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SYNOPSIS

The b a s ic  mechanisms o f fa tig u e  f a i lu r e  v/ere s tu d ie d  in  a  e u te c to id

carbon s t e e l .  Three d i f f e r e n t  s t r u c tu r e s  were produced in  th e  s t e e l ,

th ese  being  coarse  p e a r l i t e , ; f in e  p e a r l i t e  and sp h e ro id ise d  c a rb id e .

P e a r l i t e  s t r u c tu r e s  were s e le c te d  because o f  th e i r  p r a c t ic a l  im portance

and a lso  because m u lti-p h ase  a l lo y s  have, u n t i l  r e c e n t ly ,  re c e iv e d

l i t t l e  a t te n t io n  from re sea rc h  w orkers.

Specimens were fa tig u e d  e i th e r  in  re v e rse  p lane  bending o r  u n ia x ia l

tension-com pression  c o n d itio n s . In  the  l a t t e r  c ase , co n s ta n t am plitude

s t r a in  c o n tro lle d  t e s t s  were perform ed u sin g  a c lo sed  loop  se rv o -

h y d ra u lic  m achine. Much o f  th e  te s t in g  was conducted under co n d itio n s
5

g iv in g  f a i lu r e  beyond 10 cy c le s  o f s t r e s s .

C yclic  p ro p e r t ie s  and changes o f deform ation r e s is ta n c e  during  

te s t in g  were determ ined . The major emphasis was on the  o b se rv a tio n  o f 

the  development o f fa tig u e  damage during  the  l i f e  o f  the  p re -p o lish e d  

specim ens. A number o f  o p t ic a l  and e le c tro n  m ic ro sco p ica l tech n iq u es  

were used to  examine damage.

F a tigue  damage appeared  e a r ly  in  the  l i f e  in  a l l  th re e  s t r u c tu r e s .

I t  e x is te d  a s  s l i p  bands in  the  f e r r i t e .  The f e r r i te - c e m e n t i te  i n t e r 

face was shown to  be the  p r in c ip a l  source o f  m obile d is lo c a t io n s .

Damage was more lo c a l is e d  in  coarse  than  f in e  p e a r l i t e  and a l l  damage 

was a s s o c ia te d  w ith  a very  shallow  su rface  topography.

Cracks appeared a t  s l i p  bands and f e r r i te - c e m e n t i te  in te r f a c e s .

In  coarse p e a r l i t e  and sp h e ro id ise d  carb id e  they  were d e te c te d  a t  up to  

2 /̂o o f the  l i f e  whereas in  f in e  p e a r l i t e  they  could no t be d e te c te d  u n t i l  

about 7J/° o f the  l i f e .  Surface crack  p rop ag a tio n  r a t e s  were g r e a te r  in  

la m e lla r  than sp h e ro id ised  carb id e  s t r u c tu r e s .  The p ro p o rtio n  o f  th e



f u l l  f r a c tu re  zone occupied by the  fa tig u e  crack  a re a  was g r e a te s t  

in  the  sp h e ro id ise d  s t ru c tu re  and l e a s t  in  th e  coarse  p e a r l i t e .
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1 . INTRODUCTION

A very  la rg e  p ro p o rtio n  o f  s e rv ic e  f a i lu r e s  in  m e ta l l ic

m a te r ia ls  i s  a t t r ib u te d  to  f a t ig u e .  The problem o f  fa t ig u e  h as

been known fo r  alm ost one hundred and f i f t y  y e a r s .  During t h i s

tim e th e  volume o f work c a r r ie d  ou t to  s tudy  th e  problem has been

1 2 3 5 6immense. E x tensive  rev iew s ’ ’ ’ * have managed to  cover on ly

a  sm all p ro p o rtio n  o f  t h i s  work.

Much o f  th e  e a r l i e s t  work in  t h i s  f i e l d  was o f  an e m p iric a l

n a tu re . F a tig u e  p ro p e r t ie s  such a s  fa tig u e  l i m i t  and endurance l i m i t

were determ ined and th e i r  dependence on such v a r ia b le s  a s  m a te r ia l

s t ru c tu re  and su rface  f in i s h  was examined. The more p o s i t iv e

approach tow ards im proving fa tig u e  perform ance based  on s tu d ie s  o f

th e  fundam ental a sp e c ts  o f  fa tig u e  d id  n o t fo llow  u n t i l  much l a t e r .

1 2The e a r l i e s t  s tu d ie s  in to  th e  b a s ic  mechanisms 1 d a te  back to  th e  

beginn ing  o f  t h i s  c en tu ry . Follow ing the  development o f  s u i ta b le  

m e ta llo g rap h ic  tech n iq u es  and equipm ent, the  volume o f  work on b a s ic  

mechanisms has  in c re a se d  d ra m a tic a lly , p a r t i c u la r ly  during  th e  l a s t  

tw enty f iv e  y e a r s .  T h is re c e n t work has s u b s ta n t ia l ly  in c re a se d  

our knowledge o f  th e  fa tig u e  p ro c e ss . U n fo rtu n a te ly , t h i s  in c re a s e  

in  knowledge has been accompanied by in c re a s in g ly  r ig o ro u s  demands 

on m a te r ia ls  in  se rv ic e  w ith  th e  r e s u l t  th a t  fa t ig u e  f r a c tu r e  rem ains 

th e  most common source o f  s e rv ic e  f a i l u r e .

Much o f  th e  work in to  b a s ic  mechanisms o f  fa t ig u e  has  been 

focussed  on sim ple m a te r ia ls  based on F .C .C . and B.C.C. s t r u c tu r e s .

I t  i s  only in  the  l a s t  few y e a rs  th a t  th e  more complex m a te r ia ls  

based on m u lti-p h ase  s t r u c tu r e s  have re c e iv e d  more a t t e n t io n .  As a  

r e s u l t  th e  t o t a l  knowledge o f  th e  more fundam ental a s p e c ts  o f  f a t ig u e  

in  t h i s  im portan t group o f  m a te r ia ls  i s  s p a r s e . F or commercial

1



a p p lic a t io n s  where good fa tig u e  perform ance i s  e s s e n t ia l ,  i t  i s  

norm ally t h i s  group o f  m a te r ia ls  to  which th e  en g in ee r lo o k s in  

s e le c t io n .  The need fo r  a  deeper understand ing  o f  th e  fa tig u e  

mechanisms in  t h i s  group o f  m a te r ia ls  i s  th e re fo re  g re a t  i f  any 

fu r th e r  improvements in  fa tig u e  perform ance a re  to  be ach iev ed .

The most w idely used m e ta l l ic  m a te r ia l  i s  s t e e l .  The range 

o f  m ic ro s tru c tu re s  th a t  can be developed in  s t e e l s  i s  very  w ide.

The most common s t ru c tu re  a s s o c ia te d  w ith  good s tre n g th  i s  th a t  

based on p e a r l i t e .  P e a r l i t e  i s  composed la rg e ly  o f  th e  d u c t i le  

f e r r i t e  phase co n ta in in g  about 1 y/o by volume o f  th e  h a rd  i n t e r -  

m e ta l l ic  compound, c em en tite . In  some s t e e l s ,  p e a r l i t e  may c o n s t i 

tu te  alm ost th e  whole s t ru c tu re  a s  in  th e  case o f  th o se  used  fo r  

ropes and s p r in g s . P rev io u s  s tu d ie s  o f b a s ic  mechanisms o f  fa t ig u e  

in  s t e e l s  a re  few and where m a te r ia ls  co n ta in in g  p e a r l i t e  have been 

in vo lved , th e  c o n s t i tu e n t  has occupied only a  sm all p ro p o r tio n  o f  

th e  s t r u c tu r e .  I t s  in f lu e n c e  on the  b a s ic  mechanisms has th e re fo re  

been d i f f i c u l t  to  e v a lu a te . T his in v e s t ig a t io n  was s t a r t e d  to  f i l l  

t h i s  gap in  knowledge.

In  th e  work re p o r te d  h e re , th e  mechanisms o f  fa t ig u e  f a i lu r e

have been examined in  th re e  p e a r l i t i c  s t r u c tu r e s ;  co arse  p e a r l i t e ,

f in e  p e a r l i t e  and sp h e ro id ise d  c a rb id e . A ll have been developed in

a . s t e e l  o f  e u te c to id  carbon c o n te n t. C yclic  p ro p e r t ie s  and changes

o f  deform ation  r e s is ta n c e  during  te s t in g  have been de term ined . The

m ajor emphasis has been th e  o b se rv a tio n  o f  th e  p ro g re ss  o f  fa t ig u e

damage during  te s t in g  o f  p re -p o lish e d  specimens in  c o n d itio n s  g iv in g

5 6f a i lu r e  a t  between 10 -  10 c y c le s . A number o f  m e ta llo g ra p h ic

tech n iq u es  have been used  fo r  o b se rv a tio n  o f fa t ig u e  damage. These 

in c lu d e  both  o p t ic a l  and e le c tro n  m icroscope te c h n iq u e s . E le c tro n

2



m icro sco p ica l techn iques have in c lu d ed  the  p ro d u c tio n  o f  tw o-stage  

r e p l ic a s  o f s e le c te d  a re a s  on the  specimen su rfa ce  fo r  exam ination 

and a ls o  the  use o f the  scanning e le c tro n  m icroscope. T h is  has 

been extended to  in c lu d e  th e  p ro d u c tio n  o f  f o i l s  from s e c tio n s  o f  

both  fa tig u e d  and n o n -fa tig u e d  specimens fo r  e le c tro n  m icroscope 

exam ination .

T his th e s i s  in c lu d e s  a  review  o f  th e  a v a ila b le  l i t e r a t u r e  

r e l a t in g  to  p rev io u s  work on the  m icroscopic a sp e c ts  and mechanisms 

o f  fa tig u e  in  m u lti-p h ase  m a te r ia ls .  The r e s u l t s  o f  th e  in v e s t ig a 

t io n s  d esc rib ed  above a re  p re sen ted  and d iscu ssed . F in a l ly  a  

number o f a re a s  have been id e n t i f i e d  a s  a  r e s u l t  o f  th ese  in v e s t ig a 

t io n s  where fu r th e r  work i s  recommended.

3



2 . SURVEY OF LITERATURE

2 .1 .  SCOPE OF THE REVIEjJ

F atig u e  f a i lu r e  and i t s  im portance in  a  wide range o f  

m a te r ia ls  has been reco g n ised  fo r  alm ost one hundred and f i f t y  

y e a r s .  IHiring t h i s  tim e, a v a s t  amount o f re se a rc h  work has 

been c a r r ie d  ou t in  an e f f o r t  to  understand  th e  phenomenon and to  

p reven t fa tig u e  f a i l u r e .  T his work can be c l a s s i f i e d  in  th re e  

c a te g o r ie s i -

a) the  t r a d i t io n a l  use o f te s t in g  machines to  determ ine 

fa tig u e  c h a r a c te r i s t i c s  a s  measured by such p ro p e r t ie s  

a s  the  fa tig u e  l im i t ,  endurance l im i t ,  e tc .

b) s tu d ie s  o f th e  dependence o f  fa tig u e  o r c y c lic  behaviour 

on such v a r ia b le s  a s  the  s t r e s s  o r s t r a in  am p litude , 

environm ental c o n d itio n s  o r m a te r ia l s t r u c tu r e  e t c .

c) s tu d ie s  o f the  b a s ic  mechanisms o f fa tig u e

The most t r a d i t io n a l  method o f q u a n tify in g  fa tig u e  c h a ra c te r 

i s t i c s  has been th a t  where an S-N curve i s  d e riv ed  from t e s t s  on 

a number o f specimens a t  d i f f e r e n t  lo a d s . The curve i s  o b ta in ed  

by determ ining  the  s t r e s s  am plitude (S) fo r  each lo ad  and the  

number o f  cy c le s  (N) o f  p e r io d ic  lo ad  changes re q u ire d  to  com pletely  

f r a c tu re  the  specimen a t  each s t r e s s  am p litu d e . A d isadvan tage  

w ith  t h i s  type o f t e s t  i s  th a t  the  s t r e s s  may a l t e r  th roughout th e

t e s t  even though the  lo ad  a p p lie d  rem ains c o n s ta n t. T h is  a r i s e s

when a crack  forms in  the  specim en. The t ru e  s t r e s s  a t  th e  t i p

o f  the  grov/ing crack  then  in c re a s e s .

In  the  l a s t  twenty y e a rs , ra p id  improvements have been made in  

the  development o f fa tig u e  te s t in g  te ch n iq u es . An im p o rtan t f i e l d  

o f development has been th a t  o f  machines where both  s t r e s s  and



s t r a i n  am plitude may be measured con tin u o u sly  throughout a  t e s t .  

Furtherm ore, during  te s t in g  th e  deform ation may be c o n tro l le d  a t  a 

g iven  value  w h ils t  th e  s t r e s s  i s  measured; t h i s  i s  r e f e r r e d  to  in  

l i t e r a t u r e  a s  s t r a i n  c o n tro lle d  c y c lin g . S im ila r ly , th e  lo a d  may 

be c o n tro l le d  and s t r a in  m easured. T his advance in  machine 

design  and c o n tro l has p rov ided  f a c i l i t i e s  whereby th e  dependence 

o f  fa tig u e  behav iour on s t r e s s  and s t r a in  can now be r e l i a b ly  

p re d ic te d .

Evidence o f  s tu d ie s  in to  b a s ic  mechanisms o f  fa t ig u e  d a te  back

1 2 .to  the  e a r ly  y e a rs  o f  t h i s  c en tu ry . 1 * S u rface  o b se rv a tio n s  o f

iro n  showed s l i p  bands appearing  in  some g ra in s  a f t e r  a  fev; c y c le s  
2o f s t r e s s .  T h is re p re se n te d  one o f the f i r s t  s tu d ie s  o f  th e

m icroscopic  a sp e c ts  o f f a t ig u e .

In  the  l a s t  tw enty f iv e  y e a rs , the  volume o f  work on the

mechanisms and m icroscopic  a sp e c ts  o f  fa tig u e  has been immense.

Much o f  the  work was focussed  on the  sim ple m a te r ia ls ,  m ainly pure

m eta ls  o r s in g le -p h ase  a l lo y s  based on the  F .C .C . s t r u c tu r e  and in

e i th e r  s in g le -  o r p o ly -c ry s ta l  form . A number o f  e x c e l le n t

3 ^ - 5 6review s cover the  work in  the  e a r ly  s tag e s  o f  t h i s  p e r io d . 1 1  

S tu d ie s  o f  th e  more complex m a te r ia ls ,  fo r  example, m u lti-p h ase  

a l lo y s  and m a te r ia ls  having s t r u c tu r e s  o th e r  than  F .C .C . were much 

l e s s  ex ten s iv e  b u t have re c e iv e d  more a t t e n t io n  in  th e  l a s t  fev; 

y e a r s .

This reviev; c o n ce n tra te s  on the  m icroscopic  a s p e c ts  and 

mechanisms o f  fa tig u e  in  m u lti-p h ase  m a te r ia ls .  Work r e la t in g  

to  e x is t in g  knowledge on the  sim ple m a te r ia ls ,  a s  d e fin ed  e a r l i e r ,  

has n o t been n e g lec te d  and i s  d iscu ssed  where a p p ro p r ia te .  As an 

in tro d u c tio n  to  the  rev iew , c u rre n t methods o f  a s s e s s in g  fa t ig u e

5



perform ance a re  d e sc rib e d . A number o f  param eters  determ ined

from such te s t in g  methods can be used  w ith reaso n ab le  accuracy  to

q u a n tify  th e  fa tig u e  behav iour o f m a te r ia ls .  These param eters

a re  ex p la in ed  and c u rre n t views on l in k in g  them w ith  m icro-

s t r u c tu r a l  f e a tu re s  a re  d iscu ssed .

2 .2 .  ASSESSMENT OF FATIGUE PERFORMANCE

The s t r e s s - s t r a i n  r e la t io n s h ip  o f  a  m a te r ia l  a s  measured in  a

monotonic te n s io n  t e s t  i s  n o t a p p lic a b le  to  s i tu a t io n s  where c y c lic

lo ad in g  o ccu rs  because t h i s  s t r e s s - s t r a i n  r e la t io n s h ip  v a r ie s  w ith

th e  c y c lic  h i s to r y .  The magnitude and r a te  o f  v a r ia t io n  in  t h i s

r e la t io n s h ip  a re  in flu en c ed  by se v e ra l v a r ia b le s ,  th e  most

im portan t o f  which a re  the  m a te r ia l ,  i t s  i n i t i a l  co n d itio n  ( th a t

i s  annealed  o r co ld  worked) and th e  le v e l  o f  p l a s t i c  s t r a i n  in  each

c y c le . I f  a  m a te r ia l  i s  su b jec te d  to  c y c lic  deform ation  o f

co n sta n t am plitude , such v a r ia t io n  i s  m an ifested  in  a  change o f

s t r e s s  re q u ire d  to  m ain ta in  t h i s  am p litu d e . An in c re a s e  o f  s t r e s s

in d ic a te s  c y c lic  harden ing  w h ils t  a  decrease  in d ic a te s  s o f te n in g .

C yclic  s t a b i l i t y  i s  c h a ra c te r is e d  by th e  s t r e s s  rem ain ing  c o n s ta n t .

These harden ing  o r so fte n in g  responses a re  re p re se n te d  schem atic -

7 8a l l y  in  f ig .1  and examples e x i s t  e lsew here . 1 Where such p ro p e rty  

changes occur, they  a re  u s u a lly  com pleted e a r ly  on in  th e  fa t ig u e  

l i f e  o f  most m eta ls  such th a t  the  r e la t io n s h ip  rem ains s ta b le  

through most o f the  l i f e .

In  the t r a d i t io n a l  S-N curve, quoted e a r l i e r ,  fa t ig u e  perform 

ance has been a sse ssed  in  term s o f  the  fa t ig u e  l im i t  o r , i n  th e  

case o f  most n o n -fe rro u s  m e ta ls , th e  endurance l im i t  which i s  th e

s t r e s s  le v e l  th a t  produces f r a c tu re  a f t e r  N s t r e s s  c y c le s  where N 
7

i s  g e n e ra lly  10 . Improvements o f  fa tig u e  perform ance have in  th e

6



p a s t  been a s s o c ia te d  w ith  methods o f  r a i s in g  the  s t r e s s  

corresponding  to  th e  fa t ig u e  l im i t  o r ,  fo r  th o se  a p p ro p ria te  

m a te r ia ls ,  th e  endurance l i m i t .  T his c o n ce n tra tio n  on th e  

fa tig u e  l im i t  was j u s t i f i e d  by th e  predominance in  design  o f  th e  

concept o f  i n f i n i t e  l i f e .  In  many s i tu a t io n s  however, i t  has 

become bo th  n ecessa ry  and d e s ira b le  to  design  fo r  a  f i n i t e  fa tig u e
g

l i f e  which could  range from a  fev; cy c le s  to  about 10 c y c le s . 

