g  

diamond d re s s e d | a  s ta n d a rd  p ro ced u re  was adopted  and 

subsequen t wear t e s t s  w ith  s t e e l  gave re p ro d u c ib le  r e s u l t s .  

The w ear o f  th e  p in  was m easured by w eighing  u s in g  a  chem ical 

b a la n c e ; t h a t  o f  th e  w heel was g e n e ra l ly  to o  sm all to  be  

m easured r e l i a b l y  ex cep t when u s in g  v ery  h ig h  lo a d s  /VlOKg# 

High lo a d s  produced  e x c ess iv e  w ear o f  th e  a b ra s iv e  p ro b ab ly  

due to  bond p o s t  ru p tu re  and c ru sh in g  o f  th e  g r i t s *

F or t e s t s  w ith  a b ra s iv e  p in s  a  c ro s s * c y lin d e rs  

c o n f ig u ra tio n  was used# f i g * . l b ;  th e  w ear o f  th e  a b ra s iv e  

p in  was m easured by o b se rv in g  th e  w ear s c a r  on th e  p in  and 

t h a t  o f  th e  s t e e l  r in g  by w eighing*

Both th e  p in s  and r in g s  made from s t e e l  had  a  ground 

f i n i s h  and were deg reased  im m ediately  p r i o r  to  u s e .  

tnie t e s t s  were c a r r ie d  out#  u n lu b r ic a te d #



Table 4 .1 .

W#I#3#R*A# f̂Cr f s V.P.N.
Code.
AD 0.025 0.01 0.01 0.001 0.006 0.011 0.002 210
ON 0.63 0.13 0.05 0.24 0.07 0.048 0.04 263
DAK 0.985 0.12 0.07 0.23 0.64 0.05 0.032 350

2 8^ r F erriti*  stain leas s te e l 20j33r 198
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4*3 M a te r ia l s #

A ran g e  o f  b o th  s t e e l s  and a b ra s iv e s  were t e s t e d .

Most o f  th e  m a te r ia ls  l i s t e d  were u sed  f o r  wear# g r in d in g  

and s c ra tc h  t e s t s #

S t e e l s .

The s t e e l s  were p ro v id ed  by th e  B r i t i s h  I ro n  and 

S te e l  R esearch  A s s o c ia tio n  and t h e i r  a n a ly s e s  e r e  shown i n  

T able h $ l*

A b ra s iv e s .

The a b ra s iv e  m a te r ia ls #  whiCh were su p p lie d  by th o  

Carborundum Company L td .#  were i n  th e  form  o f  s t i c k s  and 

g r in d in g  w heels#  Com plete d e t a i l s  o f  th e  m a te r ia ls  u sed  

a r e  g iv e n  b e lo w .

A b rasiv e  s t i c k s .

i ” d ia m e te r  Medium Grade S i l ic o n  Carbide ( e q u iv a le n t  

to  0 180 * Q5 VO) •

g r in d in g  w h ee ls#

Aluminium ox ide v i t r i f i e d  bonded w heels were used  

i n  th r e e  g r i t  s is e s #  h a rd n ess  #nd s t r u c tu r e  b e in g  k ep t 

c o n s ta n t .

1^ d ia m e te r  w heels f o r  th e  p in  and r in g  machine 
BA36 -  L5 ^  VPBLÜ.
BA60 *  L5 -  VFBLO.
BA120 * L5 *  VFBLU.

7" d ia m e te r  w heels f o r  Jo n es end Shipman 540 su r fa c e

g r in d e r*
BA36 *  L5 ^  VFBLU#
BA60 * L5 •  VFBLU.
AAIOO *  L5 ^  VP8.
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ABRASIVE PIN,

SU D fN A  %>fS.TANCE x/o5

? ig .4 .6  Wear curves o f diameter s i l ic o n  carbide pin  and 1" diameter
0 ,6 ^  s t e e l  ring rubbing togeth er  under .a load o f 375g and 
at a speed o f 750 rpm. I

P ig . 4*5 Glazed abrasive p in . P ig . 4.7 Glazed abrasive wheel.

I
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it .il P re lim in a ry  E ro e rlm en ts  .

W ear/m iiiln ;? d is ta n c e  b e h a v io u r .

E xpsrim cnts were c a r r ie d  o u t o v er a  w ide range o f  

lo a d s  and s l id in g  speeds u s in g  s e v e ra l  m a te r ia l s ;  th e  t e s t s  

Invo lv ed  th e  rubb ing  o f  a b ra s iv e  p in s  a g a in s t  s t e e l  r in g s  

and s t e e l  p in a  a g a in s t  a b ra s iv e  w heels*

Two o f  w ear p a t t e r n  em erged.

(1) Wear was d i r e c t l y  p r o p o r t io n a l  to  s l i d in g

d is ta n c e ,  th e  wear p ro d u c t b e in g  m e ta l l ic  c h ip s  ( o . f *  

sev e re  w e a r)#

( 2) The w ear r a t e  g ra d u a lly  f e l l  w ith  s l id in g  

d is t a n c e .  The w ear p ro d u c t changed d u rin g  th e  t e s t  from 

f in e ly  d iv id e d  m e ta l l ic  d e b r is  to  f i n e ly  d iv id e d  o x id is e d  

m e ta l l ic  m a te r ia l  ( o * f .  m ild  w e a r) .

G en e ra lly  th e  a b ra s iv e  wheel experim en ts gave l i n e a r  

r a t e s  o f  wear ( f i g  4 .3 )  b u t i f  c o n d it io n s  were p a r t i c u l a r l y  

u n fav o u rab le  a  p ro g re s s iv e ly  changing w ear r a t e  was observed  

( f i g  4*4)# T h is  d e c l in e  i n  w ear r a t e  was u s u a l ly  a s s o c ia te d  

w ith  g la r in g  ( f i g  4*3)» Expérim enta w ith  a b ra s iv e  p in s  

alw ays showed à  re d u c tio n  i n  w ear r a t e  w ith  s l id in g  d is ta n c e  

( f i g  4 * 6 ); th e  f a l l  i n  w ear r a t e  was a g a in  a s s o c ia te d  w ith  

g la z in g  and c lo g g in g  o f  th e  a b ra s iv e  w ith  w ear d e b r is  

( f i g  4*7) # A l i n e a r  wear r a t e  was n ev e r  observed  i n  th e  

a b ra s iv e  p in  ex p e rim en ts , p ro b ab ly  due to  th e  s e v e r i ty  o f  

th e  c o n d i t io n s .  The same a re a  o f  the p in  i s  alw ays i n  

c o n ta c t  w ith  th e  s t e e l  r in g  th u s  c lo g g in g  and g la z in g  a re  

more l i k e l y  to  o c c u r, e f f e c t s  w hich a r e  f u r th e r  ag g rav a ted  

by th e  r e l a t i v e l y  f in e  g r a in  s iz e  o f  th e  p in  m a te r ia l  

(180 g r i t ) ,
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10,000

Fig 4 .8  Vear r r te s  o f 180 g r it  ;:,br-^sive p ins r.nd O.ô TC s t e e l  r ings  
robbing to g eth er  under vr.rious lords ■'t a speed of 730 rpn; and 
rear ra te  oT 0 ,6  C s t e e l  l in s  on 60 g r it  wheels at 1 ,500 rpn.
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The v a r i a t io n  i n  w ear r a t e  w ith  e l id in g  d is ta n c e  

shown i n  F ig u re s  4#4 and 4*6 seem, a t  f i r s t  s i ^ t ,  to  be  

analogous to  th e  se v e re  w ear/m ild  t r a n s i t i o n  n o te d  in  

e a r l i e r  in v e s t ig a t io n s  o f  ad h esiv e  w ea r. I n  b o th  th e  

ad h esiv e  w ear experim en ts  and i n  th e  p r e s e n t  t e s t s  th e  

t r a n s i t i o n  c l e a r ly  r e p r e s e n ts  a  change i n  th e  mechanism o f  

w ea r. F or e x a n p le , when u s in g  an  a b ra s iv e  p in  (P ig  4*6) 

th e  t e s t s  s t a r t e d  w ith  th e  a b ra s iv e  rem oving m e ta l l ic  

p a r t i c l e s  and th e  w ear r a t e  g ra d u a lly  d im in ish ed  u n t i l ,  i n  

th e  f i n a l  s ta g e s ,  th e  d e b r is  c o n s is te d  e n t i r e l y  o f  f in e ly  

d iv id e d  ox ide*  However th e  in p o r ta n t  d if f e r e n c e  i s  t h a t  

u nder a b ra s iv e  c o n d itio n s  th e  t r a n s i t i o n  i s  much more 

g r a d u a l .  These more g ra d u a l changes i n  r a t e s  o f  rem oval, 

which o ccu r w ith  a b r a s iv e s ,  in d ic a te  a  p ro g re s s iv e ly  

changing wear s i t u a t i o n .  A t th e  o u ts e t  sh a rp  g r i t s  cause 

rem oval o f  m e ta l l ic  frag m en ts ; a t  th o  end tho  g r i t s  a re  

b lu n t  and h ig h ly  p o lis h e d  and t h i s  g la z in g  i s  accompanied 

by c lo g g in g  w ith  ox ide  d e b r i s .  The ro le  o f  d i f f e r e n t  

f a c to r s  i n  th e  g la z in g  o f  a b ra s iv e  w heels r e q u ir e s  f a r t h e r  

i n v e s t ig a t io n .

I n  th e  a b ra s iv e  p in  exp erim en ts th e  w ear r a t e s  o f  

b o th  th e  a b ra s iv e  and th e  s t e e l  co u ld  be m easured a c c u r a te ly .  

These showed ( f i g  4*8) th a t  th e  w ear p a t t e r n  f o r  b o th  

m a te r ia ls  was th e  same; a  h ig h  r a t e  o f  wear f o r  th e  a b ra s iv e  

was a s s o c ia te d  w ith  a  h ig h  r a t e  o f  m eta l rem oval; a low r a t e  

o f  w ear i n  th e  a b ra s iv e  r e s u l t e d  i n  a  co rre sp o n d in g ly  low 

r a t e  o f  m eta l rem o v a lé

A q u a l i t a t iv e  a ssessm en t o f  th e  s u r fa c e s  produced in  

th e  a b ra s iv e  p in  ex p erim en ts  showed th a t  a  g la se d  a b ra s iv e
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p in  was a s s o c ia te d  w ith  a  h ig h ly  p o lis h e d  s t e e l  su r fa c e  

and a  f r e e  c u t t in g  a b ra s iv e  w ith  a  ground f i n i s h  on th e  

s t e e l  su rface*

The e f f e c t s  j u s t  d e s c r ib e d  i n  th e  w ear c y c le  f o r  

a b ra s iv e  p in s  a re  v ery  s im i la r  to  th o se  o f  th e  su p e rs  

f in i s h in g  p r o c e s s .  T h is  p ro c e s s  i s  c la im ed  to  "remove 

th e  roughness o f  th e  ground s u r f a c e ,  p roduce any rea so n ab ly  

s e le c te d  sm oothness, and th e n  a u to m a tic a lly  cease  removing 

m e ta l" .  The s trp e r f in ish in g  p ro ce ss  i s  n o rm ally  a p p lie d  to  

ground s u r fa c e s  th e  o b je c t  b e in g  to  Improve su r fa c e  f i n i s h .  

The p ro c e ss  i s  c a r r ie d  o u t a t  r e l a t i v e l y  slow  speeds 50 to  

60 f e e t  p e r  m inute and th e  same a re a  o f  th e  a b ra s iv e  i s  

co n tin u o u s ly  i n  c o n ta c t w ith  th e  work u nder a  p re s s u re  o f 

abou t 10 to  40 l b s ,  p e r  sq u are  in c h  and a  low v is c o s i ty  

lu b r ic a n t  i s  a p p l ie d ,  A f in e  a b ra s iv e  o f  abou t 600 g r i t  

i s  n o m a l ly  u s e d .

The s iq )c rf in ish in g  c y c le  h as  been  d e s c r ib e d  a s  

fo llo w s  (G is h o lt  Machine Company 1947) t -

When th e  s to n e  i s  f i r s t  a p p lie d  to  th e  rough s u r fa c e , 

i t  on ly  c o n ta c ts  th e  r i d g e s .  I f  th e  c o r r e c t  bond h a rd n ess  

o f  s to n e  i s  used  i t  w i l l  b reak  down to  some e x te n t ,  th u s  

exposing  now and sharp  g r i t s  which w i l l  remove th e  peaks 

r a p id ly  i n  th e  form o f  co m p ara tiv e ly  la rg e  c h ip s .  As th e  

peaks a r e  reduced th e  su rfa c e  becomes sm oother and more 

g r i t s  make c o n ta c t red u c in g  th e  p re s s u re  on th e  in d iv id u a l  

g r i t s .  In s te a d  o f  th e  b lu n t  g r i t s  b e in g  to r n  o u t th e y  now 

rem ain  i n  p la c e  becoming g ra d u a lly  d u l l e r .  M etal i s  now 

removed i n  p ro g re s s iv e ly  sm a lle r  p a r t i c l e s ;  th e s e  o x id is e
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im m ediately  end a re  d e p o e lte d  i n  th e  p o re s  o f  th e  a b r a s iv e .  

These d e p o s its  a id  i n  th e  b u ild in g  up o f  a  g lazed  a b ra s iv e  

su rfa c e  which w i l l  produce a  h ig h ly  p o lis h e d  su r fa c e  o f  

g r e a t ly  improved geom etry# F in a l ly  th e  a b ra s iv e  and m e ta l 

su rfa c e  e f f e c t iv e ly  " ru n  i n " ,  th e  lu b r ic a n t  forms a  f l u i d  

f i lm  and th e  removal o f  m e ta l c e a s e s .

The w ear c y c le s  f o r  th e  two p ro c e s se s  j u s t  d e s c r ib e d  

a re  v i r t u a l l y  i d e n t i c a l ;  th e  o n ly  d e p a r tu re  i s  th e  te rm in a l 

s ta g e  (no m eta l rem oval) which I s  n o t shown i n  th e  a b ra s iv e  

p in  e x p e rim en ts . T h is  may w e ll be due to  th e  c o n d itio n s  

used  and th e  f a c t  t h a t  f i n e r  a b ra s iv e s  a r e  used  i n  super*  

f i n i s h in g .  A nother im p o rtan t d if f e re n c e  i s  th e  u se  o f  a  

lu b r ic a n t  i n  th e  s u p e r f in ieh ing  p r o c e s s .  I n i t i a l l y  a  

lu b r ic a n t  would a s s i s t  th e  a b ra s iv e  p ro ce ss  by removing 

w ear d eb ris#  how ever, once two smooth s u r fa c e s  have form ed 

th e  lu b r ic a n t  can  p re v e n t c o n ta c t  and th e re fo r e  w ea r.

The p re lim in a ry  experim en ts  show th a t  many o f  th e  

e f f e c t s  observed  in  th e  g r in d in g  p ro c e s s  can be rep ro d u ced , 

u s in g  s u i ta b le  a b r a s iv e s ,  on a p in  and r in g  m achine. T h is  

a p p l ie s  n o t on ly  to  norm al g r in d in g  p ro c e s se s  b u t a l s o  to  

such s p e c ia l is e d  p ro c e s se s  a s  s u p e r f in i s h in g ,

A b a s ic  d if f e re n c e  betw een g r in d in g  p ro c e s se s  and p in  

and r in g  experim en ts i s  s t a b i l i t y .  I n  s u r fa c e  g r in d in g  f o r  

e x a i^ le ,  i f  a  g r i t  becomes d u l l  th e  fo rc e s  on i t  in c re a s e  

and i t  w i l l  e i t h e r  be t o r n  o u t exposing  f r e s h  g r i t s  o r  

f r a c tu r e  p roducing  new a b ra s iv e  s u r f a c e s .  The p ro c e s s  i s  

th e re fo r e  s e l f  s u s ta in in g ;  e f f e c t s  such as  g la z in g  w i l l  

o n ly  o ccu r when c o n d itio n s  a r e  p a r t i c u l a r l y  u n fa v o u ra b le .
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On th e  o th e r  h an d , t e s t e  u s in g  a  p in  and r in g  machine 

fav o u r change j I f  g la s ln g  s t a r t s  to  o ccu r fo rc e s  do n o t 

In c re a s e  so g la s ln g  w i l l  co n tin u e  unham pered. T h is  

s i t u a t i o n  a l s o  a p p l ie s  i n  th e  r e c e n t ly  in tro d u ce d  

c o n tro l le d  fo rc e  g r in d in g  p ro c e ss  and I s  u t i l i s e d  to  

p a r t i c u l a r l y  good e f f e c t  I n  th e  e u p e r f in le h ln g  p r o c e s s .

Wear r a t e s . 

h#5#l I n t ro d u c t io n .

The p re lim in a ry  experim en ts had  shown t h a t  a l i n e a r  

r a t e  o f  w ear cou ld  n o t be o b ta in e d  w ith  a b ra s iv e  p in e .  I t  

was th e re fo re  d ec id ed  to  c o n c e n tra te  on ex p erim en ts  w ith  

a b ra s iv e  w heels a s  th e se  w ere more r e p r e s e n ta t iv e  o f  th e  

g r in d in g  p r o c e s s .  F e r r l t i o  s ta in le s o  s t e e l  was found to  

g iv e  th e  most c o n s is te n t  r e s u l t s *  so th e  bi»oad p a t t e r n  o f  

b eh av io u r w i l l  be d isc u sse d  m ain ly  w ith  r e fe re n c e  to  t h i s  

m a te r ia l  f o r  which most r e s u l t s  were o b ta in e d .

Some I n te r e s t in g  s i m i l a r i t i e s  can  be seen  betw een 

a b ra s iv e  w heel and a b ra s iv e  p in  experim en ts  p a r t i c u l a r l y  

when th e se  a re  compared on tho  b a s is  o f  I n i t i a l  r a t h e r  th a n  

f i n a l  wear r a t e s .

Only one ty p e  o f  a b ra s iv e  wheel was u sed  f o r  th e s e  

experim en ts nam ely BA60 -  I#5 VFBLU. The s t e e l s  were 

e i t h e r  n o rm alised  o r  f u l l y  co ld  worked and th e  ex p erim en ts  

were perform ed w ith o u t lu b r ic a n t*

The experim en ts were d es ig n ed  to  s tu d y  th e  e f f e c t s  

o f  s l i d in g  speed* load* s l i d in g  d is ta n c e *  m a te r ia ls  and 

c o n f ig u ra t io n  on wear r a te #  The e f f e c t s  o f  g r i t  s iz e  and 

h e a t- t r e a tm e n t  on w ear r a t e s  w i l l  be d is c u s se d  l a t e r .
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4#5*2 Changes dne to  lo a d ,  speed and s lid ln p ; d i s t a n e e .

As w ith  th e  p re lim in a ry  t e s t s ,  w ear r a t e s  were 

determ ined  o v er a  wide range o f  lo a d s  and speeds |  th e  s t e e l  

p in s  were preform ed and th e  a b ra s iv e  w heels nom inally  one 

In ch  d iam eter#

â a s â i
The e f f e c t s  o f  lo a d  on th e  wear r a t e  o f  f e r r l t i o  

s t a i n l e s s  s t e e l  a re  shown In  f ig u re  w ear r a t e  lo  a lm ost

d i r e c t l y  p ro p o r t io n a l  to  load#  The s l i g h t  d e v ia t io n  a t  th e  

h e a v ie r  lo a d s  1b p ro b ab ly  due to  the rm al e f f e c t s ,  breakdown 

o f  th e  a b ra s iv e  and v ib ra t io n #

A com parative s e t  o f  r e s u l t s  f o r  Armco I ro n ,  10C s t e e l  

DAK5 and a  0#6^C s t e e l  CÎIM a re  shown In  f ig u re  h#10# These 

r e s u l t s  confirm  t h a t  over th e  range o f  c o n d itio n s  s tu d ie d , 

wear r a t s  l a  d i r e c t l y  p ro p o r tio n a l to  lo ad #  Moreover even 

when a  t r a n s i t i o n  i n  th e  mechanism o f  wear occu rred  d u rin g  

th e  experim ent i t  was found th a t  bo th  th e  i n i t i a l  and f i n a l  

GQ uilib rium  w ear r a t e s  were p ro p o r t io n a l  to  th e  load#  For 

exam ple, i n  f ig u re  h # l l ,  t h i s  lo  shown f o r  experim ents w ith  

th e  1#0 ;^  s t e e l  DAK 5 run n in g  a g a in s t  an a b ra s iv e  wheel a t  

I ’JOOO rpm# F ig u re  4#11 a ls o  shows th e  M arsha ll and Shaw 

( 1952) r e s u l t s  f o r  g r in d in g  ex p ressed  in  wear te im s i n o t 

o n ly  i s  w ear r a t e  a lm ost d i r e c t l y  p ro p o r tio n a l  to  lo a d  b u t 

th e  w ear r a t e s  observed  a re  i n  good agreem ent w ith  th o se  f o r  

tho  DAK5 s t e e l  a t  1 ,500  rpm# Both th e s e  o b se rv a tio n s  

p ro v id e  f u r th e r  su p p o rt to  th e  id e a  th a t  g r in d in g  I s  an  

a b ra s iv e  w ear p ro cess#
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F ig , if-,11  V/cp.r IV it e s  o f  31 C s t e e l  p ins r a lo ln g  s.gnlris - uOgfit -  ; -j--- 
v/heels u n lo r  var iou s load s at steed s  of 1 ,5 0 0  and 1 7 ,0 0 0 r  a . —- 
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Sneed .