Examples o f  th e se  s i tu a t io n s  in c lu d e  therm al o r m echanical s t r a in  

cy c lin g  a s  encountered  in  n u c lea r p la n ts ,  steam tu rb in e s  and a i r 

c r a f t  s t r u c tu r e s .  Under th ese  c o n d itio n s , v a lu es  fo r  th e  fa tig u e  

o r  endurance l im i t  o f te n  g ive no r e l i a b le  p re d ic t io n  o f  m a te r ia l  

b eh av io u r. E x tensive  low cycle and h igh  cy cle  fa t ig u e  s tu d ie s  in  

re c e n t y ea rs  have co n sid e rab ly  improved the u n d ers tan d in g  o f  the  

fa tig u e  phenomenon. F a tig u e  perform ance under e i th e r  low o r  h igh  

cycle  co n d itio n s  can now be a sse ssed  in  term s o f  a  number o f  

param eters which w i l l  be d e sc rib ed  in  the  fo llo w in g  s e c t io n s .  I f  

th ese  param eters can be l in k e d  w ith  m ic ro s tru c tu ra l  c h a r a c te r i s t i c s  

then  th e  o p p o rtu n ity  a r i s e s  fo r  design  o f  m a te r ia ls  w ith  s p e c i f ic  

fa tig u e  perform ance. T his a sp e c t i s  a lso  d iscu ssed  l a t e r .

In  o rd e r to  id e n t i f y  th e se  param eters i t  i s  f i r s t  n ece ssa ry  

to  examine the  ways in  which fa tig u e  behaviour can be q u a n t i f ie d .

In  a d d it io n  to  the  S-N curve, two im portan t forms o f  fa t ig u e  

behaviour p re s e n ta t io n  a re  the  c y c lic  s t r e s s - s t r a i n  and s t r a i n -  

l i f e  cu rv es.

2 .2 .1 .  The C yclic  S t r e s s - S t r a in  Curve

T his re p re se n ts  the  s tead y  s t a t e  c y c lic  deform ation  

re s is ta n c e  o f  a  m a te r ia l .  The curve i s  produced by c y c l i c a l ly  

deforming se v e ra l sam ples o f  a  m a te r ia l  a t  a  range o f  s t r a i n

7



am plitudes and jo in in g  th e  t i p s  o f  each o f  th e  s ta b le  h y s te r e s is

lo o p s obtained* An a l te r n a t iv e  procedure i s  th e  in c rem en ta l 
- 7

s te p  t e s t  where a  s in g le  sample i s  u sed . Here th e  sample i s  

su b jec te d  to  a  programme o f c o n tin u a lly  in c re a s in g  and then  de

c reas in g  s t r a in  l e v e l s .  A continuous p lo t  o f  s t r e s s  and s t r a i n  

g iv es  a  s e r ie s  o f superim posed h y s te r e s is  lo o p s , each o v e ra l l  

loop b lock  corresponding  to  one programme. A f te r  s e v e ra l 

r e p e t i t io n s  o f  the  programme, th e  m a te r ia l  s t a b i l i z e s  and the  

lo cu s  o f  loop  t i p s  i s  th e  c y c lic  s t r e s s - s t r a i n  cu rv e .

F ig s . 2 and 3 show c y c lic  and monotonic s t r e s s - s t r a i n  curves

7 8fo r  a  number o f  m a te r ia ls .  In  the  e l a s t i c  re g io n , th e  curves

a re  s im ila r  b u t a t  th e  o n se t o f  p l a s t i c i t y  the  c y c lic  and s t a t i c  

curves d iv e rg e . The v a lu es  o f flow  s t r e s s  and s t r a in  harden ing  

c o e f f ic ie n ts  fo r  each m a te r ia l  a s  determ ined from th e  monotonic 

curve a re  n o t the  same a s  those  determ ined from th e  c y c lic  cu rv e . 

A comparison o f  th e  curves dem onstrates th e  n a tu re  and e x te n t o f  

th e  c y c lic  changes. F ig . 2 shows c y c lic  so f te n in g  o f  a  s t e e l ,  

f i g .  3 shows so fte n in g  a t  sm all s t r a in s  b u t harden ing  a t  h ig h  

s t r a in s  in  an a l lo y  s t e e l  and th e  n ic k e l-b a se d  W aspalloy 

c y c l ic a l ly  hardens a t  a l l  s t r a i n  l e v e l s .

An in d ic a t io n  o f  the  l ik e ly  response to  cy c lin g  can be 

o b ta in ed  from th e  monotonic s t r a in  harden ing  exponent. A h igh  

exponent o f above 0.1 in d ic a te s  a  m a te r ia l  which w i l l  p robab ly  

c y c l ic a l ly  harden  w h ils t  i f  the  value  i s  below 0 .1 , c y c lic  

so fte n in g  i s  l i k e l y .  A value  o f  about 0 .1  i s  in d ic a t iv e  o f  a
9

c y c l ic a l ly  s ta b le  m a te r ia l .  The r a t i o  o f  t e n s i l e  s t r e n g th
y ie ld  s tre n g th

has a ls o  been used to  in d ic a te  s im ila r  t r e n d s .  I f  t h i s  r a t i o
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i s  g re a te r  th an  1.*f, c y c lic  harden ing  i s  l i k e ly  w h ils t  i f  l e s s
g

than  1 .2 , c y c lic  so f te n in g  o c c u rs .

The r e la t io n s h ip  between s t r e s s  am plitude Ga and th e  p l a s t i c

im p o rtan t param eter id e n t i f i e d  so f a r  a s  an in d ic a to r  o f  fa tig u e
I

b eh av io u r. The r e la t io n s h ip  between H and m ic ro s tru c tu re  has

w ith  s t ru c tu re s  which a llow  ex ten s iv e  c ro ss  s l i p  and d is lo c a t io n

m otion . Low v a lu es  a re  a s s o c ia te d  w ith  those  s t r u c tu r e s  which

r e s t r i c t  d is lo c a tio n  m otion and have a l im ite d  number o f  s l i p
I

system s. T yp ical v a lu es  o f  H fo r  a  number o f  m a te r ia ls  have

12 13been shown to  l i e  w ith in  the  range 0 .10  to  0 .2 5 . A stu d y  o f  

v a rio u s  m a te r ia ls  in  low cycle  fa tig u e  t e s t s  has shown th a t  in 

c reased  fa tig u e  l i f e  fo r  a  g iven  s t r a in  am plitude  can be
f

c o r re la te d  w ith  an in c re a se  in  th e  value o f  H . T h is l in k in g  o f  
l

H w ith  the  m ic ro s tru c tu re  and o th e r  m a te r ia l  p a ram ete rs  i s  d is 

cussed  in  l a t e r  s e c t io n s .

2 .2 .2 .  F a tig u e  L ife  Data

In  a sse s s in g  the  fa tig u e  re s is ta n c e  o f  a m e ta l l ic  m a te r ia l ,  

i t  i s  u s e fu l to  know w hether t h i s  r e s is ta n c e  can b e s t  be q u a n ti

f ie d  in  term s o f c y c lic  s t r e s s  o r c y c lic  s t r a i n .  Take fo r

s t r a in  am plitude in  the  c y c lic  s t r e s s - s t r a i n  curve can be

10expressed  in  th e  fo llow ing  foim : -
/

where c ie n t
/

pi = c y c lic  s t r a in  harden ing  exponent 
iA  ^  I

Both | \  and f i  a re  co n sta n ts  which a re  in f lu e n c e d  by

9 ^m a te r ia l  c h a r a c te r i s t i c s .  In  a d d i t io n ,H  i s  p robab ly  th e  most

b e e n 'e x te n s iv e ly  s tu d ie d 11 High v a lu es  o f  H a re  a s s o c ia te d
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3example, low cycle  fa tig u e  c o n d itio n s  where a l i f e  o f say 10

cy c le s  may be s u f f i c i e n t  fo r  a  m a te r ia l  in  c e r ta in  a p p l ic a t io n s .

Here th e  c ap a c ity  fo r  accommodating c y c lic  s t r a in  i s  more

im portan t than  i f  th e  same m a te r ia l  i s  expected  to  g ive  a

lo n g e r l i f e  o f  say 10 c y c le s . In  th e  l a t t e r  s i tu a t io n ,  a

s t r e s s  based a n a ly s is  may be more r e le v a n t .

As m entioned e a r l i e r ,  the  S-N curve was a t  one tim e th e  most

common form o f  p re se n tin g  fa tig u e  perform ance d a ta . Nowadays, a

number o f  d i f f e r e n t  p re s e n ta tio n s  e x i s t .  Three im portan t ones

a re  those  which show a r e la t io n s h ip  between fa tig u e  l i f e  and:

( i )  s t r e s s ( s im i la r  to  th e  S-N curve)

( i i )  p l a s t i c  s t r a in

( i i i )  t o t a l  s t r a in

F ig . k shows a schem atic s t r e s s - l i f e  curve which has been

produced from a  number o f lo ad  c o n tro lle d  c y c lic  t e s t s .  I t  i s

b a s ic a l ly  an S-N curve w ith  s t r e s s  and l i f e  p lo t te d  on lo g a rith m ic
1̂ fs c a le s .  The r e la t io n s h ip  between s t r e s s  and l i f e  i s  g iven  by

C T a = CTf  (2Nf ) b ------------------------------------------2

where CTa = t ru e  s t r e s s  am plitude

N̂ . = number o f  cy c le s  to  f a i lu r e
/

fa tig u e  s tre n g th  c o e f f ic ie n t  which i s  g iven  

by th e  in te r c e p t  on the  s t r e s s  a x is  

corresponding  to  one s t r e s s  r e v e r s a l  

( i . e .  2Nf = 1)

b = fa tig u e  s tre n g th  exponent which i s  g iven

by the  s lope  o f  th e  cu rve .
I

Both b and C .̂ c h a ra c te r iz e  the  c y c lic  s t r e s s  r e s is ta n c e  o f  

a m a te r ia l .  S ince b i s  the  s lope  o f  the  l i n e ,  i t  has  a  n e g a tiv e
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value  because l i f e  in c re a s e s  a s  th e  s t r e s s  i s  red u ced . For h igh

c y c lic  s t r e s s  r e s is ta n c e ,  th e  in te r c e p t  on th e  s t r e s s  a x is  g iv in g  
I

CTf  should  be a t  a  h igh  le v e l  w h ils t  the  l in e  should  have a shallow

s lo p e . R eported v a lu es  o f  b range from about -0 .0 5  to  -0 .2 0

and the  most shallow  slope  in  t h i s  range i s  g iven  by -0 .05*  I t s

10value has been shown to  be r e la te d  to  the  c y c lic  s t r a i n  harden ing  
I

exponent n  in  th e  fo llow ing  w ay:-

t
-U _ *" 0  -2

1 + 5»V

A decrease  o f  fV th e re fo re  produces a  more shallow  s lo p e  and

th u s  an in c re a se  in  fa t ig u e  l i f e  a t  low s t r e s s  l e v e l s .  The va lue
1

o f th e  fa tig u e  s tre n g th  c o e f f ic ie n t  has been shown to  be a p p ro x i-

9 10m ately equal to  th e  monotonic t ru e  f r a c tu re  s t r a i n .  1 Hence 

the  m a te r ia l  c o n d itio n s  which a re  l i k e ly  to  r e s u l t  in  h igh  c y c lic  

s t r e s s  a re  the  com bination o f a  h igh  monotonic t ru e  f r a c tu r e  

s tre n g th  and a  low c y c lic  s t r a i n  harden ing  exponent.

15 16The p l a s t i c  s t r a i n - l i f e  r e la t io n s h ip  i s  g iven  by 1

A £ p  = £ p ( 2Nf )

where ^  P = p l a s t i c  s t r a i n  am plitude

= number o f  cy c le s  to  f a i lu r e

1
= fa tig u e  d u c t i l i t y  c o e f f ic ie n t

and c = fa tig u e  d u c t i l i t y  exponent

A schem atic p l a s t i c  s t r a i n - l i f e  curve i s  shown a s  p a r t  o f  fig « 5

where bo th  s t r a in  and l i f e  a re  p lo t te d  on lo g a rith m ic  s c a le s .  I t

has been produced from a  number o f  deform ation c o n tro lle d  t e s t s .
/

The v a lu es  o f c and 6p c h a ra c te r iz e  th e  c y c lic  s t r a i n  r e s is ta n c e
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o f  a  m a te r ia l .  The fa tig u e  d u c t i l i t y  exponent c i s  g iven  by

the  s lo p e  o f the  l i n e  and has a  n eg a tiv e  v a lu e , which can range 
10from -0 .5  to  -0 .7  • I t s  value has a ls o  been shown to  be

* 10r e la te d  to  H in  th e  fo llow ing  way

(1 + 5 n )

An in c re a se  in  value o f  the  c y c lic  s t r a in  harden ing  exponent

hence produces a  f l a t t e r  p l a s t i c  s t r a i n - l i f e  l i n e .
I

The value  o f  6p i s  g iven  by th e  in te r c e p t  o f  th e  l i n e  on th e

s t r a in  a x is  corresponding  to  one s t r e s s  r e v e r s a l  ( i . e .  2N^ = 1 ) .

I t s  value has been shown to  be approxim ately  equal to  th e  mono-

9 11to n ic  t ru e  f r a c tu re  d u c t i l i t y .  ’ High c y c lic  s t r a i n  

r e s is ta n c e  i s  th u s  ach ieved  w ith  a com bination o f  a  h ig h  v a lu e  o f
i

€p w ith  a shallow  slope  c , in  o th e r  words, a  h igh  monotonic

f r a c tu re  d u c t i l i t y  and a h igh  value  fo r  th e  c y c lic  s t r a i n

harden ing  exponent.

The f i n a l  r e la t io n s h ip  considered  in  t h i s  s e c t io n  i s  th a t  o f

t o t a l  s t r a i n  and l i f e .  The re s is ta n c e  o f  a  m a te r ia l  to  t o t a l

s t r a in  cy c lin g  i s  made up o f  two p a r t s ,  th e  e l a s t i c  and th e  p l a s t i c  
17 10s t r a i n  r e s i s ta n c e .  Morrow has exp ressed  th e  r e la t io n s h ip  in  

th e  fo llow ing  w ay:-

A = A € e + A 6p  ---------6
2 2 2

where -  t o t a l  s t r a in  am plitude

A £ e i s  the  e l a s t i c  s t r a in  am plitude and can be d e riv ed  from 

2

equation  2 by d iv id in g  by th e  e l a s t i c  m odulus. Hence:

.12
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^ p i s  th e  p l a s t i c  s t r a in  am plitude and i s  g iven  in  eq u atio n  *f. 

Equation 6 th e re fo re  becomes:

Agfc = (2Nf ) b + € p ( 2 N f ) C

Z E
7

F igu re  5 shows a  schem atic  - p re s e n ta tio n  o f  a  t o t a l  s t r a in

a m p litu d e - lif e  cu rv e . Also in c lu d ed  a re  th e  e l a s t i c  and p l a s t i c

s t r a in  am plitude l i f e  curves which make up th e  t o t a l .  I t  can

be seen th a t  a s  the  number o f  c y c le s  to  f a i l u r e  in c re a s e s ,  th e

c o n tr ib u tio n  o f  th e  e l a s t i c  p o r tio n  to  th e  t o t a l  va lue  in c re a s e s .

At long  l i v e s ,  th e  e l a s t i c  s t r a in  component p redom ina tes.

Hence, a s  shown, in  eq u a tio n s  2 and a h igh  fa t ig u e  s tre n g th  
A

c o e f f ic ie n t  Oj, and a low value o f  the  c y c lic  s t r a i n  harden ing

exponent H a re  e s s e n t ia l  f o r  good fa t ig u e  r e s is ta n c e  a t  long  

l i v e s .

In  th e  low cycle  re g io n , th e  p l a s t i c  s t r a i n  component p re 

dom inates. E quations and 5 show th a t  d u c t i l i t y  i s  im p o rtan t 

fo r  good fa tig u e  r e s is ta n c e  in  t h i s  l i f e  range and t h i s  means

h igh  v a lu es  fo r  bo th  th e  fa tig u e  d u c t i l i t y  c o e f f ic ie n t  and
I i

H • F igure  6 shows th e  in flu en c e  o f  H on th e  v a rio u s  p a ra 

m eters id e n t i f i e d  in  s t r e s s - l i f e  and s t r a i n - l i f e  r e la t io n s h ip s .  

High p l a s t i c  s t r a in  fa tig u e  re s is ta n c e  and h ig h  s t r e s s  fa t ig u e  

r e s is ta n c e  a re  ach ieved  by opposing changes in  th e  c y c lic  s t r a i n

harden ing  exponent, f\ • Hence, in  th e  design  o r  s e le c t io n  o f  

a l lo y s  fo r  good fa t ig u e  r e s is ta n c e  based on e x is t in g  knowledge, 

th e re  a re  two p o s s i b i l i t i e s .  F i r s t l y ,  one aims fo r  maximum 

improvement p o ss ib le  in  e i th e r  th e  p l a s t i c  s t r a in  o r c y c lic

13



s t r e s s  r e s is ta n c e  reg im es. A lte rn a t iv e ly ,  one aim s fo r  a

balance  o f fa tig u e  s tre n g th  and d u c t i l i t y  w ith  improvement sp read

over both  th e  p l a s t i c  s t r a i n  and c y c lic  s t r e s s  r e s is ta n c e

regim es b u t l e s s  than  th e  maximum p o ss ib le  w ith  th e  f i r s t  o p tio n .

The key to  f u r th e r  improvements in  f a t ig u e  perform ance may

l i e  in  s e v e ra l a r e a s .  An im p o rtan t one i s  th a t  o f  th e  d esign  o f

a l lo y s  to  have c y c lic  s t r a i n  harden ing  exponents which l i e  beyond

12th e  narrow range o f  v a lu es  which e x is t  to  d a te  (0 .1 0  -  0 . 25)* 

From th e  e x is t in g  knowledge a  much low er v a lu e  fo r  th e  exponent 

would g ive  e x c e lle n t  fa tig u e  re s is ta n c e  a t  long  l i v e s ,  p rov ided  

a  h igh  fa tig u e  s tre n g th  c o e f f ic ie n t  was m a in ta in ed .

MECHANISMS OF FATIGUE FAILURE

The fa tig u e  f a i lu r e  p ro cess  o f  a  m e ta l l ic  m a te r ia l  com prises 

o f  more than  one s ta g e .  T his f a c t  h as been known fo r  a  long  

w hile  and a  number ’o f  th e o r ie s  have been proposed fo r  th e se  

d iv is io n s  o f  l i f e .  A w idely  accep ted  view i s  th a t  th re e  d i s t i n c t  

s ta g e s  e x i s t ,  th e se  b e in g :-

a) the  i n i t i a t i o n  o f  a  crack

b) p ropogation  o f  a crack  in to  th e  m a te r ia l

c) the  a tta in m en t o f a  c r i t i c a l  c rack  s iz e  a t  which th e  

m a te r ia l  then  com pletely  f r a c tu r e s  in  a  ra p id  m anner.

On t h i s  b a s is ,  good fa t ig u e  r e s is ta n c e  i s  ach iev ed  by

r e s t r i c t i n g  crack  i n i t i a t i o n ,  reducing  th e  c rack  p ro p o g a tio n  r a t e

and in c re a s in g  th e  c r i t i c a l  c rack  s iz e  fo r  ra p id  f r a c tu r e .

18A s im ila r  approach i s  th a t  due to  F o rsy th . Here fa t ig u e  

f a i lu r e  ta k es  p lace  by two s ta g e s  o f  c ra ck in g . S tage  I  in v o lv e s  

crack  growth from an i n i t i a t i o n  s i t e  and growth i s  a long  p la n e s  o f  

maximum re so lv ed  sh ea r s t r e s s .  S tage  I I  fo llo w s and in v o lv e s



growth along  p lan es  a t  90° to  th e  t e n s i le  a x i s .  Rapid f r a c tu re  

occurs  when a  c r i t i c a l  c rack  s iz e  i s  reach ed . F ig .  7 shows a  

sequence o f  the  crack  s ta g e s .

An u n d erly in g  fe a tu re  o f  bo th  s tag e s  i s  t h e i r  dependence on 

p l a s t i c  defo rm ation . For example, c y c lic  s l i p  dom inates th e  

d ire c t io n  o f  S tage I  c rack  grow th. F urtherm ore, c y c lic  s l i p  and 

a t e n s i l e  s t r e s s  a re  n ecessa ry  fo r  S tage I I .  I n  th e  rem aining 

p a r t  o f  t h i s  survey d ea lin g  w ith  fa tig u e  f a i l u r e  mechanisms, th e  

approach o f  F o r s y th ^  h as been ado p ted . F a i lu re  i s  co n sid e red  in  

term s o f  two s ta g e s  o f  crack  growth and the  dependence o f  each 

s tag e  on m ic ro s tru c tu ra l  c h a r a c te r i s t i c s  i s  d is c u s se d . Because o f  

i t s  im portance, a  s e c tio n  on p l a s t i c  deform ation p recedes th o se  on 

the  crack  growth s ta g e s .

In  the  fo llow ing  s e c tio n s , m ention w i l l  o f te n  be made o f  low

and h igh  cycle  f a t ig u e .  A number o f  d e f in i t io n s  o f  th e se  two

c o n d itio n s  have been encoun tered . The most w idely used  term  i s

19th e  t r a n s i t io n  fa tig u e  l i f e  and t h i s  value i d e n t i f i e s  th e  boundary

between the  two c o n d itio n s . I t s  va lue  can be d e fin e d  by re fe re n c e

to  th e  l i n e s  shown in  f ig .5 »  The -point o f in te r s e c t io n  o f  th e  

e l a s t i c  and p l a s t i c  s t r a i n  l i n e s  i d e n t i f i e s  th e  t r a n s i t i o n  and th e  

corresponding  value on th e  h o r iz o n ta l  a x is  g iv e s  th e  t r a n s i t i o n  

fa tig u e  l i f e .  Low cy cle  fa tig u e  r e f e r s  to  those  c o n d itio n s  o f  

s t r e s s  o r s t r a in  am plitude which g ive  f a i lu r e  in  l i v e s  l e s s  than  

th e  t r a n s i t io n  fa tig u e  l i f e .  Here th e  p l a s t i c  s t r a i n  component 

p redom inates. High cycle  fa tig u e  g iv e s  f a i lu r e  beyond th e  t r a n s 

i t i o n  fa tig u e  l i f e  and under th ese  c o n d itio n s , the  e l a s t i c  s t r a i n

component becomes predom inant. S tu d ie s  o f  a  number o f  m a te r ia ls  

P0in c lu d in g  s t e e l s  have shown th a t  S tage I I  occup ies most o f  th e
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l i f e  in  low cycle  fa t ig u e  b u t fo r  h igh  cycle  f a t ig u e ,  S tage I

dom inates th e  l i f e *

2.*f. THE ROLE OF PLASTIC DEFORMATION IN FATIGUE

P la s t i c  deform ation  p lay s  an im portan t r o le  in  a l l  th e  s ta g e s

which le a d  up to  fa tig u e  fa i lu re *  In  o rd e r th a t  fa tig u e  damage

may accum ulate and subsequent f a i lu r e  occur, p l a s t i c  deform ation

must tak e  place* For such deform ation  to  o ccu r, th e  s t r e s s

a p p lie d  must exceed a c e r ta in  value which i s  c h a r a c te r i s t i c  o f  th a t

m a te r ia l  under the  c y c lic  c o n d itio n s . T his va lue  i s  c a l le d  th e

13m ic ro -c y c lic  y ie ld  s t r e s s  and fo r  most m a te r ia ls  i t  i s  w e ll below

th e  s t r e s s  a t  which y ie ld in g  occurs  in  a  te n s io n  t e s t  under

s im ila r  c o n d itio n s , i .e *  tem p era tu re , s t r a i n  r a t e .  An ex cep tio n

i s  th a t  o f  germanium whose m ic ro -c y c lic  y ie ld  s t r e s s  eq u als  th a t  o f

21i t s  f r a c tu re  s t r e s s .  I f  germanium i s  t e s t e d  a t  a  c y c lic  s t r e s s

am plitude such th a t  p l a s t i c  deform ation  can occu r, f r a c tu r e  occu rs

w ith in  th e  f i r s t  r e v e r s a l .  A low ering  o f s t r e s s  am plitude to

p rev en t immediate f r a c tu re  and so enable s t r e s s  c y c lin g , does n o t

then  produce fa tig u e  f a i lu r e  and t h i s  i s  a t t r i b u t e d  to  th e  absence
21o f p l a s t i c  defo rm ation .

The dependence o f  p l a s t i c  deform ation in  fa t ig u e  on such

f a c to r s  a s  s t r a i n  am plitude , s t r a in  r a t e ,  tem pera tu re  and m a te r ia l

c o n d itio n  has been w idely  s tu d ie d . S im i la r i t i e s  have been shown

to  e x i s t  in  deform ation p ro cesses  between c y c lic  and u n id i r e c t io n a l

10te s t in g  fo r  many s in g le  phase m a te r ia ls .  For t h i s  su rv ey , 

a t te n t io n  has been focussed  on th e  e f f e c t  o f  m a te r ia l  c o n d itio n .

The r e s u l t s  o f p a s t  work can be b road ly  c l a s s i f i e d  in to  two 

a re a s .  F i r s t l y ,  those  r e la t in g  to  exam ination o f  th e  m icro

s t r u c tu r e s  produced by fa tig u e  and th e  mechanisms le a d in g  to  t h e i r
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form ation* Secondly, measurements o f  change in  deform ation

r e s is ta n c e  and t h e i r  dependence on and a s s o c ia t io n  w ith  changes

o f  m ic ro s tru c tu re*

2 * 4 .1 . Mechanisms o f  Deform ation in  F a tig u e

The two most im portan t mechanisms o f  p l a s t i c  deform ation  in

c r y s ta l l in e  m a te r ia ls  a re  s l i p  and m echanical tw in n in g . ^he

o p e ra tiv e  mechanisms in  c y c lic  deform ation a re  s im ila r  to  those

in  u n id i r e c t io n a l  deform ation  fo r  a  wide number o f  m a te r ia ls .

In  F .C .C . and most B.C.C. m a te r ia ls  s tu d ie d , s l i p  i s  n e a r ly

always th e  o p e ra tiv e  mechanism. For example, in  th e  e a r ly  work

22o f F o rsy th  on a  F .C .C . s ilve r-a lu m in iu m  a l lo y  s l i p  was dominant

a t  low s t r e s s  am plitudes ju s t  above the  fa tig u e  l i m i t ,  b u t a t

h ig h e r s t r e s s  am p litu d es, k in k -ty p e  deform ation  bands were

o bserved . Both s l ip p in g  and m echanical tw inning  have been

23observed in  s e v e ra l  C .P.H . m a te r ia ls  such a s  magnesium and 

24<X -titanium  , during  c y c lic  t e s t i n g .  I r o n - s i l i c o n  a l lo y s  norm

a l l y  c y c l ic a l ly  deform by s l i p  b u t a t  c e r ta in  s i l i c o n  c o n te n ts ,

25m echanical tw inning was a lso  observed . In  th e  work o f  Modlen 

«  26and Smith , s l i p  was observed  during  cy c lic , deform ation  o f  

f e r r i te - c e m e n ti te  s t r u c tu r e s .

2 .4 .2 .  E f fe c t  o f  C yclic  D eform ation on M ic ro s tru c tu re

S tu d ie s  o f  m ic ro s tru c tu ra l  changes du ring  c y c lic  deform ation  

have c o n s is te d  o f : -

a ) su rface  o b se rv a tio n s  by o p t ic a l  and e le c tro n  m icroscopy u s in g  

ta p e r  s e c t io n s , r e p l ic a s  and in te r fe ro m e tr ic  te ch n iq u es

b) tran sm iss io n  e le c tro n  m icroscopy to  examine d is lo c a t io n  

s t r u c tu r e s  both  n ea r the  su rfa c e  and w ith in  th e  sam ple.

A number o f v a r ia b le s  such a s  s t r a in  am plitude and tem pera
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tu re  in flu en c e  th e  changes b u t the  most im portan t v a r ia b le  i s  

th e  m a te r ia l  c o n d itio n . Three' f e a tu re s  a s s o c ia te d  w ith  a  

m a te r ia l  c o n d itio n , have been id e n t i f i e d  a s  having an im portan t 

e f f e c t  on the m ic ro s tru c tu ra l  changes and fa tig u e  beh av io u r.

These a r e : -
27( i )  mode o f  s l i p  which i s  r e la te d  to  s ta c k in g  f a u l t  energy

( i i )  homogeneity o f s l i p ^ ’ ^

11( i i i )  r e v e r s i b i l i t y  o f  s l i p

A ll th re e  a re  dependent on th e  com position o f  a m a te r ia l  and

i t s  m ic ro s tru c tu re . The mode o r  c h a ra c te r  o f  s l i p  h as been
27d escrib ed  in  term s o f  e i th e r  p la n a r  o r  wavy g l id e .  P la n a r

g lid e  i s  la rg e ly  tw o-dim ensional whereas wavy g lid e  d e sc r ib e s  th e

sp read ing  o f  g lid e  to  a  th re e  dim ensional form . T h is sp read  i s

in flu en c ed  by th e  ease o f  c r o s s - s l ip  o f.sc rew  d is lo c a t io n s  which

in  tu rn  i s  r e la te d  to  th e  s tac k in g  f a u l t  en ergy . Aluminium and

iro n  a re  examples o f  h igh  s tac k in g  f a u l t  energy (S .F .E .)  m a te r ia ls

and r e a d i ly  c ro ss  s l i p  during  p l a s t i c  defo rm ation . A llo y in g  can
2

a l t e r  the  S .F .E . value a s  in  the  case o f copper (kO ergs/cm  )
2

whose value i s  low ered to  1 .5  ergs/cm  when a llo y e d  w ith  7*5 wt$ 

o f  a lu m in iu m .^

Homogeneity o f  p l a s t i c  deform ation i s  in f lu e n c e d  when a 

m ic ro s tru c tu re  i s  a l t e r e d  from s in g le  to  m u lti-p h a se . A s in g le  

phase m a te r ia l  i s  homogeneous in  com position under p ro p e rly  con

t r o l l e d  c o n d itio n s  and some degree o f  homogeneity o f  p l a s t i c  

deform ation can be exp ec ted . In  a  m a te r ia l  c o n ta in in g  phases 

whose p l a s t i c  deform ation p ro p e r t ie s  d i f f e r ,  hom ogeneity cannot 

be ex p ec ted . This s i tu a t io n  i s  d iscu ssed  in  th e  fo llo w in g  

s e c t io n s .
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31Gough has shown th a t  s l i p  in  fa tig u e  occurs  on th e  same

s l i p  system s a s  under s t a t i c  lo ad in g  fo r  many m a te r ia ls  having

F .C .C ., B.C.C. and C.P.H. s t r u c tu r e s .  In o C -iro n , th e  o p e ra tiv e

p lan es  a re  (110), (112) and (123) w ith  a  <111> d i r e c t io n .  In

s t a t i c  lo a d in g , th e  s l i p  bands formed a t  th e  su rfa c e  have a

s te p  contour whereas those  in  fa t ig u e  do n o t .  In s te a d , a

su rface  develops which i s  a  s e r ie s  o f grooves and r id g e s , th e

fe a tu re s  o f  which a re  very  dependent on th e  ease o f  c ro ss  s l i p

and r e v e r s i b i l i t y  o f  s l i p .  I f  s l i p  occurs on many p la n es  a s

a r e s u l t  o f  easy c ro ss  s l i p  then  th e  su rfa ce  topography shows

shallow  grooves and r id g e s .  I f  s l i p  i s  r e s t r i c t e d  to  on ly  a

few p la n e s , a  sh arp ly  de fin ed  notch  peak topography can develop .

In  th e  work o f F o rsy th  on p a r t i a l l y  age-hardened  aluminium

-ty/o copper a l lo y , th e  su rfa ce  topography a f t e r  fa t ig u e  showed

f in e  tongues o f  m eta l ex truded  from s l i p  ban d s. These were

c a lle d  e x tru s io n s . In  t h i s  a l lo y  they  were shown to  be very

th in  and about 10^u.metres h ig h . T his phenomenon h as  s in c e  been

33 3kobserved in  annea led  copper, o C -b rass, iro n  and s i l i c o n -

35iro n .

The re v e rse  p ro cess  to  e x tru s io n  fo rm ation , namely in t r u s io n s

36 37have a lso  been observed a t  the  su rfa ce  a f t e r  fa t ig u e  ’
3kThese a re  c re v ic e s  and can grow in to  c ra c k s .

The im portance o f th e  su rfa ce  in  fa tig u e  has long  been 

r e a l i s e d ,  even b e fo re  s l i p  bands were observed . S e v e ra l e x p e r i

ments have been conducted where p e r io d ic  removal o f  th e  damaged

. 3 3su rfa ce  by p o lish in g  has  shown to  in c re a se  th e  f a t ig u e  l i f e .

The in c re a se  i s  a t t r ib u te d  to  th e  removal o f  many o f  th e  s l i p  

bands a lthough  some do rem ain and th e se  a re  c a l le d  p e r s i s t e n t
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s l i p  bands. The s t ru c tu re  o f  th e  s l i p  bands has been s tu d ie d

in  o rd e r to  un d ers tan d  the  fa tig u e  mechanism. Much o f  t h i s

work has invo lved  an exam ination o f  the d is lo c a t io n  s t ru c tu re s

a s s o c ia te d  w ith  the  s l i p  bands.

2 .* f.2 .1 . The Development o f  S urface  S l ip  Bands

The o n se t o f  fa tig u e  damage a t  room tem peratu re  in  a

v a r ie ty  o f  s in g le  phase m a te r ia ls  i s  c h a ra c te r iz e d  by th e

development o f  f in e  s l i p  bands on the  s u r fa c e .  F u r th e r

c y c lin g  le a d s  to  a  c o n ce n tra tio n  o f  s l i p  in  c e r ta in  bands and

e v e n tu a lly  c racks may develop in  th ese  bands. I t  i s  w ith in

th e se  a re a s  th a t  e x tru s io n s  and in tr u s io n s  have been observed

in  many m a te r ia ls .  In  the  case o f  annealed  copper, th e  f in e

s l i p  develops during  an i n i t i a l  s tag e  in  which ra p id  harden ing  

38o c cu rs . F ig .8 i s  a  schem atic re p re s e n ta t io n  o f  th e  change

in  s t r e s s  re q u ire d  to  m ain ta in  a  co n sta n t s t r a i n  am plitude and 

shows t h i s  harden ing  follow ed by a  s a tu r a t io n  s tag e  where the  

s t r e s s  rem ains c o n s ta n t. As m entioned e a r l i e r ,  n o t a l l  

m a te r ia ls  show t h i s  harden ing  s ta g e .  Some may show so f te n in g  

and o th e rs  show no change a t  a l l .

S l ip  co n ce n tra tio n  occurs w ith in  th e  s a tu r a t io n  s ta g e .

The bands showing in te n s i f i e d  s l i p  a re  c a l le d  p e r s i s t e n t  s l i p  

bands and may extend  w ith in  the  specimen fo r  s e v e ra l  m icrons. 

L ig h t e le c tro p o l is h in g  removes th e  f in e  homogeneous s l i p  bands

33bu t th e se  in te n s i f i e d  s l i p  bands p e r s i s t ,  hence t h e i r  name.
3 0  Aj-0 A l

E xtensive  s tu d ie s  o f  th e se  bands ’ ’ have shown th a t  they

p o ssess  c h a r a c te r i s t i c s  which may d i f f e r  from th e  m a tr ix , fo r  

example,

a ) they  a re  s o f te r
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b) t h e i r  s t r a i n  harden ing  r a te  i s  low er and

c) they  have a h ig h e r c ap a c ity  fo r  s l i p  r e v e r s i b i l i t y

In  a d d itio n  they  have a  c h a r a c te r i s t i c  d is lo c a t io n  

s t ru c tu re  in  which the  d is lo c a t io n s  a re  a rran g ed  in  c e l l u l a r  

form ty p ic a l  o f  h igh  s t r e s s  am p litu d e . T h is  a sp e c t i s  d is 

cussed fu r th e r  in  th e  fo llow ing  s e c t io n . T h e ir fo rm ation  in  

s in g le  phase m a te r ia ls  i s  ex p la in ed  in  term s o f  a  mechanism

k2based on d e b ris  h a rd en in g . I n i t i a l l y  th e  m a te r ia l  hardens

un iform ly  and once f i l l e d  w ith  d e b ris  th e  lo c a l  s t r e s s  b u ild s

up such th a t  th e  d e b r is  s t ru c tu re  becomes u n s ta b le .  T his

lo c a l is e d  so fte n in g  due to  d e b ris  breakdown le a d s  to  s t r a i n

co n ce n tra tio n  which i s  an u n d e s irab le  fe a tu re  where c rack

i n i t i a t i o n  r e s is ta n c e  i s  re q u ire d .

In  s in g le  phase m a te r ia ls ,  a  re d u c tio n  in  S .F .E . produces

a more homogeneous d is t r ib u t io n  o f  s l i p  and hence the  fo rm ation
k3o f P .S .B fs i s  d e lay ed . Lower tem p era tu res  g e n e ra lly  p ro -

19 Whduce a s im ila r  e f f e c t .  T es tin g  in  a  vacuum and a ls o  h ig h
k5frequency cy c lin g  encourage a more homogeneous d i s t r ib u t io n  

o f  s l i p .

In  those  m u lti-p h ase  m a te r ia ls  s tu d ie d , fa t ig u e  produces 

f in e  s l i p  in  d u c t i le  phases which then  becomes lo c a l i s e d  in  a  

few i s o la te d  re g io n s  r e s u l t in g  in  p e r s i s te n t  s l i p  bands.

These become s i t e s  fo r  lo c a l  s t r a in  a s  d e sc rib ed  above. How

ev er, a d d it io n a l  s o f t  zones may form due to  c y c lic  induced 

m ic ro s tru c tu re  changes and th ese  produce inhomogeneous s t r a i n .  