The r e la t io n s h ip  between speed and wear r a t e  t o r  th e  

f e r r l t i o  s t a in l e s s  s t e e l  u s in g  lo a d s  o f  40g to  lOKg i s  shown 

i n  f ig u re  4#12 . F or th e  range o f  speeds used (Irpm  -• 3 ,000  

rpia) th e  r a t e  o f  wear can  bo seen  to  be s u b s t a n t ia l ly  

independen t o f  sp e e d . Only under extrem e c o n d itio n s  i s  

th e re  a tendency  f o r  w ear r a t e  to  be in f lu e n c e d  by sp e e d .

For example heavy lo a d s /h ig h  speeds (lOKg* 3 ,000  rpm) o r a t  

l i g h t  lo ad s /c lo w  speeds (hOg# Irpm #)#

The s e r i e s  o f  experim en ts u s in g  th o  s t e e l  DAK5 i s  

o f  p a r t i c u l a r  i n t e r e s t  a s  th e se  were ex tended  to  p a r t i c u l a i y  

h ig h  speeds (1 7 ,0 0 0 rp m .).  They ©how t h a t  even when th e  

speed i s  In c re a se d  by more th a n  an  o rd e r  o f  m agnitude from 

1 ,500 rpm . to  17,000 rpm# tho  i n i t i a l  a b ra s iv e  w ear r a t e  

p e r  u n i t  G lid in g  d is ta n c e  f a l l s  by o n ly  a  f a c to r  o f  two#

T h is  i s  dem onstra ted  i n  f ig u re  h # l l  f o r  lo a d s  o f  l e s s  th a n  

1 Kg* At 17,000rpm* and lo a d s  g r e a te r  th a n  IKg th e  p in  

became v i s i b ly  h o t and tho  w ear r a t e  s t a r t e d  to  f a l l  w ith  

f u r th e r  in c re a s e s  i n  load#

I t  i s  concluded t h a t  th e  w ear r a t e  i s  s u b s t a n t ia l ly  

Independen t o f  speed p ro v id ed  c o n d itio n s  do n o t fav o u r a 

change i n  mechanism. Changes i n  w ear meÊhaniem a re  

o b v io u sly  more l i k e l y  to  o ccu r w ith  e i t h e r  e x te n s iv e  

f r i c t i o n a l  h e a tin g  due to  a  com bination  o f  h ig h  speed/heavy  

lo a d  o r  a t  th e  o th e r  extrem e slow speeds and l i g h t  lo a d s  

when a  c lo g g in g /g la z in g  mechaniem may be i n i t i a t e d #
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S lid in g  d i s t a n c e .

two ty p e s  o f  w ear b eh av io u r r e p o r te d  e a r l i e r  

were confirm ed# nam ely a  c o n s ta n t w ear r a t e ,  (w ear b e in g  

d i r e c t l y  p ro p o r t io n a l  to  s l id in g  d is ta n c e )  o r  a  g ra d u a l ly  

changing w ear r a t e  w ith  s l id in g  d is t a n c e .  The le t te r  typo 

o f  b eh av io u r was o n ly  observed  a t  th e  extrem es o f  th e  

c o n d itio n s  s tu d ie d  o r  w ith  a b ra s iv e  p in s ;  most t e s t s  

C a rr ie d  o u t w ith  a b ra s iv e  w heels gave w ear r a t e s  d i r e c t l y  

p ro p o r t io n a l  to  s l i d in g  d is ta n c e #

#3* F f f e o ts  o f  C o n fig u ra tio n  .j

A s e r i e s  o f  t e s t s  were c a r r ie d  o u t u s in g  a  c ro s s  

c y l in d e r s  arrangem ent c o n s is t in g  o f  a  i ” d iam ete r  

carborundum p in  and a  0 . 6 ^  s t e e l  (CKM) r in g  1" d iam eter#

The t e s t s  were c a r r ie d  o u t a t  750rpm# u s in g  lo a d s  v a ry in g  

from  hOg to  lOKg. The w ear c u rv es  showed a g rad u a l f a l l  

i n  w ear rat©  w ith  s l i d in g  d is t a n c e ,  th e  e q u il ib r iu m  w ear 

r a t e s  b e in g  d i f f i c u l t  to  a s s e s s .  However a  moro s e n s ib le  

r e s u l t  wa© o b ta in e d  i f  th e  i n i t i a l  w ear r a t e  was determ ined  

f o r  each  cu rve  end th e n  p lo t t e d  a s  a  fu n c tio n  o f  lo a d  

( f i g  h#8) m Wear r a t e s  f o r  b o th  th e  m e ta l and a b ra s iv e  a re  

shown; t h a t  o f  th o  m etal b e in g  reco rd ed  i n  w eight lo s s  i n  

gms/cm G lid in g  and th a t  o f  th e  a b ra s iv e  i n  volume lo s s  

cm^/cm G lid in g . F o r com parison th e  w ear r a t e  o f  th e  same 

s t e e l  when rubbed a g a in s t  an  a b ra s iv e  wheel BA60 •• •  VFBLU

r o ta t i n g  a t  1 ,500  rpm* Issh o w i on th e  same diagram # The 

w ear r a t e s  f o r  th e  s t e e l  a re  th e  same u s in g  e i t h e r  

c o n f ig u ra t io n  and a r e  d i r e c t l y  p ro p o r t io n a l  to  lo ad #
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I t  l e  o f  i n t e r e s t  to  not© t h a t  th o  w ear r a t e s  o f  

th e  a b ra s iv e  p in s  fo llo w  th e  same p a t t e r n  a s  th o se  o f  th e  

s t o o l .  Tho g r in d in g  r a t i o  ( r a t i o  o f  m e ta l removed to  

a b ra s iv e  removed) ran g es from  3 . 3 î l  w ith  a  lo a d  o f  hOg up 

to  1*7*1 w ith  a lo a d  o f  5%g* Hahn (1965) h as  re p o r te d  

c im ila r  v a lu e s  w ith  c o n tro l le d  fo rc e  g r in d in g  when 

c o n d itio n s  ware p a r t i c u l a r l y  u n fav o u rab le#  The h ig h  

v a lu s5 o f  g r in d in g  r a t i o  a re  p ro b ab ly  accoun ted  f o r  by th e  

unusual t e s t  c o n d i t io n s ,  th e  sane a re a  o f  th e  a b ra s iv e  p in  

b e in g  c o n t in u a l ly  i n  c o n ta c t  w ith  th e  w ork .

4*5 *4 T f f e c ts  o f  i l a t e r l o l .

A ll th e  m a te r ia ls  used  were s t e e l s ;  th e  h a rd n ess  

ron^;© covered  was r e l a t i v e l y  sm all (198-356l^|m#i^ I t  was n o t 

in ten d ed  a t  t h i s  s ta g e  to  make a d e ta i l e d  s tu d y  o f  th e  

e f f e c t s  o f  h a rd n ess  v a r ia t io n s  on w ear r a te s #

Each o f  th e  m a te r ia ls  te s te d  gavo a s im i la r  p a t t e r n  

o f  wear b eh a v io u r, a ty p ic a l  s e t  o f  r e s u l t s  b e in g  shown in  

f ig u re  4 ,10#  The e f f e c t s  o f  h a rd n ess  a r e  n o t com ple te ly  

c o n s is te n t  b u t i n  th e  rango o f  h a rd n esse s  covered  th e  h a rd e r  

m a te r ia ls  ten d  to  have th e  low er w ear r a t e s .

4  #5 *5 p i s c u s s lo n .

Over a w ide range o f  speeds and lo a d s  wear r a t e s  were 

independen t o f  speed and d i r e c t l y  p ro p o r t io n a l  to  lo ad #  The 

r e s u l t s  th e re fo r e  g iv e  th e  ty p e  o f  w ear b eh a v io u r i ^ i c h  i s  

p re d ic te d  by th e  w ear eq u a tio n  3 «30# To c a r ry  o u t p ré c is é  

p r e d ic t io n s  th e  v a lu e  o f  th e  K f a c t o r  must be known. A 

v a lu e  f o r  K was o b ta in e d  from  th o  r e s u l t s  f o r  th e  f e r r i t i c
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GtalDlesQ S te e lI  a th e o r e t i c a l  w ear cu rve  was produced 

u s in g  th e  fo rm u la ,

Wear r a t e  a  JK * gas/cm  s l i d in g  »

'  • ( 4 ^ )

whoref
K a  assumed to  be u n ity #
W » norm al l o a d  in  gms • %

» d e n s i ty  o r  s t e e l  7*9 gms/cm
ts flow  p re s s u re  Kg/mm^ (19BTOS#)

and i s  shown on f ig u re  U#9* The c a lc u la te d  wear curve 

assumed K ts 1 b u t to  r e c o n c i le  th e  th e o r e t i c a l  and p r a c t i c a l  

cu rves a  v a lu e  o f  E i n  th e  re g io n  o f  0*1 to  0*05 i s  re q u ire d #  

She d e s ire d  v a lu e  o f  Z co u ld  be o b ta in e d  by a l t e r in g  th e  

num erica l v a lu e s  o f  th e  p a ram ete rs  from vh lch  i t  i s  made up 

(e q u a tio n  3*31)• F o r example# a v a lu e  o f  0#1 co u ld  bo 

assumed f o r  c o t 6 o r  th e  v a lu e s  ofoLend cou ld  be l e s s  th a n  

u n ity #  A lthough a v a lu e  o f  co t 9 = 0#1 i s  ty p ic a l  o f  

s u rfa c e  g rin d in g #  v a lu e s  o f  c o t  9 a 0 ,2 5  were ty p ic a l  o f  

a b ra s iv e  w ear t e s t  u s in g  a 60 g r i t  w h e e l. In  t h i s  in s ta n c e #  

i t  would appear th a t  th e  v a lu e  o f  E « o # l depends n o t on ly  

on th e  w id th  d ep th  r a t i o  o f  th e  s c ra tc h e s  formed b u t a l s o  

on th e  p ro p o r tio n  o f  th e  s c ra tc h  volume removed o r  th e  

p ro p o r tio n  o f  a c t iv e  g r i t s #

A lthough a  l in e a r  w ear r a t e  was n o t o b ta in ed  in  th e  

a b ra s iv e  p in  experim ents and some a b ra s iv e  wheel 

experim ents#  i f  th e  i n i t i a l  w ear r a t e s  v.ero determ ined  

th e s e  compared fav o u rab ly  w ith  th e  l i n e a r  r a t e s  observed
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w ith  a b ra s iv e  w heels # T h is  su g g e s ts  th a t  th e  a b ra s iv e  

c u ts  a t  th e  s t a r t  b u t  c o n d itio n s  a re  such th a t  th e  c u t t in g  

a c t io n  f a l l s  o f f  and a  clogged  g la z e d  cu rface  r e s u l t s #

T h is  su rfa c e  i s  s im i la r  to  th a t  formed on s u p e r f in is h in g  

a b ra s iv e s ,  where c o n d itio n s  a re  s im i la r  to  th o se  i n  th e  

a b ra s iv e  p in  exp erim en ts  i n  th a t  th e  same p o r t io n  o f  th e  

a b ra s iv e  i s  c o n tin u o u s ly  i n  c o n ta c t  w ith  th e  work#

h *3 $6 C o n c lu sio n s #

(1) Two ty p o s  o f  w ear curve were observed  ( i )  w ear 

in c re a s e s  i n  a  l i n e a r  manner w ith  s l id in g  d is ta n c e  and 

(11) wear r a t e  g ra d u a l ly  f a l l s  w ith  in c re a s in g  e l id in g  

d is ta n c e #

(2) F o r th e  f e r r i t i c  s t a i n l e s s  s t e e l  i n  p a r t i c u l a r

and to  a l e s s e r  e x te n t  w ith  th e  o th e r  s t e e l s ,  wear was 

a lm ost in d ep en d en t o f  speed o v er a wide range and in c re a se d  

in  ap p ro x im ate ly  d i r e c t  p ro p o r tio n  to  load#

(3) Over a wide range of speeds and loads metal was 
removed as metallic particles c#f# severe wear#

(h) At v e ry  l i g h t  lo a d s  a  m ild  w ear c o n d itio n  was 

observed  c h a ra c te r i s e d  by th e  p ro d u c tio n  o f  d u s t  o r  ox ide 

r a th e r  th a n  m e ta l l ic  p a r t i c l e s  c# f#  m ild  wear# The su rfa c e  

o f  th e  wheel g ra d u a l ly  became g lazed#

(5) A m ild  w ear c o n d itio n  was a ls o  observed  a t  v ery  

h ig h  speeds and a g a in  th e  a b ra s iv e  wheel tool: on a  g la zed  

appearance #

(6) th e n  r a t e s  o f  m a te r ia l  rem oval re p o r te d  elsew here  

i n  th e  l i t e r a t u r e  f o r  g r in d in g  c o n d itio n s  o re  r e - in te r p r e te d  
a s  a  r a t e  o f  a b ra s iv e  w ear th e y  a g ree  c lo s e ly  w ith  th e  wear 

r a t e s  r e p o r te d  h e re #
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(7 ) L in e a r  w ear r a t e s  co rresp o n d  to  th e  g r in d in g  

p ro c e s s  w orking s a t i s f a c t o r i l y !  th e  g rad u a l d e t e r io r a t io n  

o f  th e  g r in d in g  wheel due to  g la z in g  i s  re p re se n te d  by a  

w ear curve#  The l a t t e r  c o n d i t io n  i s  r e p r e s e n ta t iv e  o f  

s u p e r f  in is h in g  .

(8) The w ear r e s u l t s  o b ta in e d  u s in g  th e  p in  and 

r in g  machine show t h a t  i t  i s  n o t o n ly  p o s s ib le  to  s im u la te  

th e  g r in d in g  p ro c e s s  b u t to  a  l e s s e r  e x te n t suoli 

s p e c ia l i s e d  p ro c e s s e s  a s  s u p e rf  in is h in g  # T h is im p lie s  

t h a t  th e  same b a s ic  mechanism a p p l ie s  to  each p ro ce ss  and 

t h a t  each can be in te r p r e te d  i n  a b ra s iv e  wear te rn s #
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Fig* 5*1 Ma «nd ring ##ar machine fitte d  « ith  a trsnaduoer to  
•eajttxe tongemtlal forme*
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5# G rind ing  Dynamometer and A sso c ia te d  T e s te .

5*1 In tro d u c t io n .

Both w ear t e s t s  and a s tu d y  o f  th e  l i t e r a t u r e  have shown 

th a t  th e  g r in d in g  p ro cess  could  be u s e f u l ly  exem lned In  

a b ra s iv e  wear te rm s .

U n fo rtu n a te ly  tJiere a re  no reco rd ed  ex p erim en ts  In v o lv in g  

b o th  grlz3dlng and a b ra s io n  in  which a l l  th e  p a ram e te rs  f o r  a 

com plété a n a ly s is  have been m easured . I t  was th e r e fo r e  

d ec id ed  to  perform  such a  s e r i e s  o f  t e s t s .  The measurement 

o f  g r in d in g  fo i'c e s  invo lved  th e  c o n s tru c t io n  o f  a sim ple 

g r in d in g  dynamometer d e sc r ib e d  l a t e r .

One o f  th e  more s ig n i f i c a n t  f a c t s  re v e a le d  by a s tu d y  o f  

th e  l i t e r a t u r e  was th e  anomalous b eh av io u r o f  hardened  s t e e l  

when abraded  and ground# (A brasive wear t e s t s  had shown th a t  

hardened  s t e e l s  wear more r e a d i ly  th an  would be ex p ec ted  w h ils t  

g r in d in g  experim ents in d ic a te d  s im i la r  c u t t in g  fo rc e s  f o r  h a rd  

and s o f t  s te e ls # )  The p re s e n t s e r i e s  o f  experim ents were 

th e re fo r e  d esigned  to  make a  p a r t i c u l a r  s tu d y  o f  th e  g rin d in g  

and a b ra s io n  o f h e a t - t r e a te d  s t e e l s  o f  v a r io u s  h a rd n esses#

The e f f e c t s  o f  g r i t  c iz e  on b o th  p ro c e s s e s  was a ls o  in c lu d ed  i n  

th e  programme#

5*2 A p p ara tu s .

Wear T e s t s .

T e s ts  u s in g  s t e e l  p in s  and a b ra s iv e  w heels were c a r r ie d  

o u t on th e  p in  and r in g  machine d e s c r ib e d  e a r l i e r .  The s t e e l  

p in e  were preform ed and used  i n  th e  v e r t i c a l  p o s i t io n  ( f i g  h * la )  

th e  w ear o f  th e  p in  was m easured by lo s s  i n  w eight#
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T a n g e n tia l fo rc e  was measured, d u r in g  th e s e  ex perim en ts  

by obsem^lng th e  d e f le c t io n  o f  th e  lo a d in g  ana by means o f  a 

tra n sd u c e r  ( f i g  5 # l ) i  th e  syatem  b e in g  c a l ib r a te d  a g a in s t  

dead lo ad s*

O rindinrr E xperim ents* 

su rfa c e  G rin d e r ,

A ll th e  g r in d in g  experim en ts were c a r r ie d  o u t on a  Jo n es 

and Shipman % 0  S u rface  G rinder#  The o n ly  m o d if ic a tio n  to  th e  

machine was to  f i t  a tachom eter to  th e  g r in d in g  wheel s h a f t  to  

m on ito r wheel speed# The o u tp u t from th e  tachom eter was 

d isp la y e d  on a  Honeywell U*V«Recorder *

G rind ing  Dynamometer#

G eneral la y o u ts  o f  b o th  th e  dynamomoter and m easuring  

c i r c u i t s  a re  shown in  f ig u re s  p . 2 and 5#3#

The dynamometer co n siD ts  o f  a sim ple  c a n t i l e v e r  A w ith  an  

I n te g r a l  v ic e  B which h o ld s  th e  specimen# when th e  specim en i s  

in  p la c e  th e  su r fa c e  to  be ground i s  a t  th e  n e u t r a l  a x is  o f  th e  

c a n t i l e v e r ;  t h i s  arrangem ent was adop ted  to  reduce tw is t in g  o f  

tho  beam* The v e r t i c a l  and h o r iz o n ta l  d isp lace m en ts  o f  th e  

beam under lo a d  were observed by two tra n s d u c e rs  0  and D 

p o s it io n e d  a t  r i g h t  a n g le s  to  ono a n o th e r  and lo c a t in g  a g a in s t  

two g la s s  f l a t s  # The tra n s d u c e rs  were connected  to  two 

Pendeford  M ultim eters whoso o u tp u ts  were in  t u i ^  fe d  I n to  a  

Honeywell H*V«Recorder« ( f i g  5*4)# The dynamometer was 

c a l ib r a te d  a g a in s t  dead lo a d s  when in  p o s i t io n  on th e  s u r fa c e  

g r in d e r  ( f i g  5*5) # I n te r fe re n c e  betw een tlie  h o r iz o n ta l  and 

v e r t i c a l  fo rc e  m easurements was n e g l i g i b l e • C a l ib r a t io n  was 

checked a t  th o  bcgim&ng and end o f  each  s e r i e s  o f  experim ents*



# # #

M # . S * 4  I& o W g fa p h  #ho#im g t h e  d ym a m o w ter eoxq ^ leW  w it h  o e e s a r la g  
e<m ipMa a t # o o n i i t t l a g  o f  t o o  P o a d e fo x d  m lt im e t o r #  an d  a  9*?« x o o o x d o r .

#lg.5 .5 Calibxotiott of flynincaaator la  poaltiaa on the oorfaoo 
grinding maOhlno.
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Table speed was o b ta in ed  by m easuring  th e  tim e ta k en  to  

make a c u t from  th e  U#V*Becorder t r a c e  and s in c e  specim ens o f  

known le n g th  were used  th e  average  ta b le  speed cou ld  be 

c a lc u la te d •

5#3 M a te r ia ls .

The g r in d in g  w heels used  a re  l i s t e d  i n  4*3; th e  one in c h  

d iam ete r w heels f o r  th e  p in  and r in g  machine and th e  seven 

in ch  d iam e te r f o r  th e  su rfa c e  g r in d e r .