For example, second phase p a r t i c l e s  may be lo c a te d  in  the  

m a trix  such th a t  d is lo c a tio n s  p e n e tra te  them d u ring  c y c lic  

s t r e s s in g .  The sh ea rin g  a c t io n  reduces th e  p a r t i c l e  s iz e  and



th e  s i tu a t io n  can a r i s e  where the  p a r t i c l e  d is so lv e s  in  th e

m a tr ix . The s tre n g th en in g  e f f e c t  o f th a t  p a r t i c l e  in  th e

lo c a l is e d  a re a  i s  th e re fo re  l o s t  and th e  r e s u l t a n t  s o f t  zone

a c ts  a s  a  s t r a in  c o n c e n tra tio n . This has been observed in  a

number o f  a l lo y s  in c lu d in g  low carbon s t e e l  and n ic k e l-b a se  

k7s u p e ra llo y s . The o p e ra tiv e  mechanisms have been s tu d ie d  m  

a range o f  s o lu t io n  t r e a te d  and aged alum inium -copper a l lo y s .  

To promote homogeneous s l i p ,  one must th e re fo re  develop a  

s t ru c tu re  where th e  second and o th e r  phases a re  s ta b le  a g a in s t  

moving d is lo c a tio n s  and y e t th e re  a re  numerous d is lo c a t io n  

so u rces w ith in . T h is  was th e  b a s is  o f th e  recommendations
k6made from s tu d ie s  o f  iro n -ca rb o n  a l lo y s .  Thermomechanical

I j .g  c q

tre a tm e n ts  o f  aluminium a l lo y s  * have shown th a t  s t r u c tu r a l  

developm ents fo r  prom oting homogeneous s l i p  have improved 

fa t ig u e  p ro p e r t ie s  in  both  h igh  and low am plitude c o n d itio n s .

2 .* f.2 .2 . C h a r a c te r is t ic s  o f  D is lo c a tio n  S tru c tu re s

The d is lo c a tio n  arrangem ents produced by c y c lic  s t r e s s in g  

o f  a  number o f  s in g le  phase m a te r ia ls  may be c l a s s i f i e d  in to  

two groups, th e se  b e in g :-

a) a  c e l l  o r su b -g ra in  boundary s t ru c tu re  (f ig .9 A )

b) a  banded s t ru c tu re  co n ta in in g  loops and ta n g le s  o f  

d is lo c a tio n s  (f ig .9 B )

The s tru c tu re  develops w ith in  the  i n i t i a l  s ta g e  o f  th e

curve shown in  f i g . 8 which a s  m entioned e a r l i e r ,  co rresponds to

ra p id  harden ing  fo r  many m a te r ia ls .  The type o f  arrangem ent

depends on th e  ease  o f  c r o s s - s l ip .  A h igh  s t r e s s  am plitude

o r S .F .E . promote easy c r o s s - s l ip  o f screw d is lo c a t io n s  and

51favours the  c e l l  type s t r u c tu r e .  An in c re a se  o f  tem p era tu re
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in c re a s e s  th e  c e l l  s iz e  and a l t e r s  the  ty p es  o f  d is lo c a tio n s  

found w ith in  th e  c e l l  w alls#  D if f ic u l ty  in  c r o s s - s l ip  r e s u l t s  

in  a  banded s t ru c tu re  o f  d is lo c a tio n s  and t h i s  i s  found 

g e n e ra lly  a t  low s t r e s s  am plitudes and in  m a te r ia ls  w ith  low 

S .F .E . v a lu e s .

Almost a l l  th e  e a r ly  work on d is lo c a tio n  s tu d ie s  was 

c a r r ie d  ou t on copper and aluminium to g e th e r  w ith  t h e i r  r e s p e c t

iv e  sim ple a l lo y s .  Much o f  t h i s  h as been covered in  rev iew s,

3 5 6p u b lish ed  in  re c e n t y e a r s .  ’ ’ S tu d ie s  o f  cC - i r o n  have
52 53however shown th a t  s im ila r  d is lo c a tio n  arrangem ents e x i s t  *

In  th e  s tag e  corresponding  to  ra p id  h arden ing , a  low s t r e s s  

am plitude produces an in n e r  s u b s tru c tu re  o f  d is lo c a t io n  ta n g le s

whereas a  c e l l  s t r u c tu r e  develops a t  h igh  am p litu d e . The
5kbanded s t ru c tu re  found in  o C -iro n  shows s i m i l a r i t i e s  w ith  

th a t  found in  F .C .C . m a te r ia ls  o f  h igh  S .F .E .,  e .g .  copper, 

which a re  te s te d  a t  low am p litu d es . Both show bands con

ta in in g  d is lo c a tio n  jogs and lo o p s ; th e  band dim ensions a re  

approxim ately  e q u a l. In  o C -iro n , the  band d is lo c a t io n s  a re  

m ainly screw c h a ra c te r  w h ils t  those  in  copper a re  predom inan tly  

edge d is lo c a t io n s .

In  th e  reg io n  shown in  f i g .8 ,  co rresponding  to  s a tu r a t io n  

h arden ing , s in g le  phase m a te r ia ls  shov; no m ajor change o f 

arrangem ent in  th e  in n e r  d is lo c a t io n  s t ru c tu re  a t  low s t r e s s  

am plitudes and no in c re a se  o f  d is lo c a tio n  d e n s i ty . T h is  may 

n o t always be the  case w ith  h igh  a m p litu d e s ; . f o r  example, the

c e l l  w a lls  in  p o ly c ry s ta l l in e  copper can become more sh a rp ly

51d efined  in  t h i s  s ta g e .  D iffe re n c es  between su rfa c e  and 

in t e r i o r  s t ru c tu re s  have been observed in  bo th  F .C .C . and B.C.C.
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55m a te r ia ls .  In  zone re f in e d  iro n  , low am plitude cy c lin g  

c o n d itio n s  g ive r i s e  to  i s o la te d  c lu s t e r s  o f  d is lo c a t io n s  

and s c a t te re d  lo o p s in  th e  c e n tr a l  p o r tio n  o f  th e  specimen b u t 

n o t so in  reg io n s  w ith in  2 ĵjlm etres o f th e  s u r fa c e . Here th e  

s t ru c tu re  co n ta in s  bands o f  in te n s e  d is lo c a t io n  ta n g le s  and 

a r ra y s  o f  p a r a l l e l  rows o f  d is lo c a tio n  lo o p s . Such a r ra y s  

a re  o f te n  a s s o c ia te d  w ith  the  in te n se  su rfa c e  s l i p  bands.

These o b se rv a tio n s  do n o t however correspond w ith  th o se  

a s s o c ia te d  w ith  th e  p e r s i s te n t  s l i p  bands (P .S .B .)  found a t  th e  

su rfa ce  o f so many fa tig u e d  m a te r ia ls  in  th e  s a tu r a t io n  s ta g e .  

The d is lo c a tio n  s t ru c tu re  w ith in  th ese  bands i s  composed o f  

c e l l s  i r r e s p e c t iv e  o f  w hether th e  m a trix  i s  banded o r c e l l u l a r .  

Such a s t ru c tu re  i s  c h a r a c te r i s t i c  o f h igh  s t r a i n  fa t ig u e  and 

ex ten s iv e  c ro ss  s l i p .  A number o f th e o r ie s  have been proposed 

to  e x p la in  the  c e l l  s t ru c tu re  a s s o c ia t io n  w ith  P .S .B ’s ^ ’ ^ b u t 

a s  y e t no complete ex p lan a tio n  i s  a v a i la b le .  The im portance 

o f  the  ro le  o f  P .S .B *s in  the  fa tig u e  f a i lu r e  mechanism i s  w e ll 

e s ta b lis h e d  and fu r th e r  work i s  needed in  t h i s  a re a  to  o b ta in  

a  more concise  ex p lan a tio n  o f  th e  a s s o c ia te d  d is lo c a t io n  

s t r u c tu r e .

In  m u lti-p h ase  m a te r ia ls ,  th e  l im ite d  amount o f  work does 

show th a t  on c y c lic  s t r e s s in g ,  th e  r e s u l t in g  arrangem ent o f 

d is lo c a tio n s  i s  in flu en c ed  by a d d i t io n a l  p h a se s . The p re c is e  

n a tu re  o f  the  arrangem ent i s  in flu en c ed  by the  amount o f 

th e se  a d d it io n a l  phases and t h e i r  s iz e  and sh ap e . In  an i r o n -  

carbon a l lo y  (O.OS^C) co n ta in in g  only  a  m inute amount o f 

p e a r l i t e ,  h igh  am plitude cy c lin g  produces a s im i la r  arrangem ent 

to  th a t  o f pure iro n  under th e  same cy c lin g  c o n d itio n s .
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With a h ig h e r amount o f  p e a r l i t e ,  a s  in  a  norm alised  iro n  

-0 .2 %  carbon a l lo y ,  th e  e x te n t o f d is lo c a t io n  jo g s  and loop 

form ation  i s  f a r  l e s s  than  in  th e  low er carbon a l lo y s .  At 

in te rm e d ia te  and h igh  am plitudes, su b -g ra in  boundaries a re  

observed b u t no continuous c e l l  s t ru c tu re  i s  form ed. S im ila r  

o b se rv a tio n s  have been o b ta in ed  in  the  same a l lo y  during  c y c lic  

t e s t in g  a f t e r  h e a t trea tm en t which tran sfo rm s th e  la m e lla r  

cem entite  to  sp h e ro id a l form . These f in d in g s  confirm  th e  

in f lu e n c e  o f  cem entite  a s  r e s t r i c t i n g  d is lo c a t io n  m o b ility  in  

the  f e r r i t e  m a tr ix . I f  the  a l lo y  i s  quenched and aged a t  

room tem peratu re  to  g ive a  f in e  d i s t r ib u t io n  o f  sm all carb id e  

p a r t i c l e s  in  f e r r i t e ,  the  e f f e c t  o f  c y c lic  t e s t in g  on th e  d is 

lo c a t io n  arrangem ent i s  q u ite  d i f f e r e n t .  In  th e  f i r s t  c ase , 

th e re  i s  an alm ost complete removal o f th e  ca rb id e  p a r t i c l e s ;  

t h i s  i s  a t t r ib u te d  to  th e i r  sh ea rin g  by moving d is lo c a t io n s  

and ev en tu a l r e s o lu t io n  in  the  f e r r i t e .  Secondly , th e  s t r u c 

tu re  shows dense c lu s t e r s  o f d is lo c a t io n  jo g s  and p r ism a tic  

loops which su g g es ts  co n sid e rab le  d is lo c a t io n  m o b ility *  The 

supply  o f  d is lo c a tio n s  i s  a t t r ib u te d  to  two s o u rc e s :-  

i )  quenching s t r e s s e s  during  h e a t tre a tm e n t which in c re a se

th e  d is lo c a tio n  d e n s ity  and,

i i )  re s o lu t io n  o f  ca rb id e  p a r t i c l e s  in  th e  f e r r i t e .

D is lo c a tio n  m o b ility  th e re fo re  appears  to  be in c re a se d  in  t h i s

a l lo y  when th e  a d d i t io n a l  phase i s  f in e ly  d i s t r ib u te d .

*f8V/ork on an aluminium -W  copper a l lo y  h as shown th a t  th e  

n a tu re  o f th e  a d d itio n a lp h ase  and i t s  s iz e  in f lu e n c e  th e  

arrangem ent o f  d is lo c a tio n s  a f t e r  c y c lin g . Where th e  

s t ru c tu re  co n ta in s  a phase which i s  p e n e tra b le  by moving
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d is lo c a t io n s ,  bo th  h igh  and low am plitude have a s im ila r  

e f fe c t*  A homogeneous d isp e rs io n  o f fragm ented d is lo c a t io n s  

w ith  dense bands o f  d is lo c a t io n s  i s  produced. In  a d d it io n , 

where th e  phase has an o rdered  s t r u c tu r e ,  d is lo c a t io n  m otion 

d is tu rb s  th e  atom ic arrangem ent w ith in  th e  phase and consequently  

d e s tro y s  the  o rdering*

I f  th e  a d d i t io n a l  phase in  th e  alum inium -copper a l lo y  i s  

n o t p e n e tra te d  by d is lo c a t io n s , a  d i f f e r e n t  arrangem ent i s  

produced by c y c lic  t e s t i n g .  I t  i s  dependent on th e  spac ing  

o f th e  phase in  th e  m a trix  and th e  s t r e s s  am plitude* A t low 

am p litu d es, d is lo c a tio n s  a re  s to re d  a t  the  in te r f a c e s  o f  th e  

p a r t i c l e s  in  bo th  th e  f in e  and coarse  s tru c tu re *  With a  f in e  

s t r u c tu r e ,  s in g le  d is lo c a tio n s  ex tend  w ith in  th e  m a trix  between 

th e  p a r t i c l e s  b u t a re  ab sen t in  th e  coarse  s tru c tu re *  At h igh  

am p litu d es, d is lo c a tio n s  may accum ulate a t  th e  p a r t i c l e  i n t e r 

face  in  both  coarse  and f in e  s t r u c tu r e s .  Where th e  p a r t i c l e  

spacing  i s  wide (i.e.'^HyU.m) d is lo c a tio n  c e l l  w a lls  a re  formed 

in  th e  m atrix*

A ll the  o b se rv a tio n s  o f  d is lo c a tio n  arrangem ents m entioned

so f a r  have r e f e r r e d  to  th e  e a r ly  s ta g e s  o f  th e  f a t ig u e  l i f e .

A few s tu d ie s  have been conducted o f  th e  s t r u c tu r e s  produced in

th e  v ic in i ty  o f  a  fa tig u e  crack  a s  i t  grov/s th rough  the

m a te ria l*  These su ggest th a t  in  th e  few m a te r ia ls  s tu d ie d ,

extrem ely  h igh  p l a s t i c  s t r a in s  e x i s t  in  th e  re g io n  im m ediately

ahead o f  th e  c rack . A f in e  s u b -c e ll  s t r u c tu r e  i s  observed  in  

57copper , aluminium -¥/o copper and a titan ium -alum in ium  

vanadium a l l o y ^  a l l  having h igh  S .F .E . values*  In  copper, 

th e  c e l l  d iam eter decreased  a s  the  crack  t i p  was approached,
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59and a  d iam eter o f  0.1 jmm has been m easured. T h is i s  much

sm alle r than  ever observed in  bu lk  deform ation  where a  c e l l

s t ru c tu re  i s  produced. In  an 18-8 s t a i n le s s  s t e e l  (low

S .F .E .)  a  c e l l  s t ru c tu re  i s  formed b u t c < -m a rte n s ite  has a lso

been d e tec te d  a t  th e  crack  t i p . ^

2 .^ .3 .  Changes in  D eform ation R es is tan ce  during; C y clic  T es tin g

C yclic  t e s t in g  produces a  change o f m echanical p ro p e r t ie s

in  th e  e a r ly  s ta g e s  o f  th e  fa tig u e  l i f e  fo r  a l l  m e ta l l ic

m a te r ia ls  s tu d ie d  to  d a te . T h is phenomenon has been known fo r

a long  tim e and was f i r s t  d e te c te d  by in te r ru p t in g  th e  t e s t  and

su b je c tin g  th e  cycled  specimen to  e i th e r  a  h a rd n ess , t e n s i l e  o r

some o th e r  s u i ta b le  t e s t .  Nowadays such changes can be m easured

w ithou t in te r ru p t io n  to  the  c y c lic  t e s t  u s in g  modern c lo sed -lo o p

fa tig u e  machines. W hilst such changes have gen era lly  been

s tu d ie d  during  th e  e a r ly  s ta g e s  o f  f a t ig u e ,  th ey  a re  a ls o  known to

occur on a h ig h ly  lo c a l is e d  s c a le  a t  the  t i p  o f  a  c rack  a s  i t

grows through the  m a te r ia l .

C yclic  tes tin g  o f s ing le  phase m e ta llic  m ateria ls  produces

harden ing  o r  so fte n in g  in  the  e a r ly  s ta g e s  which th en  le a d s  on to

a s a tu r a t io n  s ta g e . F ig .8 i s  a  schem atic r e p re s e n ta t io n  o f

c y c lic  harden ing  fo llow ed by s a tu r a t io n .  Annealed m a te r ia ls

u su a lly  show harden ing  and the  s a tu r a t io n  s ta g e  i s  reached  w ith in
1010 -  20^ o f  the  fa tig u e  l i f e .  Cold worked m a te r ia ls  u s u a lly  

so f te n  a lthough  they  can harden  when th e  s t r a i n  am plitude  i s  

equal to  o r g re a te r  than  th e  p l a s t i c  s t r a in  re q u ire d  i n i t i a l l y  to

61co ld  work the  m a te r ia l .  Where so fte n in g  o ccu rs , a  s a tu r a t io n

10s tag e  i s  reached w ith in  *f0 -  5^$ o f  th e  l i f e .

M a te ria l c o n d itio n  i s  n o t th e  only f a c to r  in f lu e n c in g  th e
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changes o f  deform ation re s is ta n c e  during  c y c lic  t e s t in g .  

Tem perature, frequency o f  t e s t in g ,  number o f  cy c le s  and s t r e s s
y\ Q  ^

o r s t r a i n  am plitude have a lso  been shown to  be im p o rtan t. ’

The m ajor causes o f  c y c lic  harden ing  in  s in g le  phase

m a te r ia ls  i s  a t t r i b u t e d  to  an in c re a se  o f  d is lo c a t io n s  and t h e i r

in te r a c t io n  w ith  each o th e r  and w ith  p o in t d e f e c ts .  In  F.C .C .

m a te r ia ls ,  a  model o f  harden ing  has been d eriv ed  from t r a n s 

i tm ission  e le c tro n  m icroscopy s tu d ie s .  T h is work has shown 

th a t  la rg e  numbers o f  d is lo c a tio n  loops o r  d e b r is  a re  produced 

on c y c lic  t e s t i n g .  The c h a r a c te r i s t i c  f e a tu re s  o f  t h i s  d e b r is  

harden ing  model a re  th a t  h ig h e r harden ing  r a t e s  a re  produced in  

th e  ra p id  harden ing  s tag e  when c o n d itio n s  favour easy  c ro s s 

s l i p .  S o ften in g  o f  co ld  worked m a te r ia ls  i s  a t t r i b u t e d  to  

r e le a s e  o f  d is lo c a tio n s  from ta n g le d  netw orks and to  d is lo c a t io n  

a n n ih i la t io n .  Where good o v e ra l l  fa t ig u e  perform ance i s

re q u ire d  c y c lic  harden ing  i s  o f te n  p re fe ra b le  to  so f te n in g

12p a r t ic u la r ly  where lo a d  ca rry in g  a b i l i t y  i s  im p o rtan t.

In  re c e n t y e a rs  th e re  has been co n sid e rab le  s tudy  o f  changes

in  deform ation r e s is ta n c e  in  m u lti-p h ase  m a te r ia ls .  The changes

a re  in flu en c ed  by those  s t r u c tu r a l  c h a r a c te r i s t i c s  which c o n tro l

th e  a v a i l a b i l i t y  o f  m obile d is lo c a t io n s  under th e  p l a s t i c  s t r a i n
63and a lso  by th e  b a r r i e r s  which o b s tru c t  t h e i r  movement.

Such c h a r a c te r i s t i c s  in c lu d e  g ra in  s iz e  and th e  n a tu re  and d i s -  

t r ib u t io n  o f  p h ase s . A re c e n t s tudy  has confirm ed some o f  

th e se  f in d in g s  in  th e  case o f  an alum inium - k% copper a l l o y .

A fte r  trea tm en t to  produce a  f in e ly  spaced o rd ered  p r e c ip i t a t e  in  

a  d u c t i le  m a trix , th e  p r e c ip i ta te  d i s t r ib u t io n  was such th a t  d is 

lo c a t io n s  p e n e tra te d  them during  c y c lic  t e s t i n g .  With a  s t r a i n
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3am plitude g iv in g  f a i lu r e  in  about 10 c y c le s , c y c lic  harden ing

i n i t i a l l y  occu rred  due to  accum ulation  o f  d is lo c a t io n s  and the

f r i c t i o n  s t r e s s  e x e r te d  by the  p r e c ip i t a t e s .  Beyond about 1%

o f  th e  l i f e ,  harden ing  was re p la ce d  by so fte n in g  u n t i l  f r a c tu r e .

A s im ila r  e f f e c t  occu rs  in  a  n ic k e l-b a se  a l lo y  co n ta in in g  a
lf7

f in e ly  d isp e rse d  o rd ered  p r e c ip i t a t e .  The so f te n in g  i s  

a t t r ib u te d  to  a  d iso rd e rin g  e f f e c t  on the  p r e c ip i t a t e  by th e  

movement o f  d is lo c a t io n s .  I t  does n o t however occur in  aged 

iro n -1  mj/o copper a l lo y s  which have been t r e a te d  to  g iv e  s ta b le

6knon-coheren t p r e c ip i ta te s  o f  copper . On cy c lin g  t h i s  

m a te r ia l  in  the  low cycle  re g io n , harden ing  i n i t i a l l y  occurs  

and i s  fo llow ed by s a tu r a t io n .  Maximum harden ing  i s  o b ta in ed  

w ith  a  f in e  d is t r ib u t io n  o f  p a r t i c l e s .  The p a r t i c l e s  o b s tru c t  

d is lo c a tio n  movement and no re v e rs io n  o f copper i s  observed  in  

th e  f e r r i t e .  T h is a l lo y  shows ty p ic a l  f e a tu re s  o f  an annealed

kSs in g le  phase m a te r ia l .  I t  has been concluded th a t  where p re 

c ip i t a t e s  a re  n o t o rd ered , bu lk  so fte n in g  does n o t occur on 

c y c lic  t e s t i n g .  T his may n o t alw ays be th e  case s in c e  p r e c ip i 

t a t e s  can be sh eared  and reach  a  s iz e  where r e s o lu t io n  in  th e
k6m atrix  o c c u rs . T his has been observed in  a  number o f  a l lo y s  * 

k7 651 and has a lre a d y  been d iscu ssed  in  r e l a t io n  to  su rfa c e  s l i p  

band development and th e  a s s o c ia te d  lo c a l i s e d  s o f te n in g .

In  the  case o f  aluminium -k% copper, a l t e r in g  th e  type and 

d i s t r ib u t io n  o f  p r e c ip i ta te  produces a  change in  th e  response  to

kBc y c lic  defo rm ation . YJhere th e  p r e c ip i ta te  s iz e  and d i s t r i b u 

t io n  a llow  movement o f  d is lo c a tio n s  between them w ith o u t p e n e tra 

t io n ,  c y c lic  hardening  and s a tu r a t io n  a re  observed  a t  am p litudes

3 5g iv in g  f a i lu r e  w ith in  10 to  10 c y c le s .  H ardening i s  due to
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an accum ulation  o f  d is lo c a tio n s  and th e i r  m utual in te r a c t io n .

A number o f  p la in  carbon and a l lo y  s t e e l s  have been s tu d ie d  

under c y c lic  c o n d i t io n s ^ ’ 66»67*68^ s ome show so fte n in g  a t  low 

s t r a i n  am plitudes b u t harden ing  a t  h igh  am p litu d es . O thers 

show so fte n in g  over a  wide range o f  am p litu d es . In  p la in  carbon 

s t e e l s ,  the  range o f  carbon c o n ten ts  s tu d ie d  ex tends up to  0.55$* 

With a  carbon co n ten t o f  about 0.1%, a  norm alised  s t e e l  shows 

so fte n in g  follow ed by hardening  and then  s a tu r a t io n  under am p li-
tr C-7 C j j

tu d es  g iv in g  l iv e s  g re a te r  than  10 c y c le s . ’ The i n i t i a l  

so f te n in g  i s  due to  th e  unpinning o f  d is lo c a tio n s  which a re  th en  

f re e  to  move w ith in  the  s t r u c tu r e .  The r a t e  o f  unpinning  and 

movement o f  d is lo c a tio n s  in c re a s e s  w ith  s t r e s s  am plitude and 

hence so fte n in g  i s  com pleted w ith in  a  low er number o f  c y c le s .

The harden ing  which fo llo w s, a r i s e s  from the  o b s tru c tio n s  to  

d is lo c a tio n  motion which tak e  th e  form o f v acan c ies  and d is 

lo c a t io n  lo o p s .

G rain  s iz e  and carbon co n ten t in f lu e n c e  th e  deform ation

66 67re s is ta n c e  o f  those  p la in  carbon s t e e l s  m entioned above. 1

G rain  s iz e  has been s tu d ie d  in  annealed  sam ples o f  a  0.11% carbon

s t e e l  having 0.0011% n itro g e n . C ycling a t  am p litudes g iv in g  

5 7fa i lu r e  between 10 -  10 cycles, produces softening in  f in e

grained but hardening in  coarse grained s te e ls . S im ila r  cycling  

conditions produce i n i t i a l  softening then some hardening and sub

sequent satu ratio n  in  a normalised 0 ,5 %  carbon s te e l .  The 

extent o f hardening is  fa r  less than observed in  lower carbon 

s te e ls . Furthermore, saturation  is  reached e a r l ie r  in  the l i f e

w ith the higher carbon s te e ls . No explanation or m etallographic

67evidence have been p re sen te d  to  e x p la in  th e se  o b s e rv a tio n s .
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They can however be ex p la in ed  u sin g  a th eo ry  proposed from the  

r e s u l t s  o f re sea rc h  work d esc rib ed  in  t h i s  t h e s i s .  T h is in 

vo lves the  ro le  o f  an in te r f a c e  w ith in  the  s t r u c tu r e .  In  the  

s t e e l s  m entioned above, in te r f a c e s  e x is t  a t  boundaries  between 

g ra in s  and p h ase s . The m ajor phases a re  f e r r i t e  and cem en tite , 

th e  p ro p o rtio n  being  in flu en c ed  by carbon c o n te n t . These 

in te r f a c e s  a re  so u rces  o f m obile d is lo c a t io n s  and s in k s  fo r  many 

o f  th e  p o in t d e fe c ts  produced by moving d is lo c a t io n s .  In  both  

th e  f in e  g ra in ed  and h igh  carbon s t e e l s ,  th e re  i s  a g r e a te r  

e x te n t o f in te r f a c e  a re a  than  th e  coarse  g ra in e d  and lov; carbon 

s t e e l s  r e s p e c t iv e ly .  Hence th e re  i s  an in c re a se d  a v a i l a b i l i t y  

o f  m obile d is lo c a tio n s  fo r  p l a s t i c  s t r a i n .  F urtherm ore , th e  

b u i ld  up o f  p o in t d e fe c ts  to  oppose d is lo c a tio n  movement i s  l e s s  

e x te n s iv e . Both f a c to r s  d iscourage  any harden ing  during  cy c lin g  

and hence may account fo r  th e  o b se rv a tio n s  o b ta in e d .

S ev e ra l h igh  s tre n g th  s t e e l s  have been shown to  c y c l ic a l ly  
68s o f te n . These in c lu d e  an 18% n ic k e l maraging s t e e l  and a  p la in

carbon s t e e l  in  the  quenched and tempered c o n d itio n . An

ausform ed a l lo y  s t e e l  c y c l ic a l ly  so f te n s  in  com pression b u t

c y c l ic a l ly  hardens in  te n s io n . ^hese deform ation  r e s is ta n c e

changes can be p re d ic te d  u sin g  th e  monotonic behav iour a s  o u t-  

11l in e d  p re v io u s ly . A va lue  above 0 .10  fo r  th e  s t r a i n  harden ing  

c o e f f ic ie n t  in d ic a te s  c y c lic  harden ing  v /h ils t below t h i s  v a lu e , 

so fte n in g  i s  expec ted . The ausform ed s t e e l  h as a  low er monotonic 

s t r a in  harden ing  c o e f f ic ie n t  in  com pression than  in  te n s io n  and 

th i s  accoun ts  fo r  the  d if fe re n c e  in  c y c lic  re sp o n se .

2 .5 .  STAGE I  CRACK GROWTH

For t h i s  review , the  above term d e sc r ib e s  th e  p e rio d  from th e
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f i r s t  a p p lic a t io n  o f  lo a d  up to  th e  p o in t a t  which a  c rack  b eg ins 

i t s  growth on a  p lane  approxim ately  normal to  th e  d i r e c t io n  of- the  

maximum te n s i l e  s t r e s s .  T h is  i s  shown in  ^ ig .7 *  I t  in c lu d e s  

th e  p e rio d  o f  crack  i n i t i a t i o n  and a lso  th a t  where th e  c rack  grows 

along a p lane  o f  h igh  sh ea r s tre s s *  In  a d d i t io n , i t  in c o rp o ra te s  

changes in  deform ation re s is ta n c e  which have been d iscu ssed  in  

s e c tio n  2 .^ .3 .  Crack i n i t i a t i o n  s i t e s  and sh ea r mode crack  growth 

c h a r a c te r i s t i c s  a re  s e p a ra te ly  d iscu ssed  b u t no a tte m p t has been 

made to  se p a ra te  crack  i n i t i a t i o n  and sh ear mode crack  grow th.

In  one review ^ t h i s  s e p a ra tio n  i s  j u s t i f i e d  on th e  grounds th a t  

crack  growth a long p lan es  o f h igh  sh ea r s t r e s s  in to  th e  m a te r ia l  

r e q u ire s  a  h ig h e r s t r e s s  than  crack  i n i t i a t i o n  a t  th e  s u r fa c e . 

However, th e  reg io n  on a f r a c tu re  su rfa ce  co rrespond ing  to  S ta g e 'I  

crack  growth i s  very  sm all; in  most cases, i t  o ccup ies only  a  fev; 

m icrons o r g ra in  d iam eters and i s  hence d i f f i c u l t  to  o b se rv e . 

Furtherm ore, th e  sh ea r mode crack  can be co n sid ered  a s  an en la rg ed  

i n i t i a t i o n  s i t e .  S ep a ra tio n  o f  th e  two i s  th e re fo re  very  d i f f i c u l t  

from m e ta llo g rap h ic  o b se rv a tio n s .

In  h igh  cycle  f a t ig u e ,  a s  de fin ed  e a r l i e r ,  where th e  e l a s t i c  

s t r a in  component i s  predom inant, a la rg e  amount o f  th e  l i f e  can be 

sp en t in  S tage I  c rack  grow th. For an un-no tched  and la b o ra to ry  

s iz e d  specimen i t  can be a s  h igh  a s  9 o f  th e  t o t a l  l i f e .  For 

an extrem ely  la rg e  s iz e d  component in  th e  un-notched  s t a t e ,  th e  

number o f cy c les  re q u ire d  fo r  S tage I I  crack  growth can be h ig h  

and th e  p ro p o rtio n  o f  l i f e  sp en t in  S tage I  growth i s  th en  n o t a s  

h igh  a s  9CP/o.

In  low cycle  f a t ig u e ,  on ly  a sm all amount o f  the  l i f e  i s  

sp en t in  S tage I ,  th e  m a jo rity  being  sp en t in  Stage. I I ,  i . e .
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t e n s i l e  mode crack  grow th. In  sh a rp ly  notched specim ens, S tage I I  

crack  growth may begin  im m ediately on the  f i r s t  a p p lic a t io n  o f  

lo a d .

2 .5*1- I n i t i a t i o n  S i te s  fo r  F a tig u e  Cracks

In  the  absence o f  su b -su rface  d e fe c ts , a  fa tig u e  crack  

i n i t i a t e s  a t  a  f r e e  s u r fa c e . Furtherm ore, i t  i n i t i a t e s  a t  

reg io n s  o f  p l a s t i c  s t r a in  c o n c e n tra tio n . Such s i t e s  in c lu d e  

s l i p  bands, g ra in  b o u ndaries, tw in s , ra ic ro s tru c tu ra l  d e fe c ts  

and, in  th e  case o f  m u lti-p h ase  m a te r ia ls ,  in te r -p h a s e  

boundaries and p r e c ip i ta te  f re e  zones. The s i t e s  a t  which 

fa tig u e  cracks i n i t i a t e  a re  dependent on m ic ro s tru c tu ra l  

fe a tu re s  and te s t in g  c o n d itio n s . For example, g ra in  boundaries

.a re  p re fe r re d  s i t e s  a t  h igh  s t r a in  am p litudes (above 0 .01 ) 

71o r h igh  tem p e ra tu res . Some a l lo y s  have shown an i n i t i a t i o n

72 73s i t e  dependence on th e  t e s t in g  frequency . 1 Second phase 

p a r t i c l e s  in  the  form o f  in c lu s io n s  can in f lu e n c e  th e  crack  

i n i t i a t i o n  c h a r a c te r i s t i c s .  T his has been shown in  a  commercial 

h igh  s tre n g th  aluminium copper magnesium a l lo y .  Here th e  

p resence o f  a  uniform  d is t r ib u t io n  o f  sm all in c lu s io n s  encouraged 

homogeneous s l i p  and the  form ation  o f  a  s u f f i c i e n t ly  h ig h  s t r e s s  

c o n ce n tra tio n  fo r  crack  i n i t i a t i o n  re q u ire d  a  l a r g e r  number o f  

s t r e s s  cy c le s  than  in  th e  same a l lo y  co n ta in in g  a  non-homogeneous 

d isp e rs io n  o f  in c lu s io n s .

Over the  y e a rs , much a t te n t io n  has been g iven  to  s l i p  band 

i n i t i a t i o n  s i t e s  a s  a r e s u l t  o f the  e a r ly  work being  fo cussed  on 

s in g le  phase m a te r ia ls  in  e i th e r  s in g le -  o r p o ly -c ry s ta l  form .

In  re c e n t y ears  where more a t te n t io n  has been d ire c te d  to  m u lt i

phase m a te r ia ls ,  s l i p  bands have rem ained an im p o rtan t s i t e .
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The fo llow ing  s e c tio n  co n sid e rs  each o f  th e  above m entioned

s i t e s  fo r  crack  i n i t i a t i o n  a t  room tem peratu re  and o u t l in e s  th e

p o s s ib le  mechanisms.

2 .5 .1 .1 .  S lip  Bands

Crack i n i t i a t i o n  a t  s l i p  bands i s  a  common occurrence  in

many s in g le  phase m e ta l l ic  m a te r ia ls  under h igh  cy c le  fa tig u e  and

room tem peratu re  c o n d itio n s . T his has been w idely re p o r te d  in  

3 ^ 5 .rev iew s. ’ S ev e ra l m u lti-p h ase  m a te r ia ls  show s im ila r

crack  i n i t i a t i o n  c h a r a c te r i s t i c s  under th e  same type o f  te s t in g

co n d itio n s  and examples in c lu d e  low carbon s t e e l s , 26*52,66,75*76

77 7k 7 8h igh  a l lo y  s t e e l s ,  aluminium a l lo y s  and tita n iu m  a l lo y s .

As m entioned e a r l i e r  in  2 .^ .2 .  the  su rfa c e  d is tu rb a n ce

a s s o c ia te d  w ith  s l i p  band form ation  in  c y c lic  lo ad ed  specim ens

d i f f e r s  from th a t  found in  s t a t i c  lo a d in g . On c y c lic  t e s t in g ,

the  su rface  topography develops to  show a  s e r ie s  o f  grooves

and r id g e s .  Some m a te r ia ls  show th in  fo ld s  o f  m a te r ia l  which

a re  pushed out o f  the  su rfa ce  a t  s l i p  bands and th e se  a re  
32c a lle d  e x tru s io n s . They a re  g e n e ra lly  a s s o c ia te d  w ith  sm all

36 37c re v ic e s  c a l le d  in tr u s io n s  ’ which p e n e tra te  s l i p  bands.

T his su rface  d is tu rb an ce  c re a te s  a  r e d i s t r ib u t io n  o f  s t r e s s  

and th e  grooves and in tru s io n s  become s i t e s  o f  s t r e s s  con

c e n tr a t io n .  Cracks develop w ith in  them. I f ,  th e re fo re ,  the  

e x te n t o f  the  su rfa ce  d is tu rb an ce  can be m inim ised, th e  r e s i 

s tan ce  to  crack  i n i t i a t i o n  can be in c re a s e d . The s e v e r i ty  

o f  the  su rface  d is tu rb an ce  depends on s e v e ra l  f a c to r s  b u t the  

most im p o rtan t ones r e l a t e  to  s l i p  c h a ra c te r .  The ease  o f  

c r o s s - s l ip ,  r e v e r s i b i l i t y  and homogeneity o f s l i p  each 

in f lu e n c e  th e  su rface  d is tu rb an ce  on c y c lic  lo a d in g . In  th e
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extrem e, i f  s l i p  in  a l te r n a te  cy c le s  could  be e x a c tly

re v e rse d  in  th e  same atom ic p la n e s , th e re  would be no su rfa ce

d is tu rb an ce  and th e  crack  i n i t i a t i o n  r e s is ta n c e  would be

i n f i n i t e .  An in c re a se  in  the  degree o f  s l i p  r e v e r s i b i l i t y

in  a  copper-alum inium  a l lo y  has been shown to  reduce the

s e v e r i ty  o f su rfa ce  no tch ing  and in c re a se  c rack  i n i t i a t i o n  

79r e s is ta n c e .

M a te r ia ls  having h igh  S .F .E . v a lu es  r e a d i ly  c ro ss  s l i p  

and promote s l i p  band fo rm atio n . The r e s u l t in g  su rfa ce  

no tch ing  i s  f a r  more severe  than  in  those  m a te r ia ls  which show 

d i f f i c u l t  c ro ss  s l i p .  In  th e  l a t t e r ,  d is lo c a t io n s  a re  con

s t r a in e d  to  move in  a  more p la n a r  manner and t h i s  r e s u l t s  in

27more homogeneous s l i p .  Hence p l a s t i c  s t r a i n  i s  d is t r ib u te d

more un ifo rm ly  throughout the  s t ru c tu re  and th e  fo rm ation  o f

re g io n s  having p l a s t i c  s t r a i n  c o n ce n tra tio n  le v e l s  s u f f i c i e n t

fo r  c rack  i n i t i a t i o n  i s  de lay ed . T his i s  f u r th e r  d iscu ssed

in  a s e c tio n  d ea lin g  w ith  m u lti-p h ase  m a te r ia ls .