The specim ens f o r  su r fa c e  g rin d in g  were 0*375* square  by 

one in ch  lo n g ; preform ed p in s  were used  f o r  th e  a b r^ a s iv e  wear 

t e s t s .  The same range o f  m a te r ia ls  was used  to  m anufacture 

bo th  ty p es o f  specimen*

Steels*
DAK5 0 * 9 8 3 ^ *  Hardened and Tempered to  th e  fo llo w in g  h ard n esses .

890 V .P .N . 710 V*P*N* 573 V .P .IÎ.
445 V*P*H* 314 V.P*N* 257 V.P.N*

B rig h t Drawn M ild S te e l  184 V.P.N*

A nnealed Mild s t e e l .  112 V.P.N*

S t e l l i t e  10 0 . 823 V.P.N*

5*4 E xperim ental P ro c ed u re .

5*4#1 G rind ing  Dynamometer.

A p e r io d  o f  h a l f  an  hou r was a llow ed  f o r  b o th  th e  g r in d in g  

machine and m easuring equipm ent to  warm up* The dynamometer 

was c a l ib r a te d  a t  th e  s t a r t  and  f i n i s h  o f  each s e r ie s  o f  t e s t s .  

V/et g r in d in g  c o n d itio n s  were u sed  f o r  a l l  th e  t e s t s  and th e  

tra n s d u c e rs  on th e  dynamometer were p ro te c te d  from th e  c o o la n t 

( S olub le  o i l ,  mixed 1 t 40 w ith  w ate r) * The g rin d in g  w heels



i

M g . 5 * 6  R io to g r a p h  o f  dynam xm oter u n d e r  t h e  g r la d ia g
w h # o l OS a  OBt I s  W a g  m ade.
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were diamond d re s s e d ; a  s ta n d a rd  p ro ced u re  was adopted  to  

en su re  c o n s is te n t  r e s u l t s *  As a  f u r th e r  check hardened  DAK 3 

specim ens (p^  ̂ a 690Kg/mm^) were u sed  a s  a  c o n tro l*  fo rc e  

m easurem ents b e in g  made w ith  t h i s  m a te r ia l  a t  th e  beg inn ing  

and end o f  each  s e r i e s  o f  experim ents*

when a c u t  was p u t on th e  specim en b o th  th e  dynamometer 

and th e  g r in d in g  machine d e f le c te d  so t h a t  a number o f  c u ts  

had to  be ta k en  b e fo re  tho  down feed  was eq u a l to  th e  m a te r ia l  

b e in g  removed* For th e  c o n d itio n s  used  f o r  most o f  th e  

experim en ts (0*0003** d ep th  o f  cu t*  wheel speed 2*800 rpm# and 

a ta b le  speed o f iv 50*/min*) s te ad y  fo rc e  re a d in g s  were o b ta in ed  

a f t e r  40 p a sse s*  F o rce  measurements were th e re fo re  ta k en  

a f t e r  f o r t y  su c c e s s iv e  t r a v e r s e s ;  bo th  th e  up and down c u t 

fo rc e s  were measured* a re co rd  b e in g  ta k e n  u s in g  th e  U*V. 

R eco rd e r. The dynamometer i s  shown i n  a c t io n  i n  f ig * 3 * 6 ; and a 

ty p ic a l  r e c o rd e r  t r a c e  i n  f ig u re  3*7* A T a ly e u rf  t r a c e  was 

ta k e n  from each o f  th e  ground specim ens u s in g  a X500 h o r iz o n ta l  

m a g n if ic a tio n  and an  a p p ro p r ia te  v e r t i c a l  m a g n if ic a tio n ; th e  

w id th /d e p th  r a t i o  o f  a ty p ic a l  s c ra tc h  was th e n  determ ined  by 

cam pling th e  r e s u l t s *

A nother specim en o f  th e  same m a te r ia l  which had  j u s t  been 

ground was th e n  f i t t e d  in to  th e  dynamometer; t h i s  specim en had 

a m ic ro p o lish e d  s u r f a c e .  The g r in d in g  wheel was clamped to  

p re v e n t r o t a t i o n  and th e n  b ro u g h t in to  c o n ta c t  w ith  th e  

specimen* th e  wheel was low ered  u n t i l  th e  dynamometer in d ic a te d  

th e  same norm al lo a d  a s  reco rd ed  in  th e  g r in d in g  t e s t .  The 

ta b le  was moved p a s t  th e  w heel by hand* fo rc e  m easurem ents 

b e in g  ta k e n  w ith  th e  U .V .Recorder* T a ly e u rf  t r a c e s  w ere tak en
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Pig, 5 ,7  Typical TJ.V, recorder trace, material hardened IfcC 
s te e l ,  wheel depth of cut 0#0005", tab le speed 50ft/m in.

Pig* 5*8 Scratched IfcC s te e l  specimen, I  18#
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and th e  s c ra tc h e s  examined m ic ro sc o p ic a lly *  A ty p ic a l  

sc ra tc h e d  specim en i s  shown I n  f ig u r e  5#8*

5*4*2 Wear T ests*

The wear t e s t a  were c a r r ie d  o u t d ry  a t  a  speed o f  750rp®* 

th e  w ear b e in g  measured a f t e r  a  ru n  o f  one m inute * S ince th e  

s ta n d a rd  g r in d in g  c o n d itio n s  gave s im ila r  norm al fo rc e s  w ith  

a l l  m a te r ia ls  t e s t s  were c a r r ie d  o u t u s in g  an  average normal 

fo rc e  o f  18 lb *  A few t e s t s  In v o lv ed  a  range o f  norm al lo a d s | 

th e se  a re  d e sc r ib e d  s e p a ra te ly *  T a n g e n tia l fo rc e s  were a ls o  

m easured In  most o f  th e  experim ents*

5*5 R esu lts*

G rin d in g .

5*5#1 E f fe c ts  o f  g r i t  s iz e  and w orkpiece h ard n ess*

The f i r s t  s e r ie s  o f  experim ents was a rran g ed  to  s tu d y  th e  

e f f e c t s  o f  a b ra s iv e  g r i t  s iz e  and worlsplece h ard n ess  on 

g r in d in g  fo rc e s  and g r in d in g  c o e f f ic ie n t*

T e s ts  were c a r r ie d  ou t u s in g  th re e  g r i t  s iz e s  (3 6 , 60 and 

100 g r i t )  and w orkpiece h a rd n e sse s  ran g in g  from 250Kg/nm^ to  

690Kg/mm^ (DAK 5 s t e e l  hardened and tem pered) * G rin d in g  

c o n d itio n s  were k e p t c o n s ta n t th ro u g h o u t th e  t e s t s  (0.0003** 

wheel d ep th  o f  c u t ,  50 f t/m ln *  ta b le  speed and a  w heel speed o f  

2,800 rpm*) *

The com plete s e t  o f  r e s u l t s  f o r  hardened  and tem pered 

DAK 5 I s  shown In  f ig u re  5*9; normal f o r c e ,  t a n g e n t i a l  fo rc e  

and g rin d in g  c o e f f ic ie n t  a re  p lo t t e d  a s  a fu n c t io n  o f  h a rd n ess*  

The r e s u l t s  show th a t  g r in d in g  fo rc e s  a re  on ly  s l i g h t l y
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dependent on h a rd n e s s | red u c in g  h a rd n ess  by a f a c to r  o f  3*5 

reduces no m a l  fo rc e  by 15!^ w ith  th e  36 g r i t  wheel# 20% w ith  

th e  60 g r i t  wheel and 30^ w ith  th e  100 g r i t  wheel# These 

re d u c tio n s  I n  norm al fo rc e  a re  p a r t l y  a s s o c ia te d  w ith  changes 

In  g r in d in g  c o e f f i c i e n t ;  red u c in g  th e  h a rd n ess  o f  th e  work

p ie c e  In c re a s e s  th e  g rin d in g  c o e f f ic ie n t  from a/ 0 .3  to  A/ 0#7# 

h ig h e r  v a lu e s  o f  g r in d in g  c o e f f ic ie n t  reduce b o th  wheel and 

ta b le  speed w ith  a co rresp o n d in g  drop I n  norm al fo rc e*

G r i t  e ls e  can  be seen  to  have some In flu e n c e  on normal 

fo rce#  th e  c o a r s e s t  g r i t  wheel g iv in g  th e  h ig h e s t  fo rc e s#

These d i f f e r e n c e s  were found to  be due m ain ly  to  v a r ia t io n s  In  

w id th /d ep th  r a t i o  f o r  th e  th r e e  g r in d in g  w heels (determ ined  

from b o th  th e  ground and sc ra tc h e d  specim ens a s  shown in  

ta b le  R e su lts  from th e  two ty p es  o f  t e s t  show reaso n a b le

agreem ent and th e  mean w id th /d e p th  r a t i o  (a lth o u g h  w id th /d e p th  

r a t i o s  a re  more d i f f i c u l t  to  de term ine  from g r in d in g  th a n  from 

sc ra tc h in g )  can  be seen  to  f a l l  a s  g r i t  s iz e  g e ts  f in e r #  T h is  

tr e n d  su p p o rts  th e  ex p erim en ta l o b se rv a tio n s  o f  norm al g r in d in g  

fo rc e  ( f i g  5 # 9 )I th e o ry  p r e d ic ts  low er fo rc e s  w ith  sm a lle r  

w id th /d e p th  r a t i o s  # w id th /d e p th  r a t i o  measurem ents a ls o  h e lp  

to  e x p la in  th e  p a r t i c u l a r l y  la rg e  drop I n  norm al fo rc e  observed  

w ith  th e  100 g r i t  wheel when g r in d in g  s o f t  s t e e l  (250Kg/mm ) .  

The hardened  DAK5 specim en used  as  a c o n tro l  showed no change 

In  th e  mormal fo rc e  w ith  th e  36 g r i t  and 60 g r i t  w heels* 

However# w ith  th e  100 g r i t  wheel normal fo rc e  o b ta in ed  a t  th e  

end o f  th e  t e s t  was l e s s  th a n  th e  o r ig in a l  value#  The 

w id th /d ep th  r a t i o  rem ained th e  same f o r  a l l  experim ents w ith  

th e  36 g r i t  and 60 g r i t  w heels b u t  dropped by 12*3% w ith  th e



T ab le 5*1#

The r e la t io n s h ip  betw een th e  w id th /d e p th  r a t i o  o b ta in ed  from 

grotind speoimena and sc ra tc h e d  specim ens f o r  a  number o f  

a b ra s iv e  w heels#

The e l  

36 g r i t  

60 g r i t  

100 g r i t

W idth /dep th  r a t i o  

G rind ing  S c ra tc h in g  Average

1 3 .3  % 1 I h ^  i 1 13 .8  Î 1

1 3 .7  : 1 1 2 .& 2 1 13#3 % 1

1U.1 2 1 1 1 .7  2 1 1 2 .9  : 1

T ab le 5 #2 #

A com parison o f  observed  and p re d ic te d  norm al fo rc e s  f o r  f u l l y  

hardened  and hardened  and tem pered DAK5 s t e e l  u s in g  a  range o f  

a b ra s iv e s  #

iformsl fo rc e  lb *
Wheel

36 g r i t  

60 g r i t  

100 g r i t

Hardened specim en p
St 890Eg/mm2

Observed P re d ic te d

m S o ft specim en p 
o 250Kg/mm^ j

Observed P re d ic te d
i

22*2

1 9 .7

20*1

22*3

2 0 .6

20 .8

19*0

15 .5

1 4 .1

4 .98

5.35

4 .8 3
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100 g r i t  wheel# One would th e re fo r e  ex p ec t low er normal 

fo rc e s  from th e  wheel hav ing  th e  e m a lle s t w id th /d e p th  r a t io *

5*5*2 Force n re d ic t io n a  based  on dynamometer t e s te #

The g r in d in g  c o n d itio n s  quoted  In  f ig u r e  5*9 a r e  nom inal 

and to  c a lc u la te  g r in d in g  fo rc e s  th e  In d iv id u a l m easurements 

a p p ro p r ia te  to  each experim ent w i l l  be used*

Gpeclmen c a lc u la t io n s  w i l l  be made f o r  th e  g r in d in g  o f  

f u l l y  hardened  DAK5 (p^  = 890%/mm^) w ith  each g r i t  s iz e  o f  

wheel* In  a l l  c a lc u la t io n s  I t  I s  assumed th a t  «L and Q 

a re  u n i ty  so t h a t  d iv e rg e n ces  betw een th e o r e t i c a l  and 

ex p e rim en ta l v a lu e s  should be cap ab le  o f  e x p la n a tio n  by 

assum ing o th e r  v a lu e s  o f  th e se  p aram ete rs*

36 # r l t  wheel*

Wheel d ia m e te r  6*581"* W idth o f  specim en 0*375”
Normal fo rc e  (av erag e) 22*2 lb *  Wheel dep th  o f  c u t 0*0003”
Wheel speed (average) 2 ,769 %%)m*
T able speed (av erag e) 52*6 f t/m ln *
w id th /d e p th  r a t i o  16*3 i 1 g r in d in g  average 14 .8  I 1

13*4 ! 1 sc ra tc h in g *

S u b s t i tu t in g  In  e q u a tio n  3*41*

K a 10,830X 52.6 X 0*0003 X 0*375 X 890 lb *
6*851 X 2,769 X 1 X 1 X 0 .135

a 22*3 lb *
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60 n r l t  w h ee l.

Wheel d iam ete r 6 .765”
Average norm al fo rc e  19*65 lb #
Wheel speed (av erag e) 2 ,790 rpm# 
T ab le  speed (av erag e ) 51 .25  f t /m ln .  
W id th /dep th  r a t i o n  14 : 1 g rin d in g

l 4  t 1 s c ra tc h in g

width o f  specim en 0.375* 
Wheel dep th  o f  c u t 0.0003*

average 14 : 1

Substituting In equation 3*41

K a  10 ,830  X 51.25  X 0 .0003  X 0.375 X 690 lb  
6 .765 X 2,790 X 1 X 1 X 0 .143

a 2 0 .6  l b .

120 e r l t  w h ee l.

Wheel d ia m e te r  6.843*
Normal fo rc e  (av erag e ) 20 .1  lb #  
Vheel speed (av erag e) 2 ,753 rpm . 
T able speed (av erag e ) 5 1 .6  f t /m l n .  
W id th /dep th  r a t i o  16 % 1 g r in d in g

12 2 1 s c r a tc h in g .

w idth o f  specim en 0.375* 
Wheel dep th  o f  cu t 0.0003*

average 14 2 1

Substituting In equation 3*41

H a  10.830 X 5 1 .6  X 0.0003 X 0 .375 X 890 
6.843 X 2 ,753 X 1 X 1 X 0 .143

lb

a  20 .8  l b .

5he same c a lc u la t io n s  were re p e a te d  f o r  th e  co m p le te ly  

so fte n e d  DAK5 (p^  ̂ = 250Kg/mm^) and th e se  r e s u l t s  a re  p re se n te d  

w ith  th o se  a lre a d y  shown In  t a b le  5 .2 ,
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The r e la t io n s h ip s  betw een observed  and p r e d ic te d  fo rc e s  a re  

v ery  s im ila r  to  th o se  developed  e a r l i e r  when ap p ly in g  g r in d in g  

th eo ry  to  r e s u l t s  a v a i la b le  from th e  l i t e r a t u r e  (namely 

p re d ic te d  end observed  fo rc e s  a re  i n  good agreem ent f o r  h a rd  

m a te r ia ls  b u t w ith  s o f t  m a te r ia ls  th e re  i s  a marked d iv e rg en ce) « 

As th e  h ard n ess  o f  th o  w orkpiece f a l l s ,  th e  d if f e r e n c e  between 

observed and p re d ic te d  fo rc e  w i l l  in c re a se *  v.'ith co m p le te ly

.2

only  r\/3 0 % o f  th e  observed  fo rc e #

s o f t  J3AK5 (p^ a 2 3 0 Kg/sim ) f o r  example th o  p r e d ic te d  fo rc e  i s

5*5e3 Grinding; o f  M ild S te e l  and S t e l l i t e #

Specimens o f  m ild  s t e e l  i n  th e  b r ig h t  drawn (p^ « 18UKg/mm^|
p

and annealed  (p  a 112Kg/mm ) c o n d itio n s  were ground to  s tu d y  m
th e  e f f e c t s  o f  co ld  work on g r in d in g  fo rc e #  U sing th e  s ta n d a rd  

c o n d itio n s  (0*0003” d ep th  o f  c u t ,  5 0 f t / a i n  ta b le  sp eed , 60 g r i t  

wheel and p lunge g rin d in g )  b o th  th e  b r ig h t  dr#^wn and an n ea led  

specim ens gave s im i la r  normal f o r c e s ;  A /18 lb *  These r e s u l t s  

a re  s im ila r  to  th o se  observed  by Kruschov and Babichev ( i 960) 

who when ab rad in g  a range o f  m a te r ia ls  on a b ra s iv e  p ap e rs  found 

th a t  co ld  work d id  n o t in c re a s e  wear r e s is ta n c e #

Experim ents were c a r r ie d  o u t on S t e l l i t e  a s  t h i s  i s  a  

m a te r ia l  which i s  i n t r i n s i c a l l y  h a rd  (p^ « 823Kg/mm^) u n lik e  a 

s t e e l  which re q u ir e s  h e a t- tre a tm e n t • The norm al g r in d in g  

fo rc e  was p a r t i c u l a r ly  h ig h  A/ 90 lb  when u s in g  th e  s ta n d a rd  

c o n d itio n s#  G rind ing  c o e f f i c ie n t  on th e  o th e r  hand was low , 

ty p ic a l ly  0*19# I t  was n o ted  th a t  th e  g r in d in g  wheel 

e x h ib ite d  s l i g h t  g la z in g #  The h ig h  fo rc e s  were p a r t l y
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accoun ted  f o r  by th e  h ig h  v&lue o f  th e  w id th /d e p th  r a t i o  35 : 1# 

norm al fo rc e  p r e d ic t io n s  were 42 l b ,  o n ly  abou t 3 0 % o f  th e  

observed  v a lu e  *

5*5*4 E f f e c ts  o f  T ab le  Sneed on Normal G rind ing  F o rc e #

The s im p le s t way o f  ac h iev in g  a la rg e  v a r i a t io n  in  m eta l 

rem oval r a t e  on a g r in d in g  machine hav ing  a  c o n s ta n t wheel 

speed i s  to  v a ry  ta b le  speed* The r e s u l t s  o f  v a ry in g  ta b le  

speed on norm al fo rc e  a r e  shown i n  f ig u re  5*10# As would be 

expected  from wear th e o ry  norm al fo rc e  shows an  app rox im ate ly  

l i n e a r  v a r ia t io n  w ith  ta b le  speed f o r  b o th  h a rd  and s o f t  

m a te r ia l s ♦

5#5*5 Wear T e s t s .

Wear t e s t  r e s u l t s  f o r  th e  range o f  m a te r ia ls  used  i n  th e  

dynamometer experim en ts a re  shown i n  f ig u re  5 #11* A ll th e  

t e s t s  were c a r r ie d  o u t u s in g  a speed o f  750 rpm*, a lo a d  o f  

18 lb  and one in c h  d iam ete r w heels*  The r e s u l t s  a re  p lo t t e d  

a s  w eigh t lo s s  i n  grams a g a in s t  specim en h ardness*  w ith  th e  

DAK5 p in s  th e  w eight lo s s  o n ly  in c re a s e s  s l i g h t l y  a s  th e  

h a rd n e ss  o f  th e  p in s  f a l l s  from 890Kg/mm to  350Kg/mm ; below 

a  h a rd n ess  o f  350Kg/mm^ however th e  w eigh t lo s s  in c re a s e s  

r a p id ly *  The h ig h  w eight lo s s  w ith  th e  s o f t  p in s  was 

a s s o c ia te d  w ith  ra p id  w heel wear and some v ib ra t io n *

The w eight lo s s  o f  th e  S t e l l i t e  100 p in  was sm all compared 

to  t h a t  o f  th e  s t e e l  specim ens* T h is  o b se rv a tio n  i s  c o n s is te n t  

w ith  th e  la rg e  norm al g r in d in g  fo rc e  reco rd ed  by t h i s  m a te r ia l  

when compared w ith  s t e e l •
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The w eig h t lo s s e s  o f  b o th  co ld  worked and annealed  m ild  

s t e e l  were s im i la r ;  a g a in  th e re  was r a p id  w heel w ear and some 

ev idence o f  v ib r a t i o n .

To s im u la te  th e  e f f e c t s  o f  changing  ta b le  speed in  

su r fa c e  g r in d in g  t e s t s  were c a r r ie d  o u t u s in g  p ro g re s s iv e ly  

sm a lle r  norm al lo a d s ;  th e  r e s u l t s  o f  th e s e  t e s t s  a re  shown in  

f ig u r e  5*12 . T ilth  b o th  th e  h a rd  and s o f t  m a te r ia ls  w eigh t 

lo s s  f a l l s  i n  a  l i n e a r  manner w ith  r e d u c t io n  in  norm al f o r c e .  

However th e  r e s u l t s  show c e r t a in  d is c re p a n c ie s  w ith  m a te r i a l s ,  

h av in g  a  h a rd n ess  below 300VPH. (s e e  f i g  5 ,11 ) p ro b ab ly  due to  

r a p id  wheel w ear and v ib r a t i o n .  D isc re p a n c ie s  i n  t h i s  a re a  

o ccu r i n  o th e r  t e s t s  and a re  d is c u s s e d  l a t e r .

5 ,5*6  F r i c t i o n  m easurem ents.

The c o e f f i c i e n t  o f  g r in d in g  and th e  c o e f f ic ie n t  o f  

f r i c t i o n  were m easured i n  th e  m a jo r i ty  o f  ex p erim en ts ; th e  

v a lu e s  f o r  a  wide range o f  h a rd n e sse s  and d i f f e r e n t  a b ra s iv e  

g r i t  s iz e s  a re  shown i n  t a b le  5 * 3 . The main f e a tu re  o f  th e  

r e s u l t s  i s  t h a t  b o th  g r in d in g  c o e f f i c i e n t  measured in  th e  

dynamometer t e s t s  and c o e f f i c i e n t  o f  f r i c t i o n  m easured in  th e  

wear t e s t s  in c re a s e  s te a d i ly  a s  h a rd n ess  f a l l s ,  th e  c o e f f ic ie n t  

o f  f r i c t i o n  showing th e  g r e a t e r  in c re a s e #  w ith  th e  e x c e p tio n  

o f  th e  s o f t e s t  m a te r ia l s ,  nhen th e  c o e f f i c i e n t  o f  f r i c t i o n  was 

h ig h e r ,  b o th  c o e f f i c i e n t s  had s im i la r  v a lu e s  i n  com parative  

t e s t s  .
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5#6 D is c u s s io n .

The dynamometer pBpformed s a t i s f a c t o r i l y  and th e  r e s u l t s  

produced were i n  good agreem ent w ith  th o se  o f  o th e r  w orkers 

re p o r te d  e a r l i e r  (C h ap ter 2) « When g r in d in g  th e o ry  was 

a p p lie d  to  th e  p r e s e n t  r e s u l t s  good agreem ent was o b ta in e d  

w ith  h a rd  m a te r ia ls  b u t s o f t  m a te r ia ls  showed c o n s id e ra b le  

e r r o r .  These in c o n s is te n c ie s  a re  th e  same a s  th o se  observed 

when th e  th e o ry  was a p p lie d  to  r e s u l t s  a v a i la b le  from th e  

l i t e r a t u r e  ( c h a p te r  3> »

Both w ear and g r in d in g  th e o r ie s  a re  c r i t i c a l l y  dependen t 

on th e  Value o f  th e  w id th /d e p th  r a t i o  o f  th e  s c ra tc h e s  formed 

on th e  ab raded  s u r f a c e .  When o b ta in in g  th e  v a lu e  o f  t h i s  

r a t i o  from , f o r  exam ple, a  T a ly s u rf  t r a c e  th e  f i n e r  th e  

s c ra tc h e s  tak en  in to  accoun t in e v i ta b ly  th e  sm a lle r  th e  v a lu e  

o b ta in ed  f o r  th e  widtlv^depth r a t i o .  S ince i n  th e  p re s e n t  

experim en ts th e  v a lu e  o f  th e  w id th /d ep th  r a t i o  f o r  b o th  ground 

and sc ra tc h e d  specim ens a re  s u b s t a n t i a l ly  th e  same th e  v a l i d i t y  

o f  th e  te ch n iq u e  i s  n o t i n  d o u b t.

I t  was p a r t i c u l a r l y  r e a s s u r in g  to  see th e  p a t t e r n  o f  

b eh av io u r observed  w ith  th e  dynamometer re p e a te d  i n  th e  w ear 

t e s t s .  For exam ple, S t e l l i t e  100 was d i f f i c u l t  to  g r in d  

g iv in g  la r g e  norm al fo rc e s  and a  low g rin d in g  c o e f f i c i e n t .

The co rresp o n d in g  wear t e s t s  showed t h a t  th e  m a te r ia l  was w ea r  

r e s i s t a n t  and had  a low c o e f f i c i e n t  o f  f r i c t i o n .  The 

anomalous b eh av io u r o f  the  s o f t e s t s  m a te r ia ls  i s  th o u g h t to  be 

due to  th e  r a p id  wheel w ear and v ib r a t io n  which was observed 

w ith  th e s e  m a te r i a l s .  V ib ra tio n  i t s e l f  te n d s  to  in c re a s e
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wear and th e  r a p id  breakdown o f  th e  w heel p ro b ab ly  p roduces 

p a r t i c u l a r l y  sh a rp  g r i t s  a g a in  in c re a s in g  wear r a te #

I t  i s  o f  i n t c r e o t  to  n o te  t h a t  th e  w ear r a t e s  i n  th e  

t e s t s  w ith  hardened  s t e e l  (6*7 X 10 s l id in g )  were

s im i la r  to  t h a t  l a  th e  g r in d in g  ex p erim en ts  u s in g  th e  

s ta n d a rd  c o n d itio n s  (3*76 X 10*^gn/cm s l id in g )  #

5*7 C o n c lu s io n .

(1 ) The g r in d in g  dynamometer worked s a t i s f a c t o r i l y  and 

gave r e s u l t s  s im i la r  to  th o se  o f  o th e r  w orkers*

(2) The method o f  d e te rm in in g  w id th /d e p th  r a t i o  i n  th e  

g rin d in g  ex p erim en ts  a g re e s  w ith  th e  r e s u l t s  deduced from 

s c ra tc h  t e s t s #

(3) G rin d in g  fo rc e  p r e d ic t io n s  a r e  a c c u ra te  w ith  h a rd  

m a te r ia ls  b u t w ith  s o f t  m a te r ia ls  th e  c a lc u la te d  fo rc e s  

assum ing oL and fi a re  u n i ty  a r e  a s  low a s  23 to  3 0 % o f  th e  

observed  v a lu es*

(h) M a te r ia ls  which a re  d i f f i c u l t  to  g r in d  show good 

a b ra s io n  r e s i s ta n c e  and V ice  v e rsa*

(5) W ith in  th e  l im i te d  range  o f  ex p erim en ts  c a r r ie d  

o u t ,  g r in d in g  fo rc e  and w ear r a t e  a re  u n a f fe c te d  by co ld  work*

(6) F r i c t i o n  m easurem ents show th e  same b eh av io u r 

p a t t e r n  I n  b o th  w ear and g r in d in g ;  g r in d in g  and f r i c t i o n  

c o e f f ic ie n t s  e re  g r e a te r  w ith  s o f t  th a n  w ith  h a rd  m a te r ia ls *
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6* Scratch tests with Rockwell and Vickers Inclentors#

6*1* I n t ro d u c t io n .

ThQ fact that abrasive wear theory depends critically on 
the relationship between the abrasive grits and the scratches 
which they produce has stimulated a number of practical 
investigations of the mechanism of scratching using idealised 
cutting tools* Earlier, when discussing this work ( 2 m h ) it 
was pointed out that the majority of investigators used soft 
materials (p^ a lOKg/am to » 200Kg/mm ) and tools with 
90° face angles; euch a tool gives a width/depth ratio of 
2:1 when cutting at zero rako angle. These conditions are 
quite different from those occuring in grinding; a process 
usually applied to hard materials the width/depth ratio of a 
typical grinding scratch being 20:1. Co that even ignoring 
the effects of speed, the conditions in grinding are very 
different from those used in the scratch tests reported in 
the literature.

The most critical feature of scratch tests, which a study 
of the literature leaves unresolved, is the possibility of 
metal removal by a cutter having a negative rake angle.
Earlier theories of abrasive wear assume that the normal load 
is carried on the frontal facets of the grits and that such 
grits remove material; obviously if negative rako grits do 
not remove material then the basis of such theories of 
abrasive wear will be in question# On the other hand the 
work of Mulheam and Samuels (1962) and Bedriks and Mulhoarn 
(1963 and 1964) implies that grits with rake angles lower than
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a cr itica l value, close to napo, dioplaco but do not remove 
Kuterlnl; enter!nl removal i s  thon almoct ontiroly duo to 
g r l t n  w ith  p o s i t iv e  rales

In the experimentD reported below the ccrotclilng of 
materialn having a wide mnre of hardnoec (p^ « 20Kg/suâ  to 
890%g/mm̂ ) woo etudied* In thoco teeto the Vickeru Diamond 
indentor and the Rocîîwell cone were- need# Althour;:. thcso 
tools were used becaucs of their ready availability  they also 
havG the merit that their width/depth ratios aro similar to  
thooe of grindlag scratches.

6.2 j onorntuo end Hnteriâlâ.
A few exploratory experiment a were carried out using the 

Vickers Projection Microscope Mlcro#hordncsu tester , the 
indcntor being tracked acros© a micropolichcd specimen by 
means of the micrometer screws fitted  to the microscope stage. 
In order to eliminate manual tracking of the indcntor and to 
allow tangential force to be measured i f  roquired the majority 
of experiments wero performed on a sliding fxlctlon machine 
(described elsewhere Archard 1936) with a mechanically driven 
otago; speed per minute.

The ©pecinenr were 1** X 0.373” square, the Gurfaco to bo 
scratched being prepared to a nicro^pollcslicd f in ish .

M a te r ia ls .

p.p50 rteel (DAK5) Hardened and tempered to the following :•
69OVR:.
710VPK.
590VP%,
441VHI.
313VHÎ.
263^/Pii.
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B S O N  L E I C E S T E R

P ig , 6 .1  A ty p ic a l  scra tch  showing p ile -u p , m ateria l S t e l l i t e  100, 
V ickers indentor e d g e - f ir s t  o r ie n ta t io n , load  2Kg,
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0«2fjC S te e l  (BDM3) 223VHU 
a s  above an n ea led  120VPIÎ*

Conner (B r ig h t Drawn) 102VFN# 
(A nnealed) 50VPII #

Altiminlum (B rig h t Drawn) kOYWi  ̂
(A nnealed) 20VKîf

S t e l l i t e  1 0 0 . 823VK^

6#3 E xpérim en ta l P rocedu re  «

A s e r i e s  o f  s in g le  s c ra tc h e s  was foriaed on each specim en 

u s in g  b o th  th e  Rockwell and Vlckers^th-g- f o t t e r  b e in g  tra c k e d  

u s in g  bo th  th e  f a c e t  fo rw ard  and th e  edge forw ard 

c o n f ig u ra tio n s *  The s c ra tc h e s  were th e n  examined o p t ic a l ly  

end a  number o f  T a ly s u rf  t r a c e s  were tak en  a c ro s s  each 

s c r a tc h  u s in g  a  XlOO and X500 m a g n if ic a tio n s  and th e  

a p p ro p r ia te  v e r t i c a l  m a g n ific a tio n s*  The T a ly s u rf  t r a c e  was 

used  to  m easure th e  s c ra tc h  w idth# In c lu d in g  p lle -u p #  a s  

In d ic a te d  i n  f ig u r e  5*1# and th e  amount o f  m eta l removed*

A s tu d y  o f  th e  l i t e r a t u r e  su g g e s ts  th a t  th e re  e x i s t s  some 

co n fu s io n  ab o u t m ethods o f  c h a r a c te r i s in g  th e  geom etry o f  th e  

s c ra tc h *  T h is  i s  b e s t  u n d ersto o d  by re fe re n c e  to  a ty p ic a l  

s c ra tc h #  diown I n  f ig u re  6*1, upon a  s u rfa c e  which was 

o r ig in a l ly  o p t i c a l l y  smooth* C onsider a  s c ra tc h  o f  u n i t  

le n g th  h av in g  th e  c ro s s  s e c t io n  shown* The volume o f m a te r ia l  

d is p la c e d  i s  eq u a l to  th e  a re a  A^ b u t ,  o f  t h i s  m a te r ia l ,  a  

volume eq u a l to  th e  a re a  Ag i s  r e ta in e d  upon th e  su rfa c e  a s  

p l le d -u p  m a te r ia l*  Thus th e  volume o f  m a te r ia l  removed 

(w ear) I s  eq u a l to  (A^ •  A^) * On th e  o th e r  han d , a s  a lre a d y
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FIG-. 6.2.
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d lo û a scc d , a b ra s iv e  wear tlieo ry  i s  concerned  -eith  th e  lo a d  

supported  upon th e  f r o n ta l  re g io n s  o f  th e  In d en to r*  To 

s im p lify  tlio subsequen t d is c u s s io n  i t  w i l l  be assumed th a t  

th e  p lle ^ u p  i n  th e  f r o n ta l  re g io n s  i s  r e l a t e d  to  th a t  shown 

a t  tlie  s id e s  o f  th e  f i n a l  s c ra tc h  ( f i g  6 ,1 )  ,  T h ere fo re  i n  

te rm s o f  wear th e o ry  (C hap ter 3) » end in  p a r t i c u l a r  i n  

co n n ec tio n  w ith  th e  f a c t o r  , one i s  concerned w ith  th e  

t o t a l  s c ra tc h  volum e; t h i s ,  In  o u r exam ple, I s  equa l to  

(A^ 4" A^) ,

In  a s s e s s in g  th e  r e s u l t s  o f  th e  p re s e n t  s c ra tc h  t e s t s  

th e  r e s u l t s  were an a ly sed  by th e  fo llo w in g  te c h n iq u e . The 

th re e  volumes were o b ta in ed  by c u t t in g  a copy o f  th e  

T a ly s u r f  re co rd  in to  a p p ro p r ia te  a r e a s  and w eighing th e se  on 

a chem ical b a la n c e . The r e s u l t s  a re  ex p ressed  below a s  th e  

m a te r ia l  removed e i t h e r  a s  a f r a c t i o n  o f  m a te r ia l  d is p la c e d  

(A^ A^)/A^f o r  00 a f r a c t io n  o f  th e  t o t a l  groove valume

^  3 (A^ -  A^)/(A^ + A ^ ),

6#h Results of Single Scratches,
Rockw ell,

The S c ra tc h  w id th s  were measured from th e  T a ly s u rf  t r a c e s  

taken  a t  X500 h o r iz o n ta l  m a g n if ic a t io n . The r e s u l t s  a re  shown 

in  f ig u re  6 ,2  p lo t t e d  in  th e  form o f  th e  r e c ip ro c a l  o f  th e  

s c ra tc h  w id th  squared  a g a in s t  h a rd n e s s ,  The f ig u re  shows th a t  

th e  ex p erim en ta l r e s u l t s  a re  i n  good agreem ent w ith  

th e o r e t i c a l  v a lu e s  o f  th e  s c ra tc h  w id th  based  upon th e  

assum ption  th a t  th e  lo a d  i s  su p p o rted  on ly  on th e  f r o n ta l  h a l f
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F ig , 6 ,3a  Composite p icture o f a s e r ie s  o f  Roolcwell scratches in  
hardened and tempered s t e e l ,  load 2Kg,

F ig . 6.3b Composite p ictu re o f a s e r ie s  o f V ickers fa c e t scratch es  
in  hardened and tempered I fiC  s t e e l ,  load 2Kg,
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o f  th e  in d e n to r  and i f  a vg lue  o f  0*5 I s  used  f o r  th e  c o n s ta n t 

o f  p r o p o r t io n a l i ty  In  th e  w ear e q u a tio n  3#30*

T h is assum ption  y ie ld s  th e  r e s u l t*

where*

2e s  2 cm*
V 2 .p ^ . l 0 ‘i

a w h a l f  th e  s c ra tc h  w id th  In  cms*
\7 = normal lo a d  In  % *

as flow  p re s s u re  Kg/ma *

A p a r t i c u l a r l y  in t e r e s t i n g  f e a tu r e  o f  most o f  th e  s c ra tc h e s  

was th e  p iie d -u p  edges ( f i g  6 .1 ) ,  a phenomenon which h as  been 

n o ted  by a number o f  o th e r  w o rk e rs . An pdvnntago o f  ta k in g  a 

T a ly s u rf  t r a c e  o f  each s c ra tc h  was t h a t  t h i s  enab led  a 

q u a n t i ta t iv e  assessm en t to  be made, o f  th e  e f f e c t s  o f  p i le -u p  

on m eta l rem oval* The r e s u l t s ,  id ilch  a re  shown In  T ab le 6*1 

a re  ex p ressed  in  th e  form o f  p e r  c e n t m etal removed a s  a 

p ro p o r tio n  o f  e i t h e r  m etal d is p la c e d  o r  t o t a l  groove voluiaa*

The e f f e c t s  o f  p i le -u p  on s c ra tc h  geom etry a re  shown 

q u ite  c l e a r ly  in  f ig u re  6*3a in  which a l l  th e  t r a c e s  f o r  th e  

hardened  and tem pered 1*̂ 0 s t e e l  specim ens have been assem bled . 

These o b se rv a tio n s  tak en  i n  c o n ju n c tio n  w ith  r e s u l t s  diown in  

T able 6*1 in d ic a te  th a t  p i le -u p  a t  th e  edge o f  a  s c ra tc h  

c o n s id e ra b ly  a f f e c t s  th e  p ro p o r t io n  o f  th e  groove volume 

removed* I t  can be seen  t h a t  th e  s o f t e r  th e  m a te r ia l  th e  

g r e a te r  th e  degree o f  p i le -u p  and a s  a  consequence th e  sm a lle r  

th e  p ro p o r tio n  o f  th e  groove volume removed* W ith f u l l y
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hardened s t e e l  o f  th e  t o t a l  groovo

volume was removed b u t w ith  th e  sane m a te r ia l  tem pered to  

p^ a  263Kg/miu*  ̂ t h i s  p ro p o r tio n  hod f a l l e n  to  12^* The 

behav io u r o f th e  s o f te r  m a te r ia ls  (m ild  s t e e l ,  copper and 

aluminium) a lth o u g h  le s s  c o n s is te n t*  p ro v id e s  f u r th e r  su p p o rt 

f o r  tho  assum ption  th a t  the  s c ra tc h in g  p ro c e s s  i s  more 

e f f i c i e n t  w ith  h ard  m a te r ia ls #  T e s ts  were a lso  c a r r ie d  o u t 

w ith  S t e l l i t e  100, a  m a te r ia l  which i s  i n t r i n s i c a l l y  h a rd  b u t 

hav ing  a  m e ta l lu rg ic a l  s t r u c tu r e  d i f f e r e n t  from th a t  o f  

liardened s te e ls *  ag a in  a h ig h  p ro p o r t io n  o f  th e  groove volume 

was removed and t h i s  su g g e s ts  th a t  th e se  o b se rv a tio n s  upon th e  

effecvB  o f  h ard n ess  have a w id e r , more g e n e ra l ,  s ig n if ic a n c e #

V lckero In d en to r#

The V ick ers  Diamond In d e n to r  has a number o f  advan tages 

over th e  Rockwell Ccnoj b o th  f a c e t  and edgewise s c ra tc h e s  can 

bo made and th e  s c ra tc h  geom etry i s  c o n s ta n t#  However, th e  

Rockwell cone can  produce on ly  one type o f  s c ra tc h  and , 

because th e  t i p  o f  th e  cone i s  ra d iu e e d , th e  s c ra tc h  geom etry 

a l t e r s  w ith  d ep th  o f  p e n e tra tio n #

S c ra tc h in g  w ith  th e  V ick e rs  in d en o r in  th e  f a c e t - f i r s t  

o r ie n ta t io n  gave s im ila r  r é s u l t a  to  th o se  o b ta in ed  w ith  th e  

Rocîn^ell cone# A graph o f  th e  r e c ip ro c a l  o f  th e  s c ra tc h  

w idth  sqoar-ed a g a in s t  h a rd n ess  i s  shown in  f ig u re  6«U to g e th e r  

w ith  a th e o r e t ic a l  l in o  c a lc u la te d  from th e  eq u a tio n  (6#1) 

s in c e ,  once a g a in , i t  i s  assumed th a t  th e  lo ad  i s  su pported  

o n ly  on th e  f r o n ta l  h a l f  o f  th e  in d e n to r  and due to  p i le -u p  

a t  th e  f ro n t  o f  th e  In d en to r  th e  v a lu e  o f  th e  c o n s ta n t o f  

p r o p o r t io n a l i ty  in  th e  wear eq u a tio n  i s  ag a in  0#5#
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The th e o r e t i c a l  s c ra tc h  w id th s  a re  s l i g h t ly  g r e a te r  th a n  

th o se  observed ex p e rim en ta lly #  C u ttin g  e f f ic ie n c y  was ag a in  

found to  be g r e a te r  w ith  h a rd  m a te r ia ls  ( A/50/t o f  t o t a l  groove 

volume w ith  hardened  s t e e l )  th a n  w ith  s o f t  m a te r ia ls  ( f\JXO% o f  

t o t a l  groove volume w ith  m ild s t e e l ) #

The r e s u l t s  o b ta in ed  when sc ra tc h in g  w ith  th e  V ick ers 

In d e n to r  in  th e  e d g e - f i r s t  o r ie n ta t io n  a re  p re se n te d  in  f i g  *6 #5 