A number o f  d is lo c a tio n  mechanisms have been proposed to

account fo r  th e  su rfa ce  d is tu rb a n ce s  produced by c y c lic  lo a d in g .

However, th e re  i s  n o t one mechanism v/hich a lone  s a t i s f i e s  a l l

th e  experim en tal o b se rv a tio n s . S ev era l o f  th e se  mechanisms

a re  considered  in  th e  l i t e r a t u r e  reviev/s r e f e r r e d  to  e a r l i e r  *
A 5.

’ For t h i s  rev iew , two mechanisms a re  co n sid e red , th e se

So 81being  by Mott and May. That proposed by Mott in v o lv e s  th e  

c r o s s - s l ip  o f  screw d is lo c a tio n s  v/here an e x tru s io n  forms by 

th e  m otion o f  screw d is lo c a t io n s  in  one d i r e c t io n  a long  a  p lane  

and t h e i r  r e tu rn  in  an o th er p lane  to  complete a  c lo se d  c i r c u i t .  

The mechanism assumes th a t  d is lo c a tio n  m otion i s  n o t r e v e r s ib le .
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I t  does n o t account however fo r  in t r u s io n  fo rm ation  and th e

appearance o f  e x tru s io n s  w ith in  the ' very  e a r ly  s ta g e s  o f

§2f a t ig u e .  The mechanism has been subsequen tly  m odified  and 

now in v o lv es  th e  g e n e ra tio n  o f  bo th  edge and screw d is lo c a t io n s .  

In  a  s in g le  s t r e s s  cy c le , hundreds o r thousands o f  screw d is 

lo c a t io n s  can be g en era ted  and t h i s  can account fo r  th e  very  

e a r ly  appearance o f  e x tru s io n s  and in t r u s io n s .  W hils t d is 

lo c a t io n s  may move a long  a c lo sed  c i r c u i t  a s  in  th e  e a r ly  

model, i t  i s  n o t e s s e n t ia l  in  th e  m odified  one . I t  i s  however 

n ecessa ry  th a t  th e re  e x is t s  a  p a th  d is c r im in a tio n  between 

p o s i t iv e  and n eg a tiv e  d is lo c a t io n s .  The passage o f  screw d is 

lo c a t io n s  le a v e s  a  c o n ce n tra tio n  o f p o s i t iv e  and n eg a tiv e  edge 

d is lo c a tio n s  and t h i s  i s  s u f f i c i e n t  to  produce e x tru s io n s  and

in t r u s io n s .

81May proposed th a t  the  su rfa ce  d is tu rb an ce  i s  a t t r i b u t e d  

to  a  p ro cess  o f random re v e rse d  s l i p .  D is lo c a tio n s  move on 

p a th s  under one h a l f  cycle  o f  s t r e s s  b u t r e tu rn  a long  p a th s  

which a re  s h i f te d  in  a  random fa sh io n  w ith  re s p e c t  to  p rev io u s  

p a th s .  T h is random d is t r ib u t io n  o f  s l i p  roughens th e  su rfa c e  

and r e d i s t r ib u te s  s t r e s s  so th a t  th e  s l i p  ten d s  to  c o n ce n tra te  

in  the  v a lle y s  and th u s  they  a re  deepened. The mechanism 

could  occur eq u a lly  w ell in  m a te r ia ls  where c ro ss  s l i p  i s  easy  

o r d i f f i c u l t .  I t  does n o t e x p la in  how th e  random s l ip p in g  i s  

i n i t i a t e d  nor does i t  ex p la in  how e x tru s io n s  can develop in  

r e l a t iv e ly  few c y c le s . On th e  o th e r  hand m athem atical develop

ment o f  the  model, w ith  c e r ta in  assum ptions, has le d  to  v a lu e s  

fo r  cy c le s  to  f a i lu r e  w ith  th e  r ig h t  o rd e r o f  m agnitude.
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2.3«1«2. G rain  Boundaries

Crack i n i t i a t i o n  a t  g ra in  boundaries has been observed  in
6many m e ta l l ic  m a te r ia ls  under c o n d itio n s  o f  h igh  c y c lic  s t r a i n .

S t u d i e s ^ ’ of  aluminium, copper and n ic k e l  showed th a t  fo r  
5

l i v e s  above 10 c y c le s , c racks i n i t i a t e d  a t  s l i p  bands b u t fo r  
3

l iv e s  l e s s  than  10 c y c le s , they  i n i t i a t e d  a t  g ra in  b o u n d a rie s . 

O ther m a te r ia ls  in c lu d in g  70:30 b ra s s , copper-alum inium  a l lo y s
8band s t e e l s  showed a  s im ila r  t r e n d .

In  h igh  s t r a i n  fa t ig u e , lo c a l is e d  su rfa ce  rum pling occurs  

and produces grooves a t  g ra in  b o u n d arie s . The s t r e s s  con

c e n tra t in g  e f f e c t  o f th e  grooves produces fu r th e r  deepening and 

th e  c re v ic e s  become th e  n u c le i i  fo r  fa tig u e  c rack  grow th.

S urface  rum pling i s  a t t r ib u te d  to  th e  s t r a i n  d is c o n t in u ity  a t  

g ra in  boundaries and th e  lo c a l iz e d  in c re a se s , in  su rfa ce  a re a  

during  oiie h a l f  cycle  which a re  n o t recovered  during  th e  o th e r

h a l f  c y c le . A model, developed to  ex p la in  t h i s  beh av io u r, and

85based on th e  p l a s t i c  i n s t a b i l i t y ,  g iv es  a  r e la t io n s h ip  between 

th e  number o f  cy c le s  re q u ire d  to  i n i t i a t e  a  c rack  and th e  

p l a s t i c  s t r a in  ra n g e . T h is r e la t io n s h ip  has been shown to  

s a t i s f y  r e s u l t s  o b ta in ed  from t e s t s  on copper, aluminium and 

n ic k e l .

G rain  boundary crack  i n i t i a t i o n  occurs in  m a te r ia ls  a t  

h igh  tem p e ra tu res . C yclic  t e s t in g  a t  a tem pera tu re  T le a d s  to  

c rack ing  in  th ese  s i t e s  in  m a te r ia ls  o f m e ltin g  p o in t  T , where 

the  r e la t io n s h ip  T/Tm i s  g re a te r  than  0 .3 .  (T and Tm 

measured in  °K) At room 'tem peratu re , t h i s  r e la t io n s h ip  i s

exceeded in  such low m eltin g  p o in t m a te r ia ls  a s  le a d  and t i n .

86Lead was shown to  develop s e r r a te d  g ra in  b o u n d aries  during
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the ea rly  stages o f c yc lic  te s tin g . The formation o f cracks

w ith in  th e  g ra in  boundaries was a t t r ib u te d  to  g ra in  boundary

s l id in g .  In  t e s t s  a t  h igh  tem p era tu res , two a d d i t io n a l

m a te r ia l  c h a r a c te r i s t i c s ,  namely creep and environm ental a t ta c k ,

a re  superim posed on the  fa tig u e  behaviour and in  some cases

may e n t i r e ly  dominate the  m a te r ia l  beh av io u r. I t  th en  becomes

d i f f i c u l t  to  i s o la t e  the  tru e  e f f e c t s  o f tem peratu re  on fa tig u e

b eh av io u r. A d isc u ss io n  o f th e se  o th e r  c h a r a c te r i s t i c s  i s

beyond the  scope o f  th i s  rev iew . They a re  however d iscu ssed
19m  se v e ra l  rev iew s, in  p a r t i c u la r  a com paratively  re c e n t one

which d iscu sse s  th e  s ig n i f ic a n t  developm ents in  f a t ig u e  a t  h igh

tem perature  and th e  p re d ic t io n  o f  l i f e  in  s e r v ic e .

G rain  boundary crack  i n i t i a t i o n  i s  a ls o  observed  in  some

m a te r ia ls  a t  room tem peratu re  and a t  c y c lic  s t r e s s e s  g iv in g

long  fa tig u e  l iv e s  (above 10 c y c le s ) .  I t  has been re p o r te d
87in  iro n  co n ta in in g  0 .1% phosphorus and iro n s  c o n ta in in g  0.027$

88and 0.0003$ o f  oxygen. The p r in c ip a l  cause in  th e se  

m a te r ia ls  i s  im p u r it ie s  a t  g ra in  boundaries which le a d  to  

decohesion . In  the  l a t t e r  two m a te r ia ls ,  oxygen s e g re g a tio n  

in  th e  form o f  i ro n  oxide p a r t i c l e s  was re v e a le d  a t  g ra in  

bo u n d aries , the  volume f r a c t io n  being  g r e a te r  in  th e  h ig h e r  

oxygen a l lo y .  The e m b r it t l in g  e f f e c t  o f  th e  p a r t i c l e s  was 

accen tu a ted  by c y c lic  s t r e s s .  For example, th e  a l lo y  con

ta in in g  0 . 0003$ oxygen showed g ra in  boundary em b rittlem en t 

under c y c lic  t e s t in g  b u t n o t under t e n s i l e  t e s t i n g .

An a d d it io n a l  f a c to r  considered  re sp o n s ib le  fo r  g ra in  

boundary crack  i n i t i a t i o n  in  the  above a l lo y s  has been th a t  o f  

e l a s t i c  an iso tro p y  o f  the  B.C.C. s t ru c tu re  o f  i r o n .  I t s
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c o n tr ib u tio n  in  iro n  however i s  thought to  be f a r  l e s s  than  in  

th e  case o f  -b ra s s  which i s  a ls o  B .C .C ., where the  f a c to r  i s  

co n sidered  to  be the  p r in c ip a l  cause o f crack  i n i t i a t i o n  a t  

g ra in  boundaries a t  room tem p e ra tu re . S tu d ie s  o f f a t ig u e  o f
89 90^  -b ra s s  ’ have shown g ra in  boundaries to  be th e  p r in c ip a l  

s i t e s  fo r  crack  i n i t i a t i o n .  In te rg ra n u la r  f ilm s  were n o t 

d e tec te d  and i n i t i a t i o n  s i t e s  could  n o t be c o r r e la te d  w ith  

in c lu s io n s  in  th e  work. In s te a d  the  m a te r ia l  shows a  marked 

a n iso tro p y , f a r  g re a te r  than  th a t  o f i r o n .  The f ig u re s  below 

show t h i s  in  th e  v a r ia t io n s  o f  e l a s t i c  m oduli w ith  c r y s ta l l o -  

g rap h ic  d i r e c t io n .

-b ra s s :  E <111) /  E <100) = 8 .9^

. - i r o n  : E ^ 1 1 ^ /  E <10c£> = 2 .16

89 90During c y c lic  s t r e s s in g ,  i t  i s  suggested  ’ th a t  h igh  

s t r e s s  co n ce n tra tio n s  develop a t  g ra in  b o u ndaries  r e s u l t in g  

from t h i s  h igh  e l a s t i c  a n iso tro p y . The h ig h  s t r e s s  i s  th en  

re l ie v e d  by crack  form ation  a t  th e  boundary and t h i s  forms th e
O q

nucleus o f  th e  i n i t i a t i n g  c ra ck . At 78 K, work showed 

fa tig u e  crack  i n i t i a t i o n  m ostly  a t  s l i p  bands in s te a d  o f  g ra in  

boundaries in  s p i te  o f the  in c re a se d  e l a s t i c  a n iso tro p y  and 

g ra in  boundary weakness a t  t h i s  tem p e ra tu re . T h is  was a t t r i 

bu ted  in  one case to  the  fo rm ation  o f  a  m a r te n s i t ic  s t r u c tu r e  

in  lo c a l is e d  a re a s  w ith in  th e  m a trix  a t  t h i s  tem p era tu re  and
89th a t  c racks i n i t i a t e d  a t  the  in te r f a c e  between th e  two p ro d u c ts  • 

In  the  o th e r  case , c rack ing  was a t t r ib u te d  to  a  low cleavage 

s t r e n g th ^  o f  the  m a te r ia l  a t  78°K s in ce  no m a r te n s i t ic  p ro d u c t 

could  be d e tec te d  w ith  th e  c ra c k s . These f in d in g s  c le a r ly  

dem onstrate the  in te r a c t io n  o f  a  number o f  p o s s ib le  f a c to r s  in
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determ ining  th e  s i t e s  fo r  fa tig u e  crack i n i t i a t i o n .

G rain  boundaries  have a lso  been shown to  be p r in c ip a l

91s i t e s  fo r  c rack  i n i t i a t i o n  in  molybdenum, an o th er B.C.C.

m a te r ia l ,  on c y c lic  te s t in g  a t  s t r e s s  l e v e l s  g iv in g  fa tig u e

2 6l iv e s  in  th e  range 10 -  10 c y c le s .  O ther s i t e s  in c lu d ed

s l i p  bands and re g io n s  o f impingement o f  g ra in  boundaries  by

s l i p  bands. At th e  h ig h e r s t r e s s e s ,  th e  predominance o f  g ra in

boundary .cracking  in c re a s e d . No mechanism was proposed fo r

th e  o b se rv a tio n s  in  th e  work. I t  was however shown th a t  on

te n s i l e  t e s t in g ,  th e re  was no g ra in  boundary em b rittlem en t;

in s te a d , a  c h a r a c te r i s t i c  y ie ld  drop and uniform  deform ation

were observed g iv in g  a  d u c ti le  f r a c tu r e .  A p o s s ib le  reaso n  fo r

th e  behaviour o f  molybdenum may be th a t  o f  g ra in  boundary

im p u r it ie s  based on ox ides o r n i t r i d e s .  These would then

88cause decohesion s im ila r  to  th a t  in  the  iro n  a l lo y s  vrhere, 

in  the  case o f the  low est oxygen c o n ten t, th e  e m b r it t l in g  

e f f e c t  i s  a ccen tu a ted  by c y c lic  s t r e s s .  A n a ly sis  showed th e  

molybdenum to  co n ta in  oxygen and n itro g e n  b u t a t  ex trem ely  low 

le v e l s ,  th e se  being  40 and 10 p a r t s  p e r m il l io n  r e s p e c t iv e ly .

The in c id en ce  o f  crack  i n i t i a t i o n  a t  g ra in  b o u ndaries  in  

s in g le  phase F .C .C . m a te r ia ls  i s  r a re  a t  room tem peratu re  and

low c y c lic  s t r e s s e s .  I t  has been observed in  p o ly c r y s ta l l in e

92 3kaluminium and oC -brass. The e f f e c t  o f  boundary m is-

o r ie n ta t io n  on g ra in  boundary c rack  i n i t i a t i o n  h as been s tu d ie d  

3k 93 9kby s e v e ra l  w orkers 1 ’ and the  r e s u l t s  o b ta in ed  a re  n o t

93c o n s is te n t .  In  copper t r i - c r y s t a l s ,  sm all m is o r ie n ta t io n  

a c ro ss  a  g ra in  boundary was a s s o c ia te d  v/ith c rack  i n i t i a t i o n  

a t  the  boundary. Under th ese  c o n d itio n s , s l i p  bands c ro ssed
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g ra in  boundaries whereas a t  h igh  m is o r ie n ta tio n s , s l i p  bands 

te rm in a ted  a t  some d is ta n ce  from the  boundary. The i n t e r 

a c t io n  o f  s l i p  bands w ith  g ra in  boundaries a t  sm all m is- 

o r ie n ta t io n s  was thought to  c re a te  a  s u f f i c i e n t  number o f

v acan c ies  to  i n i t i a t e  a  crack  in  the  boundary. In  an o th er 
9kstudy  o f b i - c r y s ta l s  o f copper and c^-copper-alum inium  

a l lo y s ,  a  d i f f e r e n t  e f f e c t  was observed . Cracks i n i t i a t e d  a t  

g ra in  boundaries where m iso r ie n ta tio n  was h ig h . T his con

t r a d ic t io n  o f  r e s u l t s  has been d i f f i c u l t  to  e x p la in . The 

p r in c ip a l  cause proposed has been th a t  o f  th e  more complex 

s i tu a t io n  reg a rd in g  m iso r ie n ta tio n  between g ra in s  th a t  e x i s t s  

in  the  p o ly - and t r i - c r y s t a l  specimens than  in  th e  b i - c r y s t a l l i n e  

specim ens.

M echanical tw inning i s  a p r in c ip a l  mode o f  p l a s t i c  

deform ation in  C.P.H. m a te r ia ls .  S tu d ie s  o f  p re -tw in n ed  

m eta ls  such a s  cadmium, z in c , magnesium and o C -titan iu m  have 

shorn crack  i n i t i a t i o n  a t  in te r f a c e s  between m echanical tw ins

and the: m a trix , on c y c lic  te s t in g  a t  s t r e s s  le v e l s  g iv in g  l iv e s

k 5 23o f  10 -  10 cy c le s  and a t  room tem p era tu re . In  t h i s  work

c y c lic  s t r e s s in g  was shown to  produce s e r r a t io n s  a t  tv/in

in te r f a c e s  and a lso  fragm ent s u ita b ly  o r ie n te d  tw ins in to

sm alle r tw in s . Cracks i n i t i a t e d  from th e se  in te r f a c e s  b e fo re

2.y/o o f  th e  fa tig u e  l i f e  had e lap se d . S tu d ie s  o f  fa t ig u e  
Zk 95behaviour ’ in  oC -titan ium  have shown th a t  w h ils t  m echanical 

tw inning has an im portan t e f f e c t  on i t ,  the  ty p es  o f  tw ins

2 .5 -1 -3 -  Twin Boundaries

tw ins were observed to  predom inate
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was alm ost e x c lu s iv e ly  a s s o c ia te d  w ith  type tw ins

a lth o u g h  n o t a l l  such m echanical tw ins showed damage# The 

damage occu rred  a t  d is c r e te  re g io n s  along th e  tw in m a trix  

in te r f a c e  and was found to  occur when tw ins were su b je c te d  to  

a  sh ea r s t r e s s  g re a te r  th an  a  c r i t i c a l  value# The tw ins were 

con sid ered  a s  b a r r i e r s  to  d is lo c a tio n  movement so th a t  where 

s l i p  bands in  the  m atrix  in te r s e c te d  tw in b o u n d arie s , th e  

lo c a l i s e d  d is lo c a t io n  b u ild -u p  produced decohesion .

Crack i n i t i a t i o n  a t  tw in boundaries has been found to

75occur in  B.C.C. m a te r ia ls  under c e r ta in  c o n d itio n s . Hempel

showed th i s  in  Armco iro n  on te s t in g  a t  93°K and s t r e s s  l e v e l s

5 25g iv in g  l iv e s  o f  under 10 cycles#  An iro n  -k% s i l i c o n  a l lo y

showed s im ila r  c h a r a c te r i s t i c s  a t  room tem peratu re  and low

c y c lic  s t r e s s e s  b u t only'w hen in  th e  p re -tw in n ed  c o n d itio n .