They a re  in  good agreem ent w ith  th e  th e o r e t i c a l  l i n e  o b ta in ed  

from th e  exp ression#

2a « ^  I ^  cm# (6#2)

w ith  th e  ex cep tio n  o f  th e  two h a rd e s t  m a te r ia l s ,  S t e l l i t e  100 

and th e  f u l l y  hardened s te e l#  I t  nay ba s ig n i f i c a n t  t h a t  

th e se  were th e  on ly  m a te r ia ls  from which a  m easurable q u a n t i ty  

o f  m a te r ia l  was removed ( AJXQ%  o f  t o t a l  groove volume) # With 

th e  s o f t e r  m a te r ia ls  (below  600Kg/jnri^) m eta l was p lle d * u p  a t  

tlie  edge o f  th e  s c ra tc h e s  b u t n o th in g  was removed# T h is  

o b se rv a tio n  i s  in  agreem ent w ith  th o se  o f  o th e r  w orkers (e#g# 

Kruschov and Babichev I960) who found th a t  no m a te r ia l  was 

removed when s c ra tc h in g  w ith  a cube edge#

G#5 M icroscopic o b se rv a tio n s  o f  f in a le  s c ra tc h e s#

U sefu l a d d i t io n o i  in fo rm a tio n  concern ing  s c ra tc h  geom etry 

end th e  riechaniem o f  m e ta l rem oval was o b ta in ed  by m icroscop ic  

exam ination# A lthough th e  com plete range o f  specim ens was



P ig .  6 .6  V lo k o r s  in ia n to o r  f a o e f t - f l r s t  o r lo it a t lo a #  m a te r ia l B .9 .H .3 . ,  
lo a d  5 0 0 g , a a g n if le a t lo m  Z  4 4 0 .

f i g .  6 . 7  T ic k a r t  ia d e n t t o r  f a e e t - e d g e  o r io a t a t io i i ,  m a te r ia l h a rd en ed  
Ifto s t e e l ,  lo a d  5 0 0 g , m ia g n d fis a t io n  X 1 0 4 5 .

f i g  6 .8  T io k a r s  in d em tco r  f a o e t * f i r s t  o r ie n t a t io n , m a te r ia l h a r ia n o d  
s t e e l ,  le a d  5 0 0 g #  m m a g n ifio a tlo n  Z 2 0 .
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s tu d ie d  th e  s c ra tc h e i on hardened s t e e l  and b r ig h t  drawn 

m ild  s t e e l  were fount to  be r e p r e s e n ta t iv e  and w i l l  be quoted 

a s  i l l u s t r a t i o n #  Tie s c ra tc h e s  formed by th e  V ic k e rs  

in d e n to r  were o f  p a r t ic u la r  i n t e r e s t  s in c e  th e y  c a n  be made 

w ith  e i t h e r  th e  f a c e t - f i r s t  o r  th e  e d g e - f i r s t  o r i e n t a t i o n .

Most o f  th e  T a ljsu rf  t r a c e s  had  shown p i l e - u p  a t  th e  edge 

o f  th e  s c ra tc h e s  an e ffec t which could  a ls o  be observed  

o p t i c a l ly  u s in g  a  high r e s o lu t io n  l i g h t - p r o f i l e  te ch n iq u e  on 

th e  V ick e rs  p r o je c t ic a  m icroscope. S tro u d  and Wilman (1962) 

used  t h i s  method to  rtudy s c ra tc h  geom etry# and th e  p ro p o r t io n  

o f  th o  s c ra tc h  removed. However, i n  th e  a u th o r* s  o p in io n  th e  

T a ly s u rf  method i s  mere con v en ien t and g iv e s  more r e l i a b l e  

r e s u l t s .

The f r o n t  end of the s c ra tc h e s  i s  im p o rta n t when 

c o n s id e r in g  th e o r e t i c i l  p r e d ic t io n s ;  f r o n t a l  p i le - u p  was 

observed when sc ra tch in g  i n  th e  f a c e t - f i r s t  o r i e n ta t io n  

( f i g  6 .6 )  b u t was absent when s c ra tc h in g  in  th e  e d g e - f i r s t  

o r ie n ta t io n  ( f i g  6 .7 ) .  The e x te n t  o f  th e  p i le - u p  a t  th e  f r o n t  

o f  th e  s c ra tc h  formed by th e  f a c e t  fa c e  was eq u a l to  th e  d ep th  

o f  th o  s c ra tc h ;  t h i s  observa tion  i s  in  com plete agreem ent w ith  

S ed rik s  and M ulheam  '1963) .

M icroscopic exam ination confirm ed th a t  f a c e t - f i r s t  

s c ra tc h e s  remove m ateria l ( f i g s .  6 .8  and 6 .9 ) and t h a t  m a te r ia l  

i s  more r e a d i ly  removed from h a rd  m a te r ia l s .  T here was no 

ev idence o f  m etal removal w ith  s c ra tc h e s  made w ith  th e  edge- 

f i r s t  o r i e n t a t i o n .



S £  S T ’"”*

f i g .  6 .1 0  B « p ea to d  t r a c k  f lo h c r #  la d a n to r  f a o c t - f l r s t  o r l c o t a t i o e ,  
m a te r ia l h axd aoed  3 ^  « t e e l ,  lo a d  5 0 0 g , m a g n if ic a t io n  Z U O .

f i g .  6 .1 1  m ep ea ted  t r a c k  T ic k e r ,  I n d a a to r  f a c e t - f l r e t  o r ie n t a t io n ,  
m a t e r ia l  B .D .X .S . * lo a d  $00g, m a g n if ic a t io n  X 4 4 0 .
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6 .6  Repeated s c r a tc h e s .

O bviously t r a c k in g  m  in d e n to r  o re r  a  m ic ro p o lleh e d  

s u rfa c e  i s  v e ry  d i f f e r e n t  from th e  s i t u a t i o n  i n  norm al 

a b ra s io n  where a f t e r  th e  f i r s t  few a b ra s iv e  p a r t i c l e s  have 

sc ra tc h e d  th e  s u r fa c e  a l l  subsequent p a r t i c l e s  en c o u n te r  

m a te r ia l  which has been  abraded. Kruschov and B abichev (i960) 

f o r  exam ple, su g g est a s  an ex p lan a tio n  o f  t h e i r  o b se rv a tio n  

th a t  th e  wear r a t e  o f  metals i s  u n a ffe c te d  by c o ld  w ork , th a t  

th e  maximum work hardened co n d itio n  is  ac h iev e d  d u rin g  

a b ra s io n .  To g e t c lo s e r  to  p r a c t ic a l  c o n d i t io n s  th e  e f f e c t s  

o f  re p e a te d  tr a c k in g  i n  t i e  same groove were th e r e fo r e  s tu d ie d .

E xperim ents were c a rr ie d  o u t w ith th e  V ick e rs  Diamond 

In d en to r  u s in g  a  500g lo a i j  most o f  the  t e s t s  in v o lv ed  hardened  

s t e e l  (p^  « 690Kg/mm^) • To c a r ry  out th e  ex perim en ts  

s u c c e s s fu l ly  th e  ap p ara tu s  had to  be c a r e f u l ly  a lig n e d ; t h i s  

be ing  p a r t i c u l a r l y  c r i t i c a l  w ith  f a c e t - f i r s t  s c r a tc h e s .

When th e  V ick ers  in d e n to r  was track ed  i n  th e  f a c e t - f i r s t  

o r ie n ta t io n  i n  th e  same groove i t  r e a d i ly  c u t  a  ch ip  w ith  

hardened  s t e e l  ( f i g  6 .10 ) b u t w ith  a s o f te r  m a te r ia l  such a s  

m ild  s t e e l  (p^  » 223Kg/mm^) c h ip s  could  on ly  be formed w ith  

d i f f i c u l t y  ( f i g  6 .1 1 ) .  These o b se rv a tio n s  con firm  th a t  

s c ra tc h in g  w ith  a f a c e t  face# even one hav ing  a n eg a tiv e  rake  

a n g le , w i l l  remove m a te r ia l .

. Repeated s c ra tc h in g  of hardened  s te e l  u s in g  th e  V ick e rs  

in d e n to r  in  th e  e d g e - f i r s t  o r ie n ta t io n  produced th e  most 

s t a r t l i n g  r e s u l t s .  The o r ig in a l  s c ra tc h  had a  r e l a t i v e l y  

smooth p ile d -u p  edge ( f i g  6 .12) b u t th e re  was no evidence o f
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f i g .  6 .1 2  T io k s r t  in & e n to r  f e c e t - e d g e  o r l e a t a t l o a ,  a a t e r i a l  h a r ie n a d  
B0B s t e e l ,  lo a d  3 0 0 g , m a g n if lo a t io n  X 4 4 0 .

P

H g  6 .1 3  B e p e a to d  t r a o k s  u s la g  Y lo t o r e  in d e n t o r  f a o e t - e d g e  o r ie n t a t io n ,  
m a te r ia l  h a r d en ed  3 ^  s t e e l ,  lo a d  5 0 0 g , m a g n if ie a t lo o  X 4 4 0 .

' r  L - .  ' ' L,



f i g .  6 .3 4  R e p e a te d  t r a e k t  T io k a r s  in d e n t o r  f a o e t - e d g e  o r la B t a t lo a ,  
m a t e r ia l  h a r d e n e d  3g@C s t e e l ,  lo a d  3 0 0 g , m a g n lf io a t io n  Z 4 4 0 .

■jF

fig. 6 .1 3  B od o f  r e p e a te d  t r a o k s  T io k e r s  in d e n to r  fa o e r t-e d g e  o r ie n t a t io n ,  
m a te r ia l  h a rd en ed  1 ^  s t e e l ,  lo a d  5 0 0 g , m a g n lf io a t io n  X 1 0 4 5 .



TABLE 6 .2 .

C o e f f ic ie n ts  o f  f r i c t i o n  d u rin g  s c ra tc h in g  under a lo a d
o f 2Kg, speed U cij/m in.

M a te ria l H ardness C o e f f ic ie n ts  o f  f r i c t i o n
V .P .IÎ. Rockwell V ickers V ick ers 

In d c n to r  In d e n to r  In d en to r  
e d g e - f i r s t  f a c e t - f i r s

l^C O teel (DAK5) 890 0 .1 6 0.45 0 .5 0
n n 710 0 .1 0 0155 0 .6 0
It It 573 0 .2 4 0 .5 5 0 .60
H M 449 0 ,1 6 0 .5 0 OJ+0
It It 310 0 .2 4 0 J i5 0 .5 0
It It 263 0 .3 2 0.50 0 .6 0

B.D.M .S. 223 0 .6 0 0 .48 0 .5 0

Annealed U .S . 120 0 .6 0 0 .4 0 0 .60

C a. H ard . 102 0 .6 0 0 .4 0 0 .5 0

Cu. S o f t . 50 0 .6 0 OJiO 0.55

A l.  H ard . 40 0 ,6 0 0 ,5 0 0 .60

A l .  S o f t . 20 0 ,6 0 0 .4 4 0 .5 6
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any m a te r ia l  h av in g  been rem oved. V.hen a s e r ie s  o f  t r a v e r s e s  

( s ix  in  a l l )  were made in  th e  same groove two e f f e c t s  were 

observed ;

( i )  a  c h ip  s t a r t e d  to  form in  f r o n t  o f  th e  in d e n to r ,  

s e v e ra l  o f  ichich a re  shown i n  f i g  6*13, and

( i l )  c h ip s  s t a r t e d  to  appear due to  breakaway o f  th e  

p lle d -u p  edge a t  th e  s id e  o f  th e  groove ( f i g  6 .14 )$

C a re fu l s tu d y  o f  th e  edges o f  th e  groove showed th a t  c h ip s  formed 

by th e  second mechanism were p ro b ab ly  produced by a sh e a rin g  

a c t io n  ( f i g  6 .1 5 ) .  Thus e d g e - f i r s t  s c ra tc h e s  produce ch lpa  

when s c ra tc h in g  i s  r e p e a te d ; however th e  p ro c e ss  s t i l l  ap p ears 

to  be l e s s  e f f i c i e n t  th an  f a c e t - f i r s t  s c r a tc h in g .

6 .7  Coefficients of friction.
In  a number o f  runs on th e  f r i c t i o n  machine th e  c o e f f ic ie n t  

o f  f r i c t i o n  was m easured d u rin g  s c r a tc h in g .  T able 6 .2  shows 

th e  v a lu e s  o f  th e  c o e f f i c ie n t  o f  f r i c t i o n  o b ta in ed  in  t h i s  way.

These c o e f f ic ie n t s  show no v e ry  marked tre n d s  a lth o u g h  two 

te n d e n c ie s  may be n o te d , F i r s t ,  th e re  i s  a  tre n d  tow ards low er 

v a lu e s  o f  f r i c t i o n  w ith  h a rd e r  m a te r i a l s .  Second, when u sin g  

th e  V ick ers  in d e n to r ,  th e  f r i c t i o n  i s  g e n e ra lly  somehhat h ig h e r  

i n  th e  f a c e t - f i r s t  o r ie n ta t io n  th a n  in  th e  e d g e - f i r s t  

o r i e n ta t io n .

6.8. Theoretical analysis of scratch geometry.
F or a s c ra tc h  o f  g iv e n  w id th  th e  volume o f  m a te r ia l  removed 

depends on two f a c to r s *  The f i r s t  o f  th e s e  i s  th e  w id th /d ep th  

r a t i o  o f  th e  s c ra tc h  which i s  a lre a d y  allow ed  f o r  i n  th e  wear
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e q u a tio n  3*30 b e in g  th e  v a lu e  o f  c o t  0  ( f i g  6#16a)* However, 

th e  s c ra tc h  t e s t s  have shown th a t  a  second f a c t o r  must be 

c o n s id e re d , namely p l le -u p  a t  th e  edge o f  th e  s c ra td h  

( f i g  6 ,16b) • T h is means t h a t  on ly  a p ro p o r tio n  o f  th e  groove 

volume I s  removed and In  th e  wear e q u a tio n  (e q u a tio n  3*30) 

t h i s  I s  re p re se n te d  by th e  f a c t o r  jg.

A ty p ic a l  s c ra tc h  w ith  p l le - u p  I s  shown In  f ig u re  6 .1 ;  

th e  Im portan t p a r t s  o f  th e  s c ra tc h  a re  th e  t o t a l  groove 

volume (A^ + A^) th e  volume p lle d -u p  (Ag) and th e  volume 

d is p la c e d  (a^ ) # The p e rce n tag e  o f  th e  t o t a l  groove volume 

a c tu a l ly  removed I s  g iven  by th e  e x p re ss io n

*3 ~ *2 X 100% (6 .3 )

+ ^3

C u ttin g  e f f ic ie n c y  I s  v e ry  s e n s i t iv e  to  th e  amount o f  

p l le -u p I  and e x p re s s io n s  f o r  th e  volume o f  m e ta l removed w i l l  

be d e r iv e d  f o r  th e  two ty p e s  o f  p l le -u p  which were observed  In  

th e  experim ents (6*1?)*  Tabor (1951) h as  observed  s im i la r  

r id g e s  a t  th e  s id e s  o f  h a rd n ess  I n d e n ta t io n s ,  I n  th e  th e o ry  

which fo llo w s we s h a l l  c o n s id e r  th e  volumes a s s o c ia te d  w ith  a 

r e g u la r  s c ra tc h  o f  u n i t  le n g th  and we s h a l l  u se  th e  n o ta t io n  

o f  f ig u re  6#1 to  In d ic a te  th e  d i f f e r e n t  e lem en ts o f  m a te r i a l .



6.13a J e t  a i l  o f scratch  with s-am ctr ica l r làro .

? i" .  6.18b D e t r i l  of scratch  with, asyiw ictrical :'i ;o.
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Groove w ith  sym m etrical r l d e a .

The assumed geom etric  shape i s  shown i n  f ig u re  6 ,1 8 a .

The h e ig h t o f  th e  r id g e  i s  R th e  t o t a l  dep th  o f  th e  s c ra tc h  

i s  X and th e  w id th  o f  th e  r id g e  on each  s id e  o f  th e  s c ra tc h  i s  

2y where y  a  R tan  0

Then

Volume o f  p i l e  up « Ag « 2 ta n  0  (6 ,h )

Volume d is p la c e d  « A^ « (x  -  R)^ ta n  & (6 .5 )

T o ta l groove volume » (A^+ A^) » ta n  0 (6 .6 )

Volume removed «  (A^ ** A^) a  (x^-2xR -  R^) ta n  6  (6 .7 )

We now den o te  th e  s e v e r i ty  o f  p i le -u p  by th e  f a c t o r  r

where
r  sa g  (6 .8 )

X

I t  i s  now p o s s ib le  to  ex p ress  th e  volume removed by th e  

two methods d e f in e d  i n  s e c t io n  6#3 above .

1 2 2Volume removed a  A^ A2 a  x •* 2xR — R
Volume d is p la c e d  ^  P j2

« 1 -  2 r  -

and

(1 •* r ) ^  (6 .9 )

2 2^ Volume removed « Ag *  Ag = z  2xR -  E 
^  T o ta l groove volume . . '" 'V

1 ^ 3

« 1 — 2 r  — ( 6 .10 )
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G r o o v e  w i t h  a n  a s y m m e t r i c a l  r i d g e *

P o p  t h e  m o r e  g e n e r a l  c a s e  t h e  w i d t h  o f  t h e  r i d g e  o n  

e a c h  s i d e  o f  t h e  s c r a t c h  i s  a s s o m e d  t o  b e  ( n  f  1  )  y

ïhen, es before#

Volume o f  p i le -u p  a  Ag a (n  + l)H ^ ta n  9  (6 .1 1 )

Volume d is p la c e d  = = (% -  R )^ tan  G (6 .1 2 )

T o ta l groove volume a  (A^ 4- A^) « z ^ ta n  G (6 .1 3 )
A O

Volume removed = (A^ -  Ag) » (z  -  2xR -  nR ) to n  G (6«1U)

As befo re#  th e  volume removed may be ezp re ssed  a s

^  = Volume removed a  1 ^  2 r  ^  n r^  (6*13)
 ̂ Volume d is p la c e d  (1 -  r ) ^

V o lu m e  r e m o v e d  a  1 «• 2 r  -  n r ^  (6 .1 6 )
T o ta l groove volume

I t  w i l l  be observed  t h a t  th e  groove w ith  a sym m etrical 

r id g e  i s  a s p e c ia l  ca se  o f  th e  g e n e ra l form ulae w ith  n  = 1 .

In  f ig u re  6*19a,b  th e  r a t io s * ^  and f i  r e p re s e n t in g  th e  

volume removed a re  p lo t t e d  a g a in s t  th e  r a t i o  r  a  ( r id g e  

h e ig h t) / ( t o t a l  s c ra tc h  depth) f o r  d i f f e r e n t  ty p es  o f  g ro o v es . 

I t  w i l l  be observed th a t  f o r  a  g iv e n  r id g e  h e ig h t#  ty p ic a l ly  

abou t 30 to  U0% o f  th e  t o t a l  s c ra tc h  depth# th e  volume 

removed f a l l s  to  zero#

In  f ig u re  6 .20  i s  shown th e  i n t e r r e l a t i o n s h ip  betw een 

th e  two methods o f  e x p re s s in g  th e  volume rem oved. A lso  

p lo t t e d  on t h i s  graph a re  th e  r e s u l t s  o b ta in ed  from T ab le  6 .1



P ig , 6 ,20  In tor-rcla tion sh iv ) between methods o f expressing  the  
Tproportion o f m aterial removed,

O Roclavell indentor; s t e e l  (DAK3) Hardened and teanercd , 
#  Rockwell indentor; other m ateria ls (Table 6 ,1 ) ,
A  V ickers indentor, facet-forw ard  or ien ta tio n ; 1‘jC s t e e l .
^  V ickers indentor, facet-forw ard or ien ta tio n : o ther m aterial

lO

VOLUME
Volume AKPLACED. O ̂

04 .

01

O 0*1

j8 =
-  V O L U H E  R C M o V E A  

T c ^ A L  G Roox/E VOLUME

P ig , 6 ,2 1  Proportion o f  volume removed fo r  scratch  t e s t s  v /ith 
Rockwell indentor on hardened and tempered* lÿ^ s t e e l .