When f u l ly  annealed  and untw inned, s l i p  band c rack ing  o ccu rred

and some m echanical tw inning was subsequen tly  observed  c lo se

to  e x is t in g  s l i p  band c ra ck s . I t  was concluded from t h i s  work

th a t  a  h igh  le v e l  o f s t r e s s  was re q u ire d  to  produce m echanical

tw inn ing . Such a h igh  le v e l  was p o s s ib le  a r i s in g  from th e

lo c a l  s t r e s s  co n ce n tra tio n s  around s l i p  band c ra c k s .

S tu d ie s  o f s in g le  phase F.C .C . m a te r ia ls  in c lu d e  work on

copper where the  ro le  o f  an n ea lin g  tw ins a s  c rack in g  s i t e s  have

96been s tu d ie d  under a  range o f  c o n d itio n s . The c rack in g  

tendency a t  such s i t e s  was shown to  be dependent on th e  tw in / 

m a trix  in te r f a c e  o r ie n ta t io n  w ith  re s p e c t to  th e  a p p lie d  

s t r e s s .  Cracks appeared  a t  the  in te r f a c e  when i t  was p a r a l l e l  

to  the  prim ary s l i p  p la n e . Where the  p lane  and in te r f a c e  

were n o t p a r a l l e l ,  th e re  was only  o ccas io n a l crack ing#  Under
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co n d itio n s  o f  p a ra l le l is m , the  in te r f a c e  showed in te n s e  

deform ation and th e  su rfa ce  developed e x tru s io n s . T his 

in te n se  deform ation was a t t r ib u te d  to  th e  p resence  o f  s te p s  

o r led g es  in  th e  tw in in te r f a c e  which a c te d  a s  d is lo c a tio n  

so u rces and s t r e s s  c o n ce n tra tio n  p o in ts .

Tv/in boundary crack  i n i t i a t i o n  has been shown to  occur in

97m u lti-p h ase  tita n iu m  a l lo y s  and n ickel-ch rom ium -cobalt a l lo y s .  

S l ip  band i n i t i a t i o n  was a lso  found in  th e  tita n iu m  a l lo y .

In  the  case o f  th e  n ic k e l a l lo y ,  the s tu d ie s  a p p lie d  only  to  

c y c lic  t e s t in g  under low cycle fa tig u e  c o n d itio n s  where th e  

p l a s t i c  s t r a in  am plitude was h ig h . The rea so n s  fo r  such 

c rack in g  were n o t e x p la in ed .

In te r-p h a s e  B oundaries

Much o f  the  work done so f a r  on such s i t e s  h as been based 

on in c lu s io n s  in  such m a te r ia ls  a s  s t e e l s  and aluminium a l lo y s .  

The im portance o f  n o n -m e ta llic  in c lu s io n s  a s  f a t ig u e  crack  

i n i t i a t i o n  s i t e s  has been known fo r  a  long  w hile  and ex-
98 99 100' te n s iv e ly  documented. 1 1  I t  i s  on ly  in  r e c e n t  y e a rs

th a t  th e  mechanisms re sp o n s ib le  fo r  crack  i n i t i a t i o n  have been 

un d ers to o d .

99S tu d ie s  o f  aluminium a l lo y s  in  h igh  cycle  fa t ig u e  

showed crack  i n i t i a t i o n  a t  th e  in c lu s io n -m a tr ix  in t e r f a c e .

There was no v is ib le  s ig n  o f  s l i p  in  th e  re g io n . C ontinuous 

exam ination o f  th e  su rface  during  fa tig u e  showed th e  appearance 

o f  t in y  vo ids a t  the  in te r f a c e .  These opened up during  f u r th e r  

cy c lin g  to  become p ropaga ting  fa tig u e  c ra c k s . S im ila r  

r e s u l t s  were o b ta in ed  in  h igh  s tre n g th  s t e e l s " ^  and a m odelof 

crack  i n i t i a t i o n  has been proposed based upon ex p erim en ta l
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o b se rv a tio n s  and th e o r e t ic a l  s t r e s s  a n a ly s is*  T h is model

p r e d ic ts  debonding a t  th e  in c lu s io n -m a tr ix  in te r f a c e  in  th o se

re g io n s  ly in g  about 90° to  th e  p r in c ip a l  s t r e s s  ax is*

Debonding proceeds along  th e  in te r f a c e  and m icrocracks grow

in to  the  m a trix  a s  a  r e s u l t  o f  a  b u ild -u p  o f  p o in t d e fe c ts .

F a tig u e  c rack  i n i t i a t i o n  a t  boundaries o th e r  than  those

between a m a trix  and in c lu s io n s  have been s tu d ie d  in  on ly  a

few m a te r ia ls .  These in c lu d e  titan iu m  a l lo y s  co n ta in in g  the

78oC (H .C .P.) and |3 (B .C .C .) phases, a  commercial zirconium

101a l lo y  co n ta in in g  zirconium  h y d rid e s  in  th e  m a trix  and a

102 78 number o f  com posite m a te r ia ls .  In  th e  tita n iu m  a l lo y

c racks i n i t i a t e d  a t  th e  in te r f a c e s  between th e  06 and ^3 phases

on c y c lic  te s t in g  a t  room tem peratu re  and s t r e s s e s  g iv in g  h igh

cycle  f a i l u r e .  S lip  bands could  n o t be d e te c te d . I f  th e

s t r e s s  o r  tem peratu re  was r a is e d ,  c racks i n i t i a t e d  a t  s l i p

bands w ith in  the  -phase  very  e a r ly  in  th e  l i f e .  C racking

a t  th e  in te r f a c e  was a t t r ib u te d  to  debonding b u t no damage

mechanism was proposed to  account fo r  th e  phenomenon. In

101the  zirconium  a l lo y ,  a  low in te r f a c e  coherency between th e  

zirconium  h y d rid es  and th e  m a trix  accounted  fo r  c rack  i n i t i 

a t io n  a t  such in te r f a c e s .  However, e i th e r  f r a c tu r e  o f  h y d rid e  

p la te s  o r  vo id  fo rm ation  a t  the  h y d rid e /m a trix  in te r f a c e  were 

a lso  re sp o n s ib le  fo r  c rack ing  a t  th ese  s i t e s .

The e f f e c t  o f  in te r f a c e  s tre n g th  on crack  i n i t i a t i o n  has

102been s tu d ie d  in  two com posite m a te r ia ls ,  th e se  being  an 

,fi n - s i t u n v a r ie ty  formed by u n id ir e c t io n a l  s o l i d i f i c a t i o n  o f 

th e  e u te c t ic  a l lo y  A1 -  A1^ N i, and a m anufactured v a r ie ty  

based on A1 -  B. The in te r f a c e  i s  much s tro n g e r  in  the



e u te c t ic  a l lo y  than  in  the  com posite o f aluminium and boron .
5

C yclic  t e s t in g  a t  le v e l s  g iv in g  f a i lu r e s  in  about 10 cy c le s  

showed a d iffe re n c e  o f  behaviour between th e  tv/o com posites.

In  the  A1 -  A1^Ni com posite, s l i p  bands developed in  th e  m atrix  

away from f ib r e s  and both  e x tru s io n s  and c racks formed w ith in  

the  f i r s t  1CT/o o f the  l i f e .  The in te r f a c e  between f ib r e  and 

m atrix  showed no break  up u n t i l  th e  f in a l  s ta g e s  o f  the  fa tig u e  

l i f e .  In  the  A1 -  B system , the  weaker in te r f a c e  showed th e  

development o f  cracks from the  very  e a r ly  s ta g e s  o f  c y c lic  

t e s t i n g .  The c y c lic  s t r e s s  re q u ire d  to  m a in ta in  a p r e - s e t  

s t r a in  am plitude decreased  th roughout the  t e s t  whereas fo r  

the  A1 -  A1_Ni m a te r ia l  th e re  was an in c re a se  o f  s t r e s s  up to3
the  f i n a l  s ta g e s  o f  f a i l u r e .  From the r e s u l t s  o f  t h i s  work, 

any method prom oting i n t e r f a c i a l  s tre n g th  between phases should  

reduce the  p ro p en s ity  o f  crack  i n i t i a t i o n  from such in te r f a c e s .  

2 . 5 * 1 P r e c i p i t a t e  F ree Zones

Such zones may e x is t  in  those  m u lti-p h ase  m a te r ia ls  

s tren g th en ed  by p r e c ip i ta t io n  o f a d d i t io n a l  p h a se s . They a re  

reg io n s  a t  which s t r a in  co n ce n tra te s  and prom otes e a r ly  crack  

i n i t i a t i o n  a t  s l i p  bands. The mechanism o f  c rack in g  i s  

s im ila r  to  th a t  d esc rib ed  fo r  s l i p  bands, in  2 .5 -1 .1 .

There a re  two reaso n s fo r  th e  form ation  o f  such zones. 

F i r s t l y ,  they  may develop during  a h e a t tre a tm e n t p ro c e ss . 

Secondly, they  can develop during  c y c lic  t e s t in g  where d is lo c a 

t io n s  re p e a te d ly  sh ea r a  p a r t i c l e  down to  a  s iz e  a t  which i t  can 

r e v e r t  in to  s o l id  s o lu t io n .  T his p r e c ip i ta te  re v e rs io n  then  

le a d s  to  p r e c ip i ta te  f re e  zones. The re v e rs io n  behav iou r has
A6been observed in  a  number o f  m a te r ia ls  in c lu d in g  s t e e l s  and

72 105 1OAv ario u s  aluminium a l lo y s .  ’ ’ b u t in  m a te r ia ls  co n ta in in g



p r e c ip i ta te s  which o b s tru c t th e  d is lo c a tio n  m otion, t h i s  

re v e rs io n  does no t o ccu r.

2 .5 .1 .6 .  M ic ro s tru c tu ra l D efec ts

T yp ica l d e fe c ts  in  commercial m a te r ia ls  in c lu d e  non- 

m e ta l l ic  in c lu s io n s , h o le s  and s o f t  sp o ts  a r i s in g  from im proper 

h e a t tre a tm e n t. A ll promote the  c o n ce n tra tio n  o f  s t r a in  in  

lo c a l is e d  a re a s  which then  a c c e le r a te s  c rack  i n i t i a t i o n .

In  g e n e ra l the  mechanism o f  crack  i n i t i a t i o n  i s  based  on s l i p  

bands o r debonding a t  in te r -p h a s e  b o u n d arie s . Such d e fe c ts  

can be very  im portan t and i t  i s  w e ll known th a t  they  im pair 

fa tig u e  perform ance.

2 .5 * 2 . Shear Mode Crack Growth

Follow ing i n i t i a t i o n  from any o f  the  s i t e s  m entioned above, 

alm ost a l l  the  m a te r ia ls  s tu d ie d  so f a r  in  fa tig u e  show crack  

grov/th a long  p lan es  o f maximum sh ear s t r e s s .  T h is  co n tin u es  

u n t i l  a c r i t i c a l  crack  depth i s  reached  where th e  crack  c h a ra c te r 

i s t i c s  a l t e r  to  a  t e n s i l e  mode. An excep tio n  to  t h i s  has been

91shown to  be molybdenum which shov/ed crack  i n i t i a t i o n  b u t no 

sh ea r mode grov/th. I t  d id  hov/ever show th e  t e n s i l e  mode o f  

crack  grow th.

The r a te  o f grov/th o f  the  sh ea r mode crack  i s  u s u a lly  very  

low (about 50 A °/cycle) and the  a re a  occupied on th e  t o t a l  

f r a c tu re  su rface  i s  very  sm a ll. In  the  p a s t ,  t h i s  l im ite d  s iz e  

has made the  exam ination d i f f i c u l t .  Even th en , m e ta llo g rap h ic  

exam ination has shov/ed th ese  a re a s  to  be alm ost f e a tu r e le s s .  In  

c o n tra s t ,  the t e n s i le  mode o f crack  growth (S tage I I )  ex tends 

over a la rg e  a re a  o f  the  f r a c tu re  su rface  and c o n ta in s  much 

in te r e s t in g  m icroscopic d e t a i l .
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Much o f  th e  e x is t in g  knowledge about sh ea r mode crack

growth h as  been gained  from only  a few s tu d ie s .  In  one such
105stu d y , th e  mechanism was examined in  copper s in g le  c r y s ta l s .

I t  was shown th a t  th e  i n i t i a t i o n  and grov/th o f  S tage I  c racks

were dependent on re p e a te d  and re v e rse d  p l a s t i c  deform ation

r a th e r  than  in te r m i t te n t  u n id ir e c t io n a l  d e fo rm atio n . Under

c y c lic  com pression s t r e s s e s ,  c racks were n o t observed  to  i n i t i a t e

o r grow in  s in g le  c r y s ta l s  even v/hen the  s t r e s s e s  v/ere s e v e ra l

tim es th e  monotonic y ie ld  s t r e s s .  In  c o n tr a s t ,  a  p o ly - c r y s ta l l in e

sample showed crack  i n i t i a t i o n  and grov/th under com pression

c y c lin g . T his was a t t r ib u te d  to  e i th e r  r e s id u a l  s t r e s s e s  o r

lo c a l is e d  te n s i le  s t r e s s e s  c re a te d  by the  in te r a c t io n  o f  g r a in s .

106In  a fu r th e r  s tudy  o f  aluminium, c y c lic  te n s io n  s t r e s s e s  gave 

d is lo c a t io n  s t r u c tu r e s  ty p ic a l  o f  monotonic deform ation  r a th e r  

than  o f  c y c lic  defo rm ation .

105In  th e  work on copper, two mechanisms were su ggested  fo r

sh ea r mode crack  grov/th. The f i r s t  i s  th e  " p la s t i c  b lu n tin g  

107p ro cess” w ith in  a s in g le  s l i p  band. T his ta k e s  p lace  by a  

r e p e t i t iv e  p l a s t i c  rounding and c lo s in g  o f  the  c rack  t i p  through 

p l a s t i c  flow v /ith in  a  s in g le  s l i p  band. The mechanism i s  a  s l i g h t  

m o d if ica tio n  o f  the  one which accoun ts  fo r  the  t e n s i l e  mode 

crack  growth and which i s  d esc rib ed  f u l ly  in  s e c tio n  2 .6 .2 .  The 

second mechanism i s  based on an "u n s lip p in g  model” . Here th e  

m a te r ia l  on one s id e  o f the  crack  i s  d isp la ce d  by sh ea r on th e  

te n s io n  c y c le . On the  com pression cy c le , th e  specim en su rfa c e  

geometry i s  re s to re d  b u t the  crack  le n g th  i s  in c re a s e d . Both 

models a re  sch em a tica lly  p re sen te d  in  f i g . 10 . The d if fe re n c e  

betv/een the  mechanisms a r i s e s  from th e  ty p es  o f  a s s o c ia te d
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p l a s t i c  deform ation and hence s l i p  c h a ra c te r .  The u n s lip p in g

model i s  a p p lic a b le  to  m a te r ia ls  o f  low S .F .E . having  a  p la n a r

s l i p  mode. The p l a s t i c  b lu n tin g  model i s  a p p ro p r ia te  to

m a te r ia ls  o f  h igh  S .F .E . v/here c ro ss  s l i p  i s  easy  and hence

crack  t i p  b lu n tin g  p o s s ib le .

Exam ination o f  sh ea r mode f r a c tu re  su rfa c e s  has n o t been

e x te n s iv e ly  c a r r ie d  o u t .  The most d e ta i le d  ap pears  to  be th a t

fo r  a  n ic k e l-b a se  su p e ra llo y  having a two-phase s t r u c tu r e  and in

s in g le  c r y s ta l  f o rm .^ ^  On c y c lic  t e s t in g  to  g ive f a i lu r e  in  
5

about 10 c y c le s , c rack  i n i t i a t i o n  occurred  a t  su rfa ce  p o res  and 

th e  c rack  grew a long  s e v e ra l  { ill}  p la n e s . The f r a c tu r e  su rfa c e  

was h ig h ly  r e f l e c t iv e  and showed c ry s ta l lo g ra p h ic  f r a c tu re  s te p s  

and r iv e r  l in e s  when te s te d  in  a i r  b u t under vacuum te s t in g ,  

th e re  were fewer s te p s  and l i n e s .  There was a very  h igh  d is 

lo c a t io n  d e n s ity  w ith in  a  band ex tending  app rox im ate ly  25yu.m from 

th e  f r a c tu re  su rfa ce  and confined  m ainly to  th e  m a tr ix . I t  

was d i f f i c u l t  to  determ ine the  n a tu re  o f  th e  d is lo c a t io n s  b u t

d i f f r a c t io n  c o n tra s t  experim ents suggested  th a t  they  were d ip o le s .
109In  a  more re c e n t s tudy  o f a  m u lti-p h ase  aluminium a l lo y ,

sh ea r mode c racks propogated by the  development and l in k in g  up

o f  h o le s  w ith in  p r e c ip i ta te  f re e  zones and p e r s i s t e n t  s l i p  bands.

Well d e fin ed  s t r i a t i o n s  were observed on th e  f r a c tu re  s u r fa c e .
go

Such s t r i a t i o n s  have a ls o  been observed  in  3̂ - b r a s s  J  th o r ia te d

110 111 n ic k e l and an aluminium a l lo y  and a re  s im ila r  to  th o se

found in  the  te n s i le  mode crack , s tag e  I I .  The p resence  o f

s t r i a t i o n s  and the  need fo r  re v e rse d  p l a s t i c  deform ation  have

le d  to  a  g e n e ra lly  accep ted  conclusion  th a t  a  r e p e t i t i v e

mechanism o f  p l a s t i c  deform ation o p e ra te s  in  bo th  th e  sh ea r mode



crack  growth s tag e  and the t e n s i l e  mode grow th, namely s tag e  I I .

2 .5 * 2 .1 . In f lu en c e  o f  M ic ro s tru c tu re

E x tensive  sh ea r mode crack  grov/th i s  encouraged a t  low

c y c lic  s t r e s s e s  and in  co rro s iv e  environm ents. These f a c ts

a re  w e ll known b u t th e re  i s  l i t t l e  work r e la t in g  m icro-

s t r u c tu r a l  c h a r a c te r i s t i c s  and sh ear mode c rack  grow th.

Some m a te r ia ls  such a s  oC -b ra s s  show a  fa tig u e  l i f e

dependence on g ra in  s iz e  under c y c lic  s t r e s s in g  g iv in g  long 

112l i f e .  T h is m a te r ia l  has a  low S .F .E . and c ro ss  s l i p  o f

d is lo c a tio n s  i s  d i f f i c u l t .  In  aluminium, which has a  h ig h  

S .F .E . va lue  th e re  i s  no dependence o f  l i f e  on g ra in  s iz e  

under s im ila r  c y c lic  t e s t in g  c o n d itio n s . A s im ila r  e f f e c t  i s  

observed in  copper, v/hose S .F .E . value i s  h ig h  b u t l e s s  than  

th a t  o f  alum inium . The d if fe re n c e  o f behav iour i s  a t t r i b u t e d  

to  the  s tag e  I  crack  growth in  both  copper and aluminium being  

in s e n s i t iv e  to  g ra in  s iz e  v/hereas in  b ra s s  i t  i s  n o t .