#  fVolume removed)/(Volume d isp laced )
O (Volume removed; / ( T ota l groove volume)
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I
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u.
0

I
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(which r e f e r  to  experim en ts w ith  a Rockwell In d en to r)  and 

s im ila r  r e s u l t s  o b ta in ed  w ith  a  V ick e rs  In d e n to r  i n  the  

f a c e t - ^ f l r s t  o r ie n ta t io n *  I t  w i l l  be observed  t h a t  th e  

ex p erim en ta l r e s u l t s  a re  I n  re a so n ab ly  good agreem ent w ith  

th e  th eo ry *  The ex p e rim en ta l r e s u l t s  p lo t t e d  I n  f ig u re  6 .2 0  

a lso  seem to  Im ply th a t  w ith  th e  h a rd e r  m a te r ia l s ,  f o r  which 

th e  p ro p o r t io n  o f  m a te r ia l  removed I s  l a r g e r ,  th e  p i le -u p  

ten d s  to  be more asym m etric ( l . e #  l a r g e r  v a lu e s  o f  n  In  

e q u a tio n s  6*15 and 6*16) * There I s  a n  In d ic a t io n  o f  t h i s  

f a c t  I n  th e  p r o f i l e s  o f  f ig u re  6*3b.

Finally figure 6*21 shows the results of Table 6*1 for 
scratch tests In v/hlch hardened and tempered 1/C steel was 
used in conjunction with a Rockwell Indentor# The proportion 
of the volume removed (expressed In the two alternative ways 
defined above) Is plotted against the hardness* Results 
obtained with the same material using a Vickers Indenfcor In 
the facet-first orientation show the same trend, with somewhat 
greater scatter, and the same conclusion applies to scratch 
tests with the other materials listed In Table 6*1# The 
general trend of the results Is quite clear* As thehardness 
of the material is Increased the efficiency of the scratching 
process becomes higher; a larger proportion of the material 
Is removed and appears as worn debris.

6*9 D iscussion*

The most Important aspect of the work described In this 
Chapter Is the discussion of the methods of characterising the 
geometry of the scratch* This Is shown by the different
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volumes o f  f ig u re  6*1 and th e  a n a ly s is  o f  th e  r e s u l t s  I n  th e s e  

term s g iv en  In  s e c t io n  6 #8# A lthough th e  work o f  Kruschov 

and Babichev (I960) i s  o f  g r e a t  Im portance I n  t h i s  f i e l d  t h e i r  

r e s u l t s ,  tQ)on c lo s e r  ex am in a tio n , seem p a r t i c u l a r l y  con fusing#  

A lthough th ey  m easured th e  w id th  o f  t h e i r  t r a c k s  w ith  an 

o p t ic a l  m icroscope th ey  c la im  t h a t  th e  t r a c k  w id th  co rresp o n d s 

to  Aj o f  f ig u re  6*1# How t h i s  could  be ach iev ed  I n  th e  

p resen ce  o f  a p p re c ia b le  p l le - u p  I s  d i f f i c u l t  to  understand#

In  th e  p re s e n t  work th e  t o t a l  w id th  o f  th e  t r a c k .

In c lu d in g  th e  p l l e - u p ,  h a s  been ta k e n  as  th e  p a ram e te r o f  

g r e a te s t  s lg n f f ic a n c e  f o r  a b ra s iv e  w ear th eo ry #  The 

com parison between th e o ry  and experim ent shown I n  f ig u re s  6 #2, 

6 .4  and 6 .5  su g g e s ts  t h a t  t h i s  assum ption  I s  f u l l y  j u s t i f i e d .  

The agreem ent I s  v e ry  c lo s e  Indeed b o th  fo r  th e  Rockwell 

In d e n to r  and f o r  th e  V ick e rs  In d e n to r  i n  th e  e d g e - f i r s t  

o r i e n t a t i o n .  F or t e s t s  w ith  th e  V ick e rs  In d e n to r  i n  th e  fa c e t-  

f i r s t  o r ie n ta t io n  th e  agreem ent I s  a  l i t t l e  l e s s  s a t i s f a c to r y  

b u t presum ably t h i s  d iv e rg en ce  I s  concerned w ith  th e  assumed 

r e la t io n s h ip  betw een th e  p i le -u p  a t  th e  f r o n t  o f  th e  In d e n to r  

and t h a t  observed a t  th e  s id e s  o f  th e  s c ra tc h  a f t e r  th e  t e s t .

I t  may a ls o  be n o ted  th a t  th e  agreem ent betw een th e o ry  and 

experim ent o b ta in ed  I n  th e se  t e s t s  i s  f a r  more s a t i s f a c to r y  

th a n  th a t  o b ta in ed  from an a n a ly s is  o f  th e  r e s u l t s  p re se n te d  

by Kruschov and B ab ich ev .

The r e s u l t s  o f  th e s e  s c ra tc h  t e s t a  a ls o  have some 

s ig n if ic a n c e  f o r  th e  th e o ry  o f  a b ra s iv e  w ea r. The good 

agreem ent between th e o ry  and experim ent su g g e s t t h a t ,  s in c e
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th e  T/ear eq u a tio n  (e q u a tio n  3*30) l a  b ased  upon th e  same 

asoum ptlons, tho v a lu e  o f  0#50 f o r  th e  c o n s ta n t o f  

p ro p o r t io n a l i ty  In  t h i s  eq u a tio n  I s  ju s t i f i e d #  However, 

because th e  t o t a l  t r a c k  w id th  in c lu d in g  p l le - u p  I s  u se d , th e  

In c lu s io n  o f th e  f a c to r  ̂ { re p re se n tin g  th e  m a te r ia l  removed a s  

a p ro p o r tio n  o f  th e  t o t a l  t r a c k  volume) I s  new an  e s s e n t i a l  

p a r t  o f  an a c c e p ta b le  w ear eq u a tio n #

The t e s t s  have shown th a t  m a te r ia l  can  be removed by 

c u t t e r s  having  n e g a tiv e  rake a n g le s ; b u t  th e  ease  w ith  w hich 

m a te r ia l  I s  removed depends on th e  way I n  v/hlcîi th e  c u t t e r  I s  

p re se n te d  ( f a c e t  c u ts  more r e a d i ly  th a n  edge) , tho  number o f  

tim es th e  m a te r ia l  h as  been  sc ra tc h e d  and th e  m a te r ia l  b e in g  

s c ra tc h e d  (h ard  m a te r ia ls  show p ro p o r t io n a l ly  h ig h e r  wear 

r a t e s  th a n  s o f t  m a te r ia ls )  # V/lth r e p e a te d  tr a c k s  In  s c ra tc h e s  

w ith  th e  e d g e - f i r s t  o r i e n ta t io n ,  th e  main mechanism o f  m a te r ia l  

rem oval appears to  be sh e a rin g  o f  th e  p l le d -u p  edge; th e  ch ip s  

produced by t h i s  mechanism a re  r e l a t i v e l y  s h o r t  compared w ith  

th o se  produced by s c ra tc h in g  I n  th e  f a c e t - f i r s t  o r i e n t a t i o n .

F in a l ly ,  th e  f a c t  th a t  a  h ig h e r  p ro p o r t io n  o f  tho  t o t a l  

groove volume i s  removed when s c ra tc h in g  h a rd  m a te r ia ls  seems 

to  be h ig h ly  s ig n i f ic a n t#  I t  co u ld  go come way tow ards 

e x p la in in g  th e  f a c t ,  n o te d  by Kruschov and B abichev , t h a t  r a t e s  

o f  a b ra s iv e  wear f a l l  l e s s  r a p id ly  w ith  In c re a s in g  h a rd n ess  

th an  m ight be expected  by sim ple th e o r ie s #  Secondly I t  cou ld  

p ro v id e  an  ex p la n a tio n  o f  th e  r e l a t i v e  Independence o f  

g r in d in g  fo rc e s  to  changes In  h a rd n ess  o f  th e  w orkpiece# A 

more com plete d is c u s s io n  o f  th e se  q u e s tio n s  w i l l  be g iv e n  In  

C hap ter 8#
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6*10 C o n c lu s io n s .

(1) M a te r ia l l e  removed by In d e n to rs  hav ing  n e g a tiv e  

rak e  a n g le s .

(2) T h e o re t ic a l  and obeerved s c ra tc h  w id th s were I n  

good agreem ent p ro v id ed  allow ance I s  made f o r  p l l e - u p .

(3) S c ra tc h in g  i n  the  f a c e t - f i r s t  o r ie n ta t io n  I s  a  more 

e f f i c i e n t  method o f  m e ta l removal th a n  s c ra tc h in g  In  th e  edge- 

f i r s t  o r ie n ta t io n *

(4) Repeated t r a c k s  In  th e  same g ro o v e , p a r t i c u l a r ly  

w ith  th e  V ick ers  In d e n to r  In  th e  e d g e - f i r s t  o r i e n ta t io n ,  showed 

th a t  breakaway o f  th e  p lle d -u p  edge I s  an  Im p o rtan t w ear 

mechanism*

(5) A h ig h e r  p ro p o r tio n  o f  th e  groove volume i s  removed 

w ith  h a rd  th an  w ith  s o f t  m a te r ia ls *

(6) The p ro p o r t io n  o f  th e  groove volume removed I s  

r e l a t e d  to  th e  p i le - u p  and th e  ex p e rim en ta l r e s u l t s  a r e  In  

q u ite  good agreem ent w ith  sim ple th e o r ie s  which ta k e  t h i s  In to  

account «

(7) S c ra tc h in g  I n  th e  f a c e t - f i r s t  o r i e n ta t io n  te n d s  to  

produce ch ip s  s im ila r  to  th o se  formed I n  s in g le  p o in t  c u t t in g *  

S c ra tch in g  In  th e  e d g e - f i r s t  o r ie n ta t io n  ten d s  to  produce 

r e l a t i v e l y  sm all ch ip s  which a re  cup shaped*

(8) The use  o f  a  v a lu e  o f  0*5 f o r  th e  c o n s ta n t o f  

p r o p o r t io n a l i ty  I n  th e  wear e q u a tio n  3 #30 I s  j u s t i f i e d  i n  th e  

l i g h t  o f  the  r e s u l t s  o b ta in e d  by sc ra tc h in g *
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7# Experiments with Abrasives*

7 .1  I n t r o d u c t io n *

Abrasive wear theory, and the experiments just 
reported for scratching with Idealised Indentors, make a 
number of assumptions about the nature of abrasive surfaces. 
These assumptions are a necessary simplification If 
calculations are to be made* Real abrasives with very 
sharp fracture facets may behave very differently to 
Idealised cutters* To assess the extent to which the 
theoretical basis of wear theory Is valid under practical 
conditions, a series of experiments was carried out using 
abrasives* These experiments were divided Into two groups,
(I) scratch tests using abrasives followed by an examination 
of the scratches formed by Talysurf and optical techniques
(II) §n examination of abrasive surfaces using a wide 
variety of methods*

It was hoped that this series of experiments would 
provide further Information about the mechanism of chip 
removal, scratch shape, the effects of material hardness on 
chip formation and the geometry and structure of abrasive 
surfaces*

7*2 A pparatus *

Scratch tests were carried out, as before, either on 
the Vickers Projection Microscope Mlcro-hardness Tester or 
on the Friction Machine*
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The s c ra tc h e s  produced were examined u s in g  o p t ic a l  

and T a ly s u rf  tech n iq u es*

A brasive s u r fa c e s  were examined o p t i c a l l y ,  by 

T alyrond and scann ing  e le c t ro n  m icroscope*

Where s p e c ia l  te ch n iq u e s  were used  th e se  a re  

d e sc r ib e d  a t  th e  a p p ro p r ia te  s tag e*

7 .3  M a te r ia ls .

The b u lk  o f  th e  m a te r ia ls  used In  e a r l i e r  experim en ts 

were s tu d ie d  b u t most o f  th e  r e s u l t s  chosen f o r  I l l u s t r a t i o n  

Invo lve  e i t h e r  hardened  o r  m ild  s t e e l  and BA60 -  L5 -  VFBLÜ 

a b ra s iv e  w heels* Where r e s u l t s  were o b ta in ed  u s in g  o th e r  

m a te r ia ls  t h i s  I s  In d ic a te d  In  th e  t e x t .

Except where In d ic a te d  s c ra tc h  t e s t s  were c a r r ie d  o u t 

on specim ens hav ing  a m ic ro -p o ll shed su rfa ce *

7*4 . P re lim in a ry  S cra tch  t e s t s  w ith  s in g le  a b ra s iv e  g r i t s .

A few p re lim in a ry  t e s t s  were c a r r ie d  o u t on th e  

V ick ers M lcro-hardness T e s te r  u s in g  s in g le  g r i t s  p r o je c t in g  

from an  a b ra s iv e  w h ee l. To o b ta in  such g r i t s  th e  wheel was 

d re sse d  In  th e  u su a l way on th e  p in  and r in g  m achine; tho  

wheel was th e n  mgchlned w ith  th e  diamond so th a t  a  narrow  

band o f  a b ra s iv e  abou t one g r i t  wide was l e f t  p r o je c t in g ;  

a  s in g le  g r i t  cou ld  th en  be l e f t  proud o f  th e  su r fa c e  by 

b reak in g  away I t s  n e ig h b o u rs .

T a ly s u rf  t r a c e s  o f  th e  s c ra tc h e s  formed by such g r i t s  

showed th a t  s u b s ta n t ia l ly  th e  whole o f  th e  s c ra tc h  volume 

was removed when ab rad in g  h a rd  m a te r ia ls  b u t w ith  s o f t  i
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D I V I S I O N

•Pig. 7 .1  T alysu rf trace  o f scratch  
on hardened 1 ^  s t e e l ,  load 500g, 36 
g r it  wheel.

IN E N G L A N D

j. .

Ù-4-.
3 woo , ■ ;

R A N K  O R G A N I S A T I O N .  R A N K  T A Y D

P ig . 7 .2  T alysurf tra ce  o f scratch  
on load 500g, 36 g r it
wheel.

P ig . 7 .3  Scratch on hardened 1 ^  s t e e l ,  load 500g, 
36 g r it  wheel, I

,P ig . 7.4- Scratch on B.D.M.S., load 500g, 36 g r it  
w heel, X 440.
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m a te r ia l  s I euch a s  m ild  s t e e l , th e  b u lk  o f  th e  m a te r ia l  

d isp la c e d  from th e  s c ra tc h  was p ile d -u p  a t  i t s  edges 

( f ig s  7#1 & 7*2) # The c u t t in g  perform ance o f  an  a b ra s iv e  

g r i t  i s  th e re fo re  s e n s i t iv e  to  p i le -u p  a t  th e  edge o f  th e  

s c ra tc h  i n  th e  same way a s  t h a t  o f  an  id e a l i s e d  I n d e n to r .

M icroscopic exam ination  o f  th e  s in g le  g r i t  s c ra tc h e s  

supported  th e  T a ly s u rf  o b s e rv a tio n s , ch ip s  b e in g  observed  

on th e  su rfa c e  o f  th e  hardened  s t e e l  specim en ( f i g  7*3) 

w h ils t  th e  m ild  s t e e l  specimen had few er c h ip s  and ev idence 

o f  p i le -u p  a t  th e  edges o f  th e  s c ra tc h  ( f i g  7#h) # I t  i s  o f  

I n t e r e s t  to  n o te  th a t  th e  some o f  th e  s c ra tc h e s  on m ild  

s t e e l  e x h ib ite d  th e  mechanism o f  edge break-aw ay observed  

e a r l i e r  in  re p e a te d  s c ra tc h in g  w ith  id e a l i s e d  in d e n to r s .

Doth th e  T a ly s u rf  t r a c e s  and o p t ic a l  ex am in a tio n  

showed th a t  tho  use o f  th e  term  a  *^single g r i t ” i s  m islead ing] 

what had appeared  to  be a  s in g le  g r i t  o f te n  produced  s e v e ra l  

q u ite  s e p a ra te  s c ra tc h e s  on th e  su rfa c e  o f  th e  specim en 

showing th a t  a  s in g le  g r i t  may have s e v e ra l  c u t t in g  f a c e t s  

o r  edges#

7*5 E f f e c ts  o f  m a te r ia l  hardnesn  on the  c u t t in g  p r o c e s s .

S ince th e  p re lim in a ry  t e s t s  suggested  t h a t  a b ra s iv e  

g r i t s  show th e  same b eh av io u r p a t t e r n  a s  id e a l i s e d  in d e n to r s ,  

namely th e  b u lk  o f  th e  groove volume b e in g  removed w ith  h a rd  

m a te r ia ls  b u t reduced  c u t t in g  e f f ic ie n c y  w ith  s o f t e r  

m a te r ia ls  due to  edge p i l e - u p ,  i t  was dec id ed  to  s c ra tc h  

t e s t  a range o f  specim ens o f  d i f f e r i n g  h a rd n ess  (DAK5
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F ig , 7 .5  T alysurf tra ces  o f a scratch , made w ith a s in g le  abrasive grain* 
on a specimen o f s t e e l  heat-treated  to  give a hardness gradient, load 2Kg#
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hardened  and tem pered) u s in g  th e  same a b ra s iv e  g r i t #  

U n fo rtu n a te ly  th e se  experim ents had to  be abandoned as  i t  

was v e ry  d i f f i c u l t  to  p re se rv e  th e  a b ra s iv e  g r i t  i n  i t s  

o r ig in a l  c o n d itio n  th roughou t th e  t e s t s  due to  th e  ea se  

w ith  which f r a c tu r e  o ccu rred#  A d i f f e r e n t  techn ique was 

th e re fo re  adop ted ; specim ens were made from DAK5 and heat-* 

t r e a te d  In  such a way th a t  a h a rd n ess  g ra d ie n t was form ed, 

th e  h a rd  end b e in g  890Kg/mm^ f a l l i n g  to  300K|/mm^ a t  th e  

s o f t  end# The specim ens were s c ra tc h e d  on th e  f r i c t i o n  

machine u s in g  a  lo a d  o f  2Kg, and a s in g le  g r i t  from a 36 

g r i t  wheel# Two ty p e s  o f  t e s t  were perfo rm ed; i n  one 

s e r ie s  s c ra tc h in g  began a t  th e  s o f t  end o f  th e  specim en, in  

th e  o th e r  a t  th e  h ard  end# When s c ra tc h in g  began a t  th e  

s o f t  end o f  th e  specim en th e  g r i t s  f r a c tu r e d  and f r i c t i o n  

measurements were e r r a t i c  ( /V 0 .6 -0 .8 )  ; when th e  t e s t  was 

begun a t  th e  h a rd  end , th e  g r i t  f r a c tu r e d  when th e  s o f t  end 

was approached# In  b o th  ty p es  o f  t e s t  th e  change i n  

s c ra tc h in g  mechanism o ccu rred  i n  th e  re g io n  o f th e  specim en 

hav ing  a  h a rd n ess  o f  300 to  hOOKg/mm^, f r i c t i o n  a t  th e  s o f t  

end b e in g  h ig h  ( 'v  0*6 to  0*8) f a l l i n g  to  0#h to  0*5 a t  th e  

h a rd  end# T a ly s u rf  t r a c e s  showed th a t  a s  th e  g r i t  

sc ra tc h e d  th e  specim en p i le -u p  in c re a s e d  p ro g re s s iv e ly  w ith  

r e d u c tio n  in  h ard n ess  ( f i g  7#5)* The com plete range o f  

specim en h a rd n ess  could n o t be covered  a s  th e  h ig h  

c o e f f i c ie n t s  o f  f r i c t i o n  a s s o c ia te d  w ith  th e  s o f t  end o f  

each specim en and th e  tendency  f o r  th e  g r i t s  to  d ig  i n  caused 

f r a c tu r e  i n  th e  re g io n s  hav ing  a h a rd n ess  below abou t hOOKg/
«m2mm *



WLg. 7 .^  S o x a tfth  a t  t h e  h a rd  e n i  o f  t h e  s p e o ia e n ,  d a x k  
f i e l d  i l l t M d n a t i o n ,  X 1 0 0 .

Ü 4 .  7 . 7  S e r a t o h  a t  t h e  s o f t  en d  o f  t h e  ep eo im en #  X 1 0 0 ,
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F ig , 7 .8  Talysurf traces of scra tch es, made with a 100 g r it  
grinding wheel during dynamometer t e s t s ,  on hardened I f c C  s t e e l  
and S,D,M,S,

P ig . 7*9’ Edges of ground specimens (a ) hardened s te e l  
and (h) p.D.M .3., I  18.
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M lcxoscoplo exam ination  o f  ty p ic a l  e c fa tc h e s  

confirm ed t h a t  c h ip s  were r e a d i ly  p roduced  a t  th e  h a rd  end 

o f  a  specim en ( f i g  7 .6 )  and t h a t  a t  th e  s o f t  end g r i t s  

f r a c tu r e d  and  th e r e  was co n s id e rab le  p l l e - u p  a t  th e  edge o f  

th e  s c ra tc h e s  ( f i g  1ml)»

7#6 S c ra tc h  t e s t a  w ith  g r in d in g  jw heels #

In  th e  dynamometer t e s t s  r e p o r te d  e a r l i e r  (C hap ter 6) 

s c ra tc h  t e s t s  were made on a m ic ro p o liah ed  s u r fa c e  a f t e r  

each g r in d in g  r u n .  The main purpose o f  th e s e  t e s t s  was to  

determ ine th e  w id th /d e p th  r a t i o  o f  th e  s c ra tc h e s  formed and 

th e  c o e f f ic ie n t  o f  f r i c t i o n .

However i t  was n o ted  t h a t  the  b eh av io u r p a t te r n  

observed  w ith  b o th  id e a l i s e d  In d e n to rs  and s in g le  a b ra s iv e  

g r i t s  was re p e a te d  w ith  g r in d in g  w heels* W ith hardened 

s t e e l s  s u b s ta n t i a l ly  th e  whole o f  th e  s c ra tc h  volume was 

removed, b u t w ith  s o f t e r  m a te r ia l s  p lough ing  occurred  

red u cin g  s c ra tc h in g  e f f ic ie n c y  ( f i g  7*8) #

The specim ens used  i n  th e  g rin d in g  experim ents 

p ro v id ed  f u r th e r  ev idence  i n  su p p o r t o f  th e  concep t of 

p lough ing  w ith  s o f t  m a te r i a l s .  A f te r  f o r ty  t r a v e rs e s  

u s in g  a  depth  o f  c u t o f  0 .0003" th e  hardened s t e e l  r e t a in s  

a  sh arp  edge b u t th e  s o f t  specim en shows a rough edge ( f i g  

7 * 9 ) . I t  i s  suggested  t h a t  th e  rough  edge i s  formed by a 

p lough ing  mechanism, a sm all q u a n t i ty  o f  m a te r ia l  being 

d is p la c e d  over th e  s id e  o f  th e  specim en w ith  each t r a v e r s e  

o f  th e  g rin d in g  w heel.
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P ig . 7 ,10  Trace o f ta n g en tia l force in  a s in g le  g r it  scratch  t e s t ,  
normal force 2,400g, m aterial l^C s te e l  hardened.
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T alysurf traces of scratches on a ground surface, ( f i g  7 .11 ) orignal 
surface, ( f i g .  7 .12) th e same surface scratched with V ickers indentor 
f a c e t - f ir s t  or ien ta tion  (marked I X  and 2X) and with a 36 g r it  abrasive 
wheel as in d icated , m aterial hardened 1 ^  s te e l, load 500g.
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7*7 p o s i t iv e  rak e

Most a b ra s iv e  w ear th e o r ie s  assume th a t  th e  normal 

lo a d  i s  supported  on th e  f r o n ta l  f a c e t s  o f  th e  a b ra s iv e  

g r i t s  and t h a t  I t  lo  th e se  g r i t s  which remove m a te r ia l#  

P o s i t iv e  rak e  g r i t s  do e x i s t  i n  a b ra s iv e  su r fa c e s  

and t h e i r  r o l e  i n  th e  c u t t in g  p ro c e s s  canno t be com plete ly  

d ism issed#  s in g le  g r i t  s c r a tc h  t e s t s  were th e re fo re  

perform ed u s in g  p o s i t iv e  rak e  g r i t s  i s o l a t e d  from a  g r in d in g  

wheel i n  th e  manner d e sc r ib e d  e a r l i e r #  {Exam ination o f  

a b ra s iv e s  re p o r te d  i n  S e c tio n  7»% su g g est th a t  l e s s  th a n  

10% o f  th e  g r i t s  had a p o s i t iv e  rak e  an g le ) #

The t e s t s  were c a r r ie d  ou t on th e  f r i c t i o n  machine 

u s in g  a range o f  lo a d s  (hOOg to  2h00g) and m ic ro p o lished 

hardened  s t e e l  (p^  « 850%/mm^) specim ens #

Two b eh av io u r p a t t e r n s  were observed  ( l )  under 

l i g h t  lo a d s  th e  g r i t s  u s u a l ly  s c ra tc h e d  th e  s u rfa c e  w ith  a 

c o e f f ic ie n t  o f  f r i c t i o n  o fju o /0 # 3  ( l i )  w ith  each g r i t  th e re  

was a  c r i t i c a l  lo ^ d  a t  which i t  s t a r t e d  to  d ig  in to  th e  

specim en, th e  c o e f f ic ie n t  o f  f r i c t i o n  r a p id ly  ro se  to  a 

v a lu e  o f  about>L  a 1 ,  th e  g r i t  f r a c tu r e d  and th e  c o e f f ic ie n t  

o f  f r i c t i o n  f e l l  to  about / a  s  0#5 ( f i g  7 #10) # These 

o b se rv a tio n s  can  be ex p la in ed  i f  i t  i s  assumed th a t  a lth o u g h  

th e  g r i t  s e le c te d  ( a t  a co m p ara tiv e ly  low m a g n ific a tio n )  

had a  p o s i t iv e  rak e  ang le  th e  c u t t in g  edge i s  s l i g h t l y  b lu n t  

8 0  th a t  a t  th e  t i p  th e  g r i t  h a s  a  n e g a tiv e  rak e  ang le#  At 

l i g h t  lo a d s  th e  g r i t  w i l l  p re s e n t  a n e g a tiv e  rak e  an g le  to  

th e  specim en, th e  c o e f f i c i e n t  o f  f r i c t i o n  b e in g  low ; a t
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h ig h e r  lo a d s  tho  g r i t  p e n e tr a te s  f u r th e r  in to  th e  Bpecimen 

and w il l  have a  p o s i t iv e  rake  an g le  and a  h ig h  c o e f f i c ie n t  

o f  f r i c t io n *  Due to  th e  h ig h  v a lu e  o f / a. th o  g r i t  w i l l  

f r a c tu r e  to  g iv e  a  new edge w ith  a n e g a tiv e  rak e  an g le  and 

th e  v a lu e  o f  th e  c o e f f ic ie n t  o f  f r i c t i o n  w i l l  r e tu r n  t)  0*5#

7*8 S c ra tch  t e s t e  on ground s u r f a c e s ♦

A ll  th e  sc ra td h  t e s t s  re p o r te d  so f a r  have been 

c a r r ie d  o u t on m ic ro p o lished s u r fa c e s ;  by ad o p tin g  t h i s  

tech n iq u e  th e  s c ra tc h  geom etry can  be determ in ed  a c c u ra te ly  

b u t tho  c o n d itio n s  a re  u n re p re s e n ta t iv e  o f  r e a l  a b ra s iv e  

p ro c e s se s  where most o f  th e  g r i t s  en co u n te r m a te r ia l  which 

h a s  a lre a d y  been  abraded* A number o f  s c ra tc h  t e s t s  were 

th e re fo re  c a r r ie d  o u t on s u r fa c e  ground specim ens u s in g  b o th  

id e a l i s e d  c u t t e r s  and s in g le  a b ra s iv e  g r i t s .

The method p roposed  f o r  s tu d y in g  th e  rem oval o f  

m a te r ia l  was to  ta lie  a  T a ly s u rf  t r a c e  o f  th e  same a re a  o f

th e  specim en b e fo re  and a f t e r  s c ra tc h in g  and by com paring

th e  two t r a c e s  th e  s c ra tc h  volume cou ld  be observed#

The te ch n iq u e  c o n s is te d  o f  f i t t i n g  a sm all j i g  to  

th e  T a ly s u rf  ta b le  so th a t  th e  specim en cou ld  be removed 

and th e n  a c c u ra te ly  rep la ced #  P ro v id ed  th e  T a ly s u rf  was 

o p e ra ted  v e ry  c a r e f u l ly  th e  method worked s u c c e s s fu l ly ,  

re p e a te d  rem oval and rep lacem en t o f  th e  specim en g iv in g  

id e n t i c a l  t r a c e s  #

The com plete ex p e rim en ta l p ro ced u re  was a c c u ra te ly  

to  lo c a te  th e  specim en on th e  T a ly s u r f  and ta k e  an i n i t i a l
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t r a c e ,  remove th e  epeclm en and s c ra tc h  I t  w ith  th e  

Id e a l is e d  c u t t e r  o r  s in g le  a b ra s iv e  g r i t ,  f i n a l l y  r e lo c a te  

th e  specim en on th e  T a ly s u rf  and ta k e  a second t r a c e .

By superim posing  th e  two t r a c e s  th e  s c ra tc h  was 

lo c a te d  and an  e s tim a te  made o f  th o  m a te r ia l  removed *

T y p ica l r e s u l t s  f o r  f u l l y  hardened  s t e e l  (DAK5) a re  

shown I n  f ig u re s  7*11 and 7*12; w ith  b o th  th e  s in g le  

a b ra s iv e  g r i t  and th e  V ick ers f a c e t  e f f e c t iv e ly  th e  whole o f  

th e  s c ra tc h  volume h a s  been removed# S im ila r  t e s t s  w ith  

s o f t e r  m a te r ia ls  showed th a t  th o  c u t t in g  e f f ic ie n c y  had been 

reduced  by p i le -u p  a t  th e  edges o f  th e  s c ra tc h e s ,  co n firm in g  

p rev io u s  o b se rv a tio n s  w ith  id e a l i s e d  c u t t e r s ,  s in g le  

a b ra s iv e  g r i t s  and g r in d in g  w heels when sc ra tc h e d  on 

m ic ro p o lished s u r f a c e s .

7*9 Exam ination o f  A brasives#

A lthough a number o f  th e o r ie s  o f  a b ra s io n  have been  

d ev c lo p \ed  assum ing sim ple g eo m etric  m odels, rem arkably  

l i t t l e  i s  known o f  th e  t r u e  n a tu re  o f  a b ra s iv e  su rfa c e s#

The co n c lu d in g  phase o f  t h i s  c h a p te r  i s  concerned w ith  

methods o f exam ining a b ra s iv e  s u r fa c e s  and in  p a r t i c u l a r  

g r in d in g  w heels#

7*9*1 M1 cro- 3 actions#
M ulheam  and Samuels (1962) developed a  m ic ro sco p ic  

method o f  exam ining a b ra s iv e  p a p e rs  which i n  th e  p re s e n t  

work was s l i g h t l y  m odified  b e fo re  i t  was a p p lie d  to  s o l id  

a b ra s iv e  p in s#  The su rfa c e  o f  th e  p in  was c o a te d , by
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ev a p o ra tio n  w ith  a  co n d u c tin g  m a te r ia l  ( s i l v e r ) ;  t h i s  was 

In  tu r n  co a ted  by e l e c t r o p la t in g  w ith  a  th ic k e r  p r o te c t iv e  

la y e r  o f  n ic k e l#  The specim en was th e n  mounted In  D lakon 

u sin g  a m e ta l lu rg ic a l  m ounting p r e s s  and th e  p r e s s  was 

m ain ta ined  a t  the  m oulding tem p era tu re  f o r  s e v e ra l  m inu tes 

to  a llo w  th e  mounting m a te r ia l  to  p e n e tr a te  th e  p o re s  o f  

th e  a b ra s iv e#  The specim ens were th e n  p o lis h e d  u s in g  

diamond a b ra s iv e s#

A ty p ic a l  s e c t io n  o f  an  A lo z ite  p in  Isi^ow n  In  

f ig u re  7#13; th e  s t r u c tu r e  o f  th e  a b ra s iv e  and th e  a t t a c k  

an g le  o f  th e  g r i t s  can be seen# U n fo r tu n a te ly  th e  tech n iq u e  

I s  v ery  tim e consum ing, th e  specim en h a s  to  be d es tro y e d  and 

I t  I s  d i f f i c u l t  to  examina p r e c is e  a re a s  o f  th e  specimen#

7#9#2 T a lv ro n d #

T his in s tru m en t can  examine round and c y l in d r i c a l  

o b je c ts  g iv in g  a v e ry  h ig h  v e r t i c a l  m a g n ific a tio n #  %hen 

a p p lie d  to  one Inch  d iam e te r g r in d in g  w heels th e  t r a c e s  were 

found to  be re p ro d u c ib le  ( f i g  7# lh ) and a f in e  g r i t  w heel 

was shown to  have more c u t t in g  edges th a n  a co a rse  g r i t  

wheel ( f i g  7#15) # The method gave l i t t l e  ev idence o f  g r i t  

shape and no in d ic a t io n  o f  p o s i t iv e  rak e  c u t t in g  an g les#

7#9#3 O p tic a l P r o f i l e  Methods #

T h is  method was found to  be p a r t i c u l a r l y  s u i te d  to

th e  exam ination  o f  th e  sm all a b ra s iv e  Wheels used  i n  p in  fcnd

r in g  experim ents#  The su r fa c e  o f  th e  wheel was diamond

d re sse d  le a v in g  a  s t r i p  abou t one g r i t  wide* A p r o f i l e  
p r o je c t io n  tech n iq u e  was th e n  used  to  stu d y  th e  exposed



fig. 7.16 Aotogram of dlaaoaa dressai 60 grit shsel, X 7.
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fig. 7.19 Area 9 la fig. 7.16, X 125
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% * .  7 .3 k  » U M t  g A U  l a  •  9 6  s r t *  # M l ,  X 1 2 9 .
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g ra in s  a  perm anent re c o rd  being  o b ta in e d  by ta k in g  e i th e r  

a photogram o r  photograph#

An a s  d re sse d  6 0 g r i t  wheel i s  shown in  f ig u re  7 ,1 6  

a t  a  m a g n if ic a tio n  o f  X7; th e  a r e a s  1 , 2 and 3 i n  f ig u re  

7#16 a re  shown en la rg ed  to  a  m a g n if ic a t io n  X125 in  f ig u r e s  

7*17# 7#18 and 7#19* The v ery  sh a rp  f a c e t s  o f  th e  a b ra s iv e  

can  be r e a d i ly  seen  and a ls o  th e  f a c t  t h a t  th e re  a re  v ery  

few p o s i t iv e  rake  g r i t s ,  A s im i la r  s e t  o f  r e s u l t s  f o r  a 

36 g r i t  wheel which i s  c u t t in g  s a t i s f a c t o r i l y  a re  shown in  

f ig u re s  7#20, 7#21 and 7*22*

The method was a ls o  a p p lie d  to  w heels which had been  

used on th e  su r fa c e  g r in d in g  m achine. An a s  d re s se d  3 6 g r i t  

wheel i s  shown in  f ig u re  7#23 and th e  g r i t s  a re  seen  to  be 

sh a rp , and in  moot c a se s  have n e g a tiv e  ra k e  a n g le s .  The 

s t r u c tu r e  o f  a s im i la r  wheel which h as  been  d e l ib e r a te ly  

g lazed  i s  shown in  f ig u r e  7*24 th e  f l a t t e n e d  peaks o f  th e  

a b ra s iv e  g r i t s  b e in g  r e a d i ly  v i s i b l e ,

A sev e re  l im i t a t i c n c f  o p t ic a l  methods i s  t h e i r  poor 

dep th  o f  fo cu s  p a r t i c u l a r l y  a t  h ig h  m a g n if ic a t io n s , F or 

example a lth o u g h  th e  h ig h ly  p o lis h e d  t i p  o f  a g la zed  g r a in  

can be s tu d ie d  o p t i c a l ly  a t  h ig h  m a g n if ic a tio n s  no d e t a i l  

o f  th e  g r i t  i t s e l f  w i l l  be v i s i b l e  «

7*9*4 Scanning? E le c tro n  M icroscope,

The m ajor advan tages o f  t h i s  type  o f  in s tru m e n t a r e  

i t s  g r e a t  d ep th  o f  fo c u s , good r e l i e f  c o n t r a s t  and h ig h  

r e s o lu t io n ,  a s s e t s  which a re  p a r t i c u l a r l y  u s e fu l when 

s tu d y in g  uneven s u r fa c e s  such a s  a b r a s iv e s .  A nother f e a tu r e
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gabla 7.1

Speoiaen figares

#D# I70«
Conâltlw*

1 7#26(a)# M&) «» 15 VFMÀJ as received*

2 7#26(b)y 7#27#1 B&60 » 15 WBin idled dlaaond dressd*

7.30

I, 7 . 2 7 , |

The renalnins spediaaas had been ran in 
wear tests#  BâêO -  It5 •• VFWJ i t e d s  
versus soft s t e d  (DM 3) speed %,500rp## 
load 1 % .

3 7.26(t)# 7.29 Abrasive whed running tin e  0*23 nln*

4  7.26(d)* Abrasive uheel nsming tin e  2*5 cdn.

3 7.26(e)* Abrasive i^ied running tizaa 25 sin*

6 7. 26(f)# 7.28#^ Abrasive # e d  loaning time 180 rdn.7. 26(f)# 7*28# ^  

7 . n ,  7.32 J

7 7.3^ 8#e and e)* S to d  pin running tin e  0*25 cin,

8 7*34(1>#& and f)* S te d  pin running tin e  230 min*

7.33 G m pletdy d&zed abrasive pin indnded
fo r  caparison*



(*) (*)

t %mv

(0)

i i

(•) (f)
f i g *  7 .2 6  6 0  g r i t  e h e e l o  i n  v a r io u s  o o n i i t i o n s  ( # )  a s  r M le v e d  
( b )  d iam on d d r e s s e d  ( # )  r u n  0 « 2 5 o ia *  ( d )  2 . 5  o im . ( e )  r u n
2 5  mim. ( f )  r u n  1 8 0 m in . K a g n i f l e a t i o a  133  v ie w e d  v e i t i e a l l y



t

(®)

T i c .  7 > 2 S  3 te n o > id > o k o g r a p h s  o f  •  6 0  g r i t  l A a e l  lA l c h  h a s  x u n  f o r  
1 8 0  B i n s .  ( • )  X 1 5 0  ( b )  X 7 5  ( • )  X 3 5 .  V lw B d  T o r t l c a l l y .



(*)

O )

%

(•)

f i g  7 . 2 7  S t e r e o > p h a t e n « p h s  o f  d la a o e d  d r e s s e d  6 0  g i t t  « h e e l ,  
( s )  X 1 2 9  ( b )  X 62  ( # )  X 3 5 .  V ie e e d  v e r t i c a l l y .
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o f  th e  in s tru m e n t l a  t h a t  I t  can  produce s te re o sc o p ic  

p h o to g rap h s t However# d u rin g  th e  p re s e n t  work o n ly  

l im i te d  access  to  a  scanning  e le c t ro n  m icroscope was 

p o s s ib le ;  th e re fo re  th e  r e s u l t s  re p o r te d  below should  be 

reg a rd ed  a s  an  e x p lo ra tio n  o f  th e  u t i l i t y  o f  t h i s  technig.ue*

E xperim ents were c a r r ie d  o u t to  s tu d y  a b ra s iv e  wheels 

In  v a r io u s  c o n d itio n s  ran g in g  from a s  re c e iv e d  to  com pletely  

g lazed#  The w heels were p rep a red  on th e  p in  and r in g  

machine (C hap ter h) th e  c o n d itio n s  b e in g  s e le c te d  to  give 

g rad u a l g la z in g  o f  th e  a b ra s iv e #  A number o f  w heels were 

te s te d  th e  experim en ts be ing  stopped a t  p ro g re s s iv e ly  l a t e r  

s ta g e s  i n  th e  g la z in g  p ro cess#  The wear curve f o r  th e  

experim en ts 1b shown In  f ig u re  7#25# A l i s t  o f  specimens i s  

g iv en  in  ta b le  7#1#

F ig u re  7*26 chows th e  range o f  6 0 g r i t  w heels viewed 

v e r t i c a l l y #  The a s  re ce iv ed  specim en ( 7 «26a) h as  a c lo s e ly  

packed s t r u c tu r e  th e  a b ra s iv e  g r i t s  p re s e n tin g  f l a t  f a c e ts  

to  th e  su rfa c e #  D ressin g  (7 .2 6 b ) g iv e s  a more open 

s t r u c tu r e  w ith  a  la rg e  number o f  v ery  sharp  c u t t in g  edges# 

C lose exam ination  o f  f ig u re s  7#26o *o 7*26f r e v e a ls  th e  

p ro g re s s iv e  fo rm a tio n  o f  f l a t s  on th e  t i p s  o f  th e  c u t t in g  

g r i t s  due to  g la z in g *  The d if fe re n c e s  betw een a f r e s h ly  

d re sse d  wheel and one which h as  become g lazed  a r e  shown i n  

g r e a te r  d e t a i l  i n  s te re o sc o p ic  pho tographs ( f ig u r e s  7*27 

and 7 ,23 ) #

The dep th  o f  fo cu s g iv en  by th e  Scanning E le c tro n

M icroscope I s  p a r t i c u l a r ly  advantageous vhen ta k in g  o b liq u e  
pho tographs o f  a su rfa ce #  An o b liq u e  s te re o -p h o to g ra p h



f i g .  7*29 p h o to g r a p h  o f  p o s i t i v e  r a k t»  g r i t  i n  a  6 0  g r i t  lém él
a h l A  h a s  m a  f o r  0 .2 5  m in , v ie w e d  h o r l s o n t a ^ ly #  X 3 2 0 .

f i g .  7 .3 0  S h a r p  g r i t  v iew eA  
horlsK R itaH y# X  3 3 0 .

M g . 7 # 3 3  S l f t e e d  a b r a s iv e  p i n  
v iew ed  a t  4 3 ^ #  % 7 0

f i g .  7.33L S l& s a d  g r i t  v ie w e d  
horlsoflotalV» % $6.

f i g .  7 - 3 2  As f i g .  7 . 3 1 .  X 3 0 0 .



( a )  9 .2 5  m in . (h) 1 8 0  Bin.

(e) 0.25 min. (d) 180 min.

( • )  0.25 min. ( f )  180 aln.

f i g .  7 ,5 4  F h o to g m p h s o f  Tüfii (D U Q ) p ia n  w b Soh  h a v e  jw n f o r  
0 . 2 5  and 1 8 0  n u n o tw . ( a )  and ( b )  1  1 ,5 0 0 #  ( e )  and ( d )  X 7 5 0 ,

a t  7 - r  t o  t h e  I w d L a o n ta l .( a )  and ( f )  X 5 7 5 . M ow od
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o f  a g r i t  w ith  a  p o s i t iv e  rak e  ang le  i s  shown i n  f ig u re  7#29 

th e  c u t t in g  edgoe can be seen  to  be p a r t i c u l a r l y  sharp#  The 

d if fe re n c e s  between th e  d re sse d  and g lazed  w heels were found 

to  be much more obvious when viewed a t  a  shallow  a n g le ; 

f ig u re  7*30 shows a sharp  g r i t  i n  th e  f r e s h ly  d re sse d  wheel 

f ig u re  7#31 and 7*32 a g la sed  g ra in  w ith  a  smooth to p  in  th e  

wheel which h as  ru n  f o r  180 a in s#

The w ear s e a r  on an a lo a c i t e  p in  i s  shown In  f i g  

(7*31) tho  a b ra s iv e  I s  com plete ly  clogged  w ith  wear d e b r is  

and h as  a  v ery  smooth su rfa c e #  G im ilar e f f e c t s  were 

observed  w ith  a b ra s iv e  w heels when g la z in g  had been  a llo w ed  

to  co n tin u e  f o r  v ery  p ro longed  p e r io d s#  \

As th e  g r in d in g  wheel g la z e s  th e  q u a l i ty  o f  th e  

su rfa c e  which i t  p roduces w i l l  a ls o  change, f ig u re  7#32 

shows th e  d if fe re n c e s  betw een th e  s t e e l  p in  which h as  ru n  

f o r  0#25 mlns# and th e  one which h as  ru n  f o r  180 mine# The 

p in  which ra n  f o r  th e  s h o r te r  tim e h as  a rough su rfa c e  and 

shows ev idence o f  p lo u g h in g ; th e  second p in  h as  a v e ry  smooth 

su rfa c e  which ap p ears  r e l a t i v e l y  u n d is tu rb ed #

7#10 D iscussion*

The s c ra tc h  t e s t s  u s in g  a b ra s iv e s  were c o n s is te n t  

w ith  th e  e a r l i e r  t e s t  in v o lv in g  id e a l i s e d  c u t t e r s  th e  

Im portance o f  plX e-up a t  th e  edges o f  s c ra tc h e s  i n  s o f t  

m a te r ia ls  was ag a in  d em o n stra ted # A lthough th e  t e s t s  used 

a b ra s iv e  g r i t s  and in  some casee  ground specim ens i t  must 

be remembered th a t  th e  experim en ts a re  s t i l l  n o t com plete ly
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representative of grinding as speeds were very low# Using 
coefficient of friction as guide to the cutting mechanism 
(u a 2 in single point cutting 0*5 in grinding) it was 
found that positive rako grits could only support a high 
coefficient of friction for a short time before fracturing 
to give a negative rake grit and a low coefficient of 
friction# This suggests that positive rake grits on grinding 
wheels play little part in the abrasion process and that the 
bulk of material is removed by grits with a negative rake 
angle#

Of the methods used to examine abrasives tho optical 
profile and scanning electron microscope proved to bo the 
most effective# The optical profile method did not involve 
sectioning the specimen so the specimen could be used again; 
this is particularly Important with large grinding wheels#
The specimens examined with the scanning electron microscope 
had to be broken up but, despite this, the results were 
very valuable# The differences between as received, 
dressed and glased wheels were dramatically demonstrated# 
Examination of abraded steel pins also yielded interesting 
information concerning the effects of ploughing and metal 
removal rates #
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7*11 C o n c lu s io n s .

(1) A brasive  g r i t s  behave in  a s im i la r  way to  

id e a l i s e d  c u t t e r s ;  tîie q u a n t i ty  o f  m a te r ia l  a c tu a l ly  

removed from a specim en defends c r i t i c a l l y  on p lle * u p  a t  

th e  edge o f  the  s c ra tc h e s  formed by th e  a b ra s iv e #

(2) P o s i t iv e  rak e  g r i t s  f r a c tu r e  v e ry  e a s i ly  and 

a re  sm all i n  number; th ey  p ro b ab ly  accoun t f o r  th e  rem oval 

o f  on ly  a sm all p ro p o r tio n  o f  th e  abraded  m a te r ia l ,

(3) D re ss in g  produces a g r in d in g  wheel w ith  a 

la rg o  number o f  v e ry  sharp  c u t t in g  edges#

(h) Crlazlng i s  th e  g rad u a l b lu n tin g  o f  th e  

a b ra s iv e  g r i t s ,  The extrem e s i t u a t i o n  observed  i n  some 

a b ra s iv e  p in  experim en ts and some a b ra s iv e  wear experim en ts 

when th e  a b ra s iv e  becomes com plete ly  c logged  w ith  d e b r is  i s  

more re p re c e n ta t lv o  o f  su p c r-* fin ish in g  th a n  g r in d in g ,

(5) V.hen s c ra tc h in g  a f u l l y  hardened  s t e e l

(p^ « 690%/mm^) alm ost th e  whole o f  th e  s c ra tc h  volume i s  

removed,

(6) There i s  need f o r  f a r th e r  work on th e  

r e la t io n s h ip  betw een th e  geom etry o f  an  a b ra s iv e  g r i t  and 

th e  s c ra tc h  which i t  produces#  The methodo o f  exam ining 

a b ra s iv e  w heels ex p lo red  i n  t h i s  work cou ld  bo f u r th e r  

developed#

(7) When sc ra tc h in g  h a rd  m a te r ia ls  a  c o e f f i c i e n t  

o f  f r i c t i o n  o f  abou t 0#5 was observed#
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8 « General Concluolone#
This thesis has Involved a broad Investigation of 

a number of aepects of the allied subjects of grinding 
and abrasive wear# A n attempt has been made to assess 
the extent to which similar considerations apply to the 
mechanisms which occur in both processes. The most 
obvious contrasts between the processes are the surface 
speeds involved, very high with grinding comparatively low 
in abrasive wear, and the materials to which each process 
is applied, usually hardened steels with grinding, fairly 
soft materials in abrasive wear studies. Previous 
theories of grinding have tacitly assumed that nil the 
grits were cutting and that the process could be regarded 
as a form of nicromilling. Abrasive wear predictions, on 
the other hand, have assumed that the normal force is 
supported on the frontal facets of the abrasive and that 
the contents of the scratches forced by abrasion are removed 
as wear, Theoretical studies of both processes have 
assumed that negative rake grits can remove material but 
experimental support, in the literature, for ouch an 
assumption is meagre.

Pin and ring wear tests were used to survey the 
broad range of behaviour primarily tho rubbing of steels 
against grinding wheels, A wide range of loads and speeds 
were employed, VJith the exceptions discussed below 
throughout this range of conditions the wear was of a 
markedly abrasive type Involving the removal of metallic
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particles. To a reasonable first approximation the wear 
rate (worn volume psr unit sliding distança) wao found to 
increase proportionally with the load and was independent 
of tho sliding speed#

Some anoaalios in wear behaviour were noted. At 
extremes of load and speed effects wore noted which could 
be attributed to thermal softening* Kov/ever the most 
notable feature was a marked transition in wear behaviour 
from the production of metallic particles to the appearance 
of finely divided ozido debris. This caused glazing of the 
wheel and, after long periods of running, resulted in a 
clogging of the wheel. Thus although those mechanisms are, 
at first sight, similar to the covcro and mild wear 
mechanism of adhesive wear, the detailed mechanisms involved 
in the transition are clearly different.

The development of a glazed wheel was therefore 
chosen an a suitable process to use for an exploratory 
investigation of the utility of the scanning electron 
microscope in the examination of abrasives. This work 
Bhowed very clearly tho potential value of the Btereoscan 
instrument in this field and further work 1© obviously 
desirable. In the present investigation the microscope 
showed very dramatically the development of flat worn 
surfaces upon the abrasive grits and, at a much later stage, 
the development of a flat surface when the abrasive becomes 
charged with oxide debris. These changes appear to be 
similar to those found in descriptions of the super
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f in i s h in g  p ro c e s s .  I t  i s  n o t  c l e a r ,  a t  p re s e n t  what 

c o n d itio n s  a re  n ec essa ry  to  m a in ta in  an  e f f i c i e n t  a b ra s iv e  

mechanism which i e  re q u ire d  f o r  g r in d in g #

However, th o  m ajor em phasis o f  t h i s  th e s i s  h as  been 

to  show t h a t ,  i n  most im p o rtan t r e s p e c ts ,  r b ra s iv e  w ear 

and g r in d in g  must be reg a rd ed  a s  s im ila r  mechanisms* B u t, 

a s  d isc u sse d  e a r l i e r ,  th e re  i s  a  marked c o n tr a s t  i n  th a t  

g r in d in g  th e o ry  assumes th a t  a l l  g r i t s  remove m a te r ia l  

w hereas most o f  th e  r e s u l t s  o b ta in ed  in  a b ra s iv e  w ear le a d  

to  th e  co n c lu s io n  th a t  th e  p ro c e s s  has an e f f ic ie n c y  o f  

about 10;^', th e  moct favoured  assum ption  b e in g  th a t  on ly  10^ 

o f  th e  g r i t s  remove m a te r ia l*  In  t h i s  t h e s i s  some 

emphaeic h as  been  p laced  upon th e  study  o f  h e a t  t r e a te d  

s t e e l s  s in c e  much o f  th e  anomalous b eh av io u r i s  concerned 

w ith  th e se  m a te r ia ls *  I t  heis been shown, i n  many d i f f e r e n t  

ty p es  o f  t e s t ,  th a t  th e  e f f ic ie n c y  o f  th e  a b ra s iv e  p ro c e ss  

i s  c lo s e ly  l in k e d  w ith  p l lc -u p  o f  tho  m a te r ia l*  The 

p e rce n tag e  o f  m a te r ia l  removed from an  abraded  t r a c k  i s  

d i r e c t l y  r e la te d  to  t i l l s  p ile -u p *  W ith f u l l y  hardened  

G tee l th e  e f f ic ie n c y  i s  h ig h  end i t  f e l l s  m arkedly  w ith  

d ec re a s in g  h a r n e s s *  The m ajor d iv e rg en ce  betw een e a r l i e r  

r e s u l t s  o f  a b ra s iv e  w ear and g rin d in g  t e s t s  th e re fo r e  a r i s e s  

from th e  sim ple f a c t  th a t  most a b ra s iv e  wear experim en ts  

have been  concerned w ith  s o f t  m a te r ia ls  and most g r in d in g  

expérim enta w ith  hardened a te e l*
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T h is v a r ia t io n  o f  e f f ic ie n c y  w ith  h a rd n ess  cou ld  

go some way to  e x p la in  th e  m ajor anomaly in  th e  f i e l d  o f  

a b ra s iv e  w ea r. T h is  i s  th e  r e s u l t  o f  Kruschov and 

B abichev f o r  h e a t  t r e a te d  s t e e l s .  However o th e r  f e a tu r e s ,  

i n  p a r t i c u l a r  e x cess iv e  wear o f  th e  g r in d in g  wheel when 

g r in d in g  m a te r ia ls  o f  low h a rd n e s s , iiave been  re v e a le d  in  

th e  cou rse  o f  th e  p re s e n t w ork . T h ere fo re  we now examine 

th e  e x te n t to  which th e  p re s e n t  work p re s e n ts  a c o n s is te n t  

and co h e ren t p ic tu re *  C onsider f i r s t  th e  consequences o f  

an id e a l i s e d  model o f  th e  p e r f e c t  a b ra s iv e  i n  which a l l  

g r i t s  remove m a te r ia l  end th e  e f f ic ie n c y  o f  th e  a b ra s iv e  

p ro c e ss  a t  each g r i t  ( re p re s e n te d  by th e  f a c to r  j j )  i s  1 00^ , 

F o r t h i s  model i n  a b ra s iv e  wear experim en ts th e  w ear r a t e  

i s  in v e r s e ly  p ro p o r tio n a l to  h a rd n ess  and th e  c o e f f ic ie n t  

o f  fT lc t lo n  (which i s  dependent on ly  upon th e  g r i t  

geom etry) i s  independen t o f  hardnesG , I n  g r in d in g  w ith  a 

g iv en  dep th  o f  c u t th e  norm al and ta n g e n t ia l  fo rc e s  would 

be d i r e c t l y  p ro p o r t io n a l  to  h a rd n e s s , th e  c o e f f ic ie n t  o f  

g r in d in g  b e in g  independen t o f  h a rd n e s s .

These co n c lu s io n s  w i l l ,  o f  c o u rse , be in f lu e n c e d  

by th e  v a r ia t io n  o f  e f f ic ie n c y  ( ) w ith  h a rd n e s s . The 

model o f  th e  l a s t  p a rag rap h  i s  on adequate  s ta tem e n t o f  th e  

b eh av io u r o f  our g r in d in g  w heels and f u l l y  hardened  s te e l*  

However a s  th o  h a rd n ess  f a l l s  th e  w ear r a t e  w i l l  in c re a s e  

l e s s  r a p id ly  th a n  expected  (w ear r a t e  oC l/pg,) because o f  

th e  f a l l  i n  g  * T h is i s  shown to  be th e  caso  i n  f ig u re  5 ,1 1 ,
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In the grinding experiments, at a given wheel depth of cut, 
the expected decrease in normal force will he, to a large 
extent, offset by the change inwhich means that the grit 
depth of cut will increase with decreasing hardness# A n  

alternative statement of this same effect is to remark 
that as the hardness falls g falls andmaterial, instead of 
being removed at tho first cut, is involved in more than 
one cut#

The precise effect of the variation of f i upon the 
normal forces cannot be specified on the basis of present 
knowledge. Consider a comparison of the grinding of 
hardened steel and soft steel with the sane wheel depth of 
cut. For hardened steel, approaches unity and each 
element of material removed is involved in only one 
individual abrasive process. Because, for soft steels f i 

is lower, each element of material removed Is Involved in a 
number of individual abrasive processes before removal.
This can come about either by an increase in tho number of 
active grits or by on increase in the grit depth of cut or 
by both of these changes In unknown proportions. Likewise 
these factors could affect tangential forces. However, in 
broad terms, It is clear that the fall of efficiency (â) 
with deceasing hardness is capable of explaining both the 
relatively small effect of the hardness of heat treated 
steels upon the wear rate (in abrasive wear experiments) gnd 
upon the grinding forces (in grinding experiments) *
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A t  low v a lu e s  o f  h a rd n ess  ( l e s s  th a n  ab o u t 500 VPH) 

a n o th e r  f e a tu r e  occuro M ilch I s  a  fu n c tio n  o f  th e  

c h a r a c t e r i s t i c s  o f  th e  g r in d in g  w h ee l. The s c ra tc h  t e s t s  

w ith  g r i t s  (C hap ter 7) show th a t  w ith  s t e e l s  i n  t h i s  

h a rd n ess  range th e re  was a r i s e  in  th e  c o e f f i c ie n t  o f  

f r i c t i o n  and an  in c re a se d  tendency  f o r  th e  g r i t s  to  f r a c t u r e .  

These f e a tu r e s  a ls o  o ccu r in  th e  w ear and f r i c t i o n  t e s t s  i n  

s e c tio n s  3*5*5 and 5 , 5 ( f i g  5*11 and T ab le  5#3)* The r i s e  

i n  g r in d in g  c o e f f i c ie n t  w ith  d e c re a s in g  h a rd n ess  i s  much 

l e s s  m arked. However t h i s  m iaht be expected  i f  a d e c re a se  

i n  h a rd n ess  a le c  p roduces an  in c re a s e  i n  th o  wear o f  th e  

g r in d in g  w heel; t h i s  f e a tu r e  was n o ted  i n  th e  wear t e s t s .

The e f f e c t  o f  an  in c re a s e  i n  th e  wear o f  tho  g r in d in g  wheel 

would be to  reduce th e  e f f e c t iv e  w heel d ep th  o f  c u t w ith  a 

consequent re d u c tio n  i n  f o r c e s .  Once a g a in  t h i s  i s  an  

a s p e c t w orthy o f  f u r th e r  s tu d y .

The r e s u l t s  f o r  S t e l l i t e  may a ls o  be b r i e f l y  n o te d .

I t  h as  been  shown th a t  th e  c o e f f ic ie n t  o f  f r i c t i o n  in  th e  

wear t e s t s  and tho  g r in d in g  c o e f f ic ie n t s  d e r iv e d  from th e  

dynamometer t e s t s  a re  s ig n i f i c a n t ly  low er th a n  th o se  o b ta in e d  

under o th e rw ise  s im i la r  c o n d itio n s  w ith  s t e e l s .  B ro ad ly , 

th e se  r e s u l t s  a r e  p ro b ab ly  ex p la in e d  by g la z in g  o f  th e  g r i t s  

r e s u l t i n g  i n  th e  marked in c re a s e  i n  w id th /d e p th  r a t i o  which 

was o b se rv ed . T h is  a s p e c t o f  th e  s u b je c t  m e r i ts  more 

d e ta i l e d  in v e s t ig a t io n  and i s  an  a re a  where th e  te ch n iq u e s  

o f  exam ination  o f  a b ra s iv e s  d isc u sse d  in  C h a p te r  7 could  be
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employed* M oreover, th io  i s ,  p e rh a p s , th e  o n ly  p a r t  o f  th e  

experim en ta l work re p o r te d  I n  t h i s  th e s i s  where th e  h a rd n ess  

o f  any c o n s t i tu e n t  o f  tho  w orkpiece m a te r ia l  ( i n  t h i s  case  

th e  c a rb id e s  which form p a r t  o f  th e  S t o l l l t e  s t r u c tu r e )  

approaches th e  h a rd n e ss  o f  th e  a b r a s iv e .  I f  t l i i s  were c l e a r l j  

e s ta b l is h e d  t h i s  f a c to r  co u ld  be an in f lu e n c e  upon a b ra s io n  

e f f ic ie n c y  and th e  work o f  lU chardson and co -w orkers (1967) 

would bo r e l e v a n t ,

Tlhen th e  th e o r ie s  developed i n  t h i s  th e s i s  a r e  

compared w ith  co n v en tio n a l g r in d in g  th e o r ie s  two f a c t s  

em erge. F i r s t l y ,  b o th  r o ly  on th e  a c c u ra te  d e te rm in a tio n  

o f  th e  v a lu e  f o r  th e  w id th /d e p th  r a t i o  o f  a  ty p ic a l  g r in d in g  

s c r a tc h .  Secondly a lth o u g h  th o  p r e s e n t  th e o r ie s  have 

e lim in a te d  th e  c o n tro v e rs ia l  g r i t  dep th  o f c u t t h i s  h a s  been 

re p la c e d  by two o th e r  f a c to r s  cL and (p ro p o r t io n  o f  a c t iv e  

g r i t s  and p ro p o rtio n  o f  groove volume removed r e s p e c t iv e ly )  ,  

In  th e  a u th o r ' o o p in io n  th e  f a c to r  dL cou ld  be abandoned ae 

i t  i s  to  a la rg e  e x te n t tak en  in to  account i n  th e  g  te rm , 

s in c e  i f  a g r i t  i s  n o t rem oving m a te r ia l  ( a c t iv e )  i t  w i l l  

p i le -u p  a r id g e .  Such on In a c t iv e  g r i t  would be in c lu d ed  

in  th e  mean v a lu e  o f  /3 « As b o th  th e o r ie s  a re  so c r i t i c a l l y  

dependent on th e  v a lu e  o f  th e  w id th /d ep th  r a t i o  o f  a ty p ic a l  

s c ra tc h  and i t s  g e o m e tr ic a l r e la t io n s h ip  to  th e  g r i t  vliich 

produced l t , l t i i t h i s  a re a  which I s  co n s id ered  to  be th e  most 

Im p o rtan t f o r  f u r th e r  study*
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