Under c y c lic  t e s t in g ,  th e  d is lo c a tio n  s t r u c tu r e  developed 

in  copper and aluminium i s  c e l l u la r  v/hereas in  b ra s s  i t  i s  

p la n a r .  The c e l l  w a lls  behave a s  g ra in  b o u ndaries  and a re  

n o t p e n e tra b le  by moving d is lo c a t io n s .  Hence th e  d is lo c a t io n s  

move w ith in  the  c e l l s  and few in te r a c t  w ith  g ra in  b o u n d a rie s .

The c rack ing  r a te  i s  th e re fo re  determ ined by th e  c e l l  s iz e  

v/hich in  tu rn  i s  dependent on the  s t r e s s  am plitude  a s  p re v io u s ly  

m entioned in  2 .^ .2 .2 .  In  b ra s s  th e re  a re  no c e l l  w a lls  

formed so th a t  d is lo c a tio n  m otion i s  in h ib i te d  on ly  by g ra in  

b o u n d aries . D is lo c a tio n s  th e re fo re  move w ith in  th e  p l a s t i c  

zone a t  the  crack t i p  bu t on reach in g  a g ra in  boundary they  

a re  r e s t r a in e d  by boundary p i l e  u p s . Crack growth i s  th u s
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re ta rd ed *  As th e  g ra in  s iz e  i s  in c re a se d , boundary i n t e r 

fe ren ce  i s  l e s s  freq u e n t and t h i s  s tag e  o f  c rack  growth i s  

a cc e le ra te d *

112The work above re p re s e n ts  th e  most d e ta i le d  s tudy  o f

m ic ro s tru c tu ra l  e f f e c t s  on s tag e  I  crack  growth so f a r .  Some

o f  i t s  f in d in g s  a re  in  c o n f l ic t  w ith  the  r e s u l t s  o f  e a r l i e r

113work* For example, in  e a r l i e r  work on b ra s s  i t  was shown

th a t  g ra in  boundaries  o b s tru c te d  d is lo c a tio n  movement to  such

an e x te n t th a t  once a crack  p e n e tra te d  a  boundary, i t  e n te red

th e  s tag e  I I  grow th. T his i s  o f course n o t th e  case* Recent 
112work has shown th a t  s tag e  I  c racks can c ro ss  g ra in  

boundaries  and con tinue  in  t h i s  s tag e  o f  growth in to  o th e r  

g ra in s*  The e f f e c t  i s  shown sch em a tica lly  in  f ig *  7*

2 .6 .  STAGE I I  CRACK GROWTH

A s tag e  I I  crack  fo llow s th e  s tag e  I  c rack  growth p e rio d  a s  

shown in  f i g *7* I t  in v o lv es  growth o f  a crack  in  a  p lane  o f  

maximum te n s i l e  s tre s s *  A sm all p l a s t i c a l l y  deformed zone i s  

c re a te d  a t  th e  crack  t i p  and th e  zone s iz e  in c re a s e s  a s  the  crack  

becomes longer*  Grov/th o f  th e  c rack  co n tin u es  u n t i l  a  c r i t i c a l  

depth i s  reached  where c a ta s tro p h ic  f a i lu r e  occurs*

The r e la t io n s h ip  o f p l a s t i c  zone s iz e  w ith  specimen th ic k n e ss  

s ig n i f ic a n t ly  in f lu e n c e s  th e  crack  growth c h a r a c te r is t ic s *

C onsider, fo r  example, a  th ic k  specimen under t e s t  a t  low c y c lic  

s tre s s e s *  At the  beginn ing  o f  s tag e  I I ,  th e  p l a s t i c  zone s iz e  i s  

r e l a t iv e ly  sm all compared w ith  the  sample th ic k n e ss  and hence 

p lane  s t r a in  c o n d itio n s  e x i s t  a t  the  c rack  t ip *  As th e  zone s iz e  

in c re a s e s  w ith  crack  ex ten s io n , i t s  r a t i o  to  sample th ic k n e ss  a ls o  

changes and produces a  change in  both  the  s t r e s s  and s t r a i n
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c o n d itio n s  a t  th e  c rack  t i p .  A t r a n s i t io n  from p lane  s t r a in

to  p lane  s t r e s s  c o n d itio n s  occurs and th e  c rack  grov/th r a te

a c c e le r a te s  u n t i l  c a ta s tro p h ic  f a i lu r e  c o n d itio n s  a re  ach iev ed .

In  th in  specimens t h i s  t r a n s i t io n  from p lane s t r a i n  to  p lane

s t r e s s  can occur a lm ost im m ediately i f  the  c o n d itio n s  a re  r i g h t .

The p l a s t i c  zone s iz e  i s  a  c o n tro ll in g  f a c to r  fo r  th e  propo

l i sg a tio n  o f  fa tig u e  c rack s  and s tu d ie s  have shown th a t  th e  zone

s iz e  i s  dependent on the  s t r e s s  in te n s i ty  f a c to r  and m a te r ia l  

115p ro p e r t ie s  a t  the  c rack  t i p .  T his i s  d iscu ssed  in  th e  l a t e r  

s e c tio n  on s tu d ie s  o f  crack  growth r a t e s .

S tu d ie s  o f  t h i s  s tag e  o f c rack  grov/th f a l l  in to  tv/o c a te g o r ie s ,  

those  in v o lv in g  m e ta llo g rap h ic  exam ination and th e  more q u a n t i ta t iv e  

in v e s t ig a t io n s  in v o lv in g  measurements o f  crack  growth r a t e  and i t s  

dependence on te s t in g  c o n d itio n s  and m a te r ia l  p r o p e r t ie s .  The 

m a te r ia l  s c i e n t i s t s  a re  m ainly re sp o n s ib le  fo r  m e ta llo g rap h ic  

s tu d ie s  and th e  subsequent proposed mechanisms fo r  c rack  grow th.

The more q u a n t i ta t iv e  a sp e c ts  have been s tu d ie d  in  o rd e r  to  

f a c i l i t a t e  p re d ic tio n  o f  grov/th r a t e s  and fa t ig u e  l i v e s .  Each o f  

th e se  groups o f s tu d ie s  a re  considered  in  th e  fo llo w in g  s e c t io n s .

2 .6 .1 .  M eta llog raph ic  F e a tu re s  o f  S tage I I  Crack Growth

M eta llog raph ic  exam ination o f  s tag e  I I  f a t ig u e  c rack  grov/th 

has been e x te n s iv e . The tech n iq u es  used  have in c lu d e d  o p t ic a l ,  

e le c tro n  and scanning e le c tro n  m icroscopy. In  g e n e ra l t h i s  

crack  fo llow s a tra n s g ra n u la r  n o n -c ry s ta llo g ra p h ic  r o u te .  I t  

can fo llow  g ra in  boundaries a s  fo r  example in  th e  case  o f  th re e  

B.C.C. m a te r ia ls ,  iro n  a l l o y s , ^  p  - b r a s s ^  and m olybdenum .^

The d is lo c a tio n  arrangem ent in  the  crack  t i p  and in  re g io n s  

c lo se  to  th e  crack  su rface  has been examined by tra n sm iss io n
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e le c tro n  m icroscopy. The f i r s t  s tu d ie s  o f  t h i s  type were on

*1 *16 ”1 *1 7pure s in g le  phase m a te r ia ls  such a s  copper and alum inium .
O O  c Q

M ulti-phase  m a te r ia ls  in c lu d in g  aluminium and tita n iu m  

a l lo y s  have a lso  been s tu d ie d  and th e  r e s u l t s  appear c o n s is te n t  

w ith  those  fo r  the  s in g le  phase m a te r ia ls .  A h ig h ly  m is- 

o r ie n te d  su b -g ra in  s t r u c tu r e  i s  formed a d ja c e n t to  a  fa tig u e  

crack  and in  th e  m u lti-p h ase  m a te r ia ls  the  s iz e  o f  th e  re g io n  

co n ta in in g  th e se  su b -g ra in s  i s  sm a lle r th an  in  th e  s in g le  phase 

m a te r ia ls .  The su b -g ra in  form ation  in  d i f f e r e n t  m ic ro s tru c tu re s  

i s  a t t r ib u te d  to  th e  h igh  s t r a in  a t  the  t i p  o f  a  growing fa t ig u e  

crack  which i s  con sid ered  to  a c t iv a te  recovery  o f  th e  s t r u c tu r e  

in  a  lo c a l is e d  re g io n .

The d is lo c a tio n  s t ru c tu re s  in  reg io n s  a d ja c e n t to  a  growing

crack  a re  c h a r a c te r i s t i c  :of h igh  s t r a in  am plitude cy c lin g  o f  bu lk

118specim ens. In  the  case o f  aluminium, lo c a l i s e d  harden ing  

occurs in  th e se  re g io n s  in  the  same way a s  in  b u lk  specim ens. 

However, m e ta llo g rap h ic  evidence shows th a t  th e  m a te r ia l  in  th e  

crack  t i p  may deform in  ways n o t observed in  norm al bu lk  

defo rm ation . For example, th in  f o i l s  co n ta in in g  th e  fa t ig u e  

f r a c tu re  su rfa ce  o f  s in g le  and m u lti-p h ase  m a te r ia ls  showed sub

g ra in s  o f  about O.lyiAmetres d iam e te r . These a re  much sm a lle r  

than  ever observed under bu lk  deform ation  c o n d itio n s . T h is 

su g g es ts  th a t  th e  m agnitude o f  s t r a i n  in  th e  c rack  t i p  i s  very  

h ig h . Knowledge o f  th e  behaviour o f  m a te r ia ls  under such h ig h  

s t r a in  i s  sca rce  and hence p re d ic t io n  o f  m a te r ia l  behav iou r in  

the  crack  t i p  i s  d i f f i c u l t .  However, the  e f f e c t s  o f  such h ig h  

s t r a in  on p r e c ip i ta te  re s o lu t io n  and overageing  have been 

s tu d ie d  in  some a l l o y s . ^ ’ ^  In  an alum inium -zinc-m agnesium
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72a l lo y ,  r e - s o lu t io n  o f  non-coheren t p r e c ip i ta te s  was observed 

ahead o f the  growing c ra c k . I t  was suggested  th a t  th e  r e 

so lu tio n  was a t t r ib u te d  to  so lu te  d if fu s io n  s in ce  a t  h igh  crack  

grov/th r a t e s  and hence sh o r t  d if fu s io n  tim es, th e  p r e c ip i ta te s  

rem ained la rg e ly  u n a ffe c te d . In  a  commercial p r e c ip i ta t io n  

hardened alum inium -copper a l lo y ,  th e re  was however no evidence 

o f  p r e c ip i ta te  r e - s o lu t io n  in  th e  reg io n  o f  th e  crack  t i p  b u t 

th e  reaso n s fo r  t h i s  a re  n o t s ta te d  in  the  work.

The m ajor fe a tu re s  o f  fa tig u e  f r a c tu re  s u rfa c e s  a re  the

s t r i a t i o n s  which l i e  approx im ately  p e rp e n d icu la r  to  th e  lo c a l

119d ire c t io n  o f  crack  grow th. S ince they  were f i r s t  re p o r te d

a l o t  o f  work has been done in  th e  study o f  t h e i r  f e a tu r e s .

For in s ta n c e , i t  has been suggested  th a t  they  form only  under
3

c o n d itio n s  o f  p lane s t r a in  a t  the  crack  f r o n t .  Furtherm ore,

th e  d is ta n c e  between each s t r i a t i o n  re p re s e n ts  one v cy c le  o f

s t r e s s  a lthough  th e  re v e rse  does n o t always ap p ly ; some s t r e s s

cy c le s  produce no s t r i a t i o n s  s in ce  the  s t r a in  c o n ce n tra tio n

b u ild  up a t  the  crack  t i p  may be in s u f f i c i e n t  to  in c re a s e  th e

crack  le n g th . T his a s s o c ia t io n  o f  s t r e s s  c y c le s  w ith  s t r i a t i o n s
120 121has been examined in  a  number o f  programme lo ad in g  t e s t s .  * 

These a lso  showed th a t  s t r i a t i o n  spacing  in c re a se d  a s  th e  s t r e s s  

in c re a se d .

Not a l l  fa tig u e  f r a c tu re  su rfa c e s  show c le a r ly  d e fin ed

s t r i a t i o n s .  ^ h e ir  v i s i b i l i t y  i s  in flu en c ed  by th e  t e s t in g

3 122 method, environm ental co n d itio n s  and method o f  exam ination .

Some may be v i s ib le  under an o p t ic a l  m icroscope whereas o th e rs  

may re q u ire  su rface  r e p l ic a t io n  and e le c tro n  m icroscope exam

in a t io n  fo r  r e s o lu t io n .  Two ty p es  o f  s t r i a t i o n s  have been
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id e n t i f i e d ,  namely a d u c ti le  o r  type A and a b r i t t l e  o r type 

123B. The d u c t i le  s t r i a t i o n s  l i e  on curved p la te a u x  which

form a  g en e ra l f r a c tu re  p lane  normal to  th e  maximum te n s i le

s tr e s s *  The b r i t t l e  s t r i a t i o n s  l i e  on c ry s ta l lo g ra p h ic  fa c e ts

which show co n sid e rab le  o r ie n ta t io n  d if fe re n c e s  to  th e  g en e ra l

f r a c tu re  p la n e . The two types may o c c a s io n a lly  appear to g e th e r

under s im ila r  s t r e s s  co n d itio n s  b u t in  g e n e ra l the  b r i t t l e  type

12*fi s  observed in  c o rro s iv e  environm ents and cy c lin g  a t  low 

f r e q u e n c ie s .^

S t r i a t io n s  have been observed on th e  fa t ig u e  f r a c tu re

125su rfa c e s  o f many m e ta l l ic  m a te r ia ls  and polym eric m a te r ia ls ,

covering  a number o f  d i f f e r e n t  c r y s ta l  s t r u c tu r e s .  In  the

m e ta ll ic  m a te r ia ls  they  have been observed  i r r e s p e c t iv e  o f

91w hether the  crack  p a th  i s  tra n s g ra n u la r  o r  in te r g r a n u la r .

However, they  a re  n o t th e  only  fe a tu re s  observ ed . O thers

in c lu d e  a re a s  o f m icro -c leavage and vo id  coalescence  and o f

126course th ese  in f lu e n c e  the  r a te  o f  grov/th. The ty p es  o f

fe a tu re s  observed a re  dependent on the  m ic ro -s tru c tu re  and 

t e s t in g  c o n d itio n s . In  work on p e a r l i t i c  and sp h e ro id ise d  

carb id e  s t ru c tu re s  in  s t e e l ,  f r a c tu re  su rfa c e s  showed a re a s  o f  

cleavage where the  s t ru c tu re  was p e a r l i t i c  in  a d d it io n  to  

s t r i a t i o n s .  Cleavage was a s s o c ia te d  w ith  cradk  grov/th th rough 

cem entite  p la t e s .  In  the  sp h e ro id ise d  carb id e  s t r u c tu r e ,  th e  

crack  grov/th r a t e  was low er and the  f r a c tu re  su rfa c e  shov/ed 

s t r i a t i o n s .

Mechanisms o f  Crack Grov/th in  F a tig u e

A number o f  mechanisms have been proposed fo r  s ta g e  I I  

crack  growth and most o f  them a re  based on th e  ex p lan a tio n  o f



s t r i a t i o n  form ation  s in c e  t h i s  i s  th e  most common f r a c tu re  

su rfa ce  f e a tu r e .  There a re  however o th e r  f e a tu r e s ,  a s  

m entioned e a r l i e r .  Four mechanisms d e sc rib ed  a re  a s  fo llo w s :-

a ) s t r i a t i o n  o r  r ip p le  form ation

b) m icro-cleavage

c) vo id  coalescence

d) in te rg ra n u la r  se p a ra tio n

The most w idely accep ted  mechanism fo r  s t r i a t i o n  fo rm ation  i s  th e

107p l a s t i c  b lu n tin g  p ro cess  proposed by L a ird . I t  i s  schem ati

c a l ly  shown in  f i g .  11 . During te n s i le  lo a d in g , p l a s t i c  s t r a i n  

occurs  a t  the  crack  t i p  and p l a s t i c  deform ation i s  co n cen tra ted  

in  zones along p lan es  o f  k5° to  th e  crack  growth d i r e c t io n .

T his r e s u l t s  in  crack  b lu n tin g  and an in c re a se d  su rfa c e  a r e a .

During the  com pression h a l f  o f  th e  cy c le , th e  c rack  fa c e s  come 

to g e th e r  w ithou t complete r e v e r s a l  o f  the  p l a s t i c  deform ation  

and th e  crack  advances a  c e r ta in  d is ta n c e . The c rack  i s  r e 

sharpened and ready  to  re p e a t th e  p ro cess  on th e  n ex t c y c le .

Each cy c le  produces a  s t r i a t i o n  accord ing  to  t h i s  m odel. F u r th e r 

more peaks on one s id e  o f  the  crack  should correspond  w ith  peaks

on th e  o th e r  and the  same w ith  v a l le y s .  T h is i s  observed  in

3 127.many cases  b u t o th e r  ty p es  o f  s t r i a t i o n  p r o f i l e s  e x i s t  ’

For example, peaks may correspond v/ith troughs and u n d e rc u ttin g

o f  r id g e s  does occur on some f r a c tu re  s u r fa c e s . The p r o f i l e  i s

dependent on th e  symmetry and number o f a v a i la b le  s l i p  system s 
128 and in  g e n e ra l, most F .C .C . m a te r ia ls  show a uniform  11 saw

to o th 11 p r o f i l e .  T his i s  n o t alw ays the  case in  B .C.C. m a te r ia ls  

v/here h igh  e l a s t i c  a n is tro p y  may e x is t  a s  fo r  example in  ^  - b r a s s ,

E ^111^ /  E <^00) = 8.9*f. The d i f f e r e n t  ty p es  o f  p r o f i l e
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in d ic a te  th a t  th e re  i s  no s in g le  mechanism which p re c is e ly

s a t i s f i e s  a l l  th e  o b se rv a tio n s . N ev erth e le ss , th e  p l a s t i c

b lu n tin g  model i s  th e  most ap p licab le*

M icrocleavage may occur during  crack  p ro p ag a tio n  in  m a te r ia ls

co n ta in in g  b r i t t l e  second  phase p a r t ic le s *  T h is  has been

129observed in  a  coarse  p e a r l i t e  s t e e l  and in  h igh  s tre n g th  

130aluminium a llo y s*  T h is growth mechanism g iv e s  a  h ig h e r

126p ro p ag a tio n  r a t e  than  a s t r i a t i o n  mechanism* The in c re a se
131in  r a t e  i s  dependent on th e  m ic ro s tru c tu re  in  p e a r l i t e  s te e ls *

For coarse p e a r lite  s tructures , the grov/th ra te  and extent o f

m icro-c leavage v/ere g re a te r  than  in  a  sp h e ro id ise d  s tru c tu re *

Void o r dimple form ation  during  crack  grov/th has been

3 132observed in  se v e ra l s t e e l s  having f in e  m ic ro s tru c tu re s .  *

133The mechanism proposed i s  based on v o id  fo rm ation  ahead 

o f  th e  main crack  and u ltim a te  l in k in g  up o f  th e  two on sub

sequent c y c lic  lo a d in g .

In te rg ra n u la r  crack  growth has been observed  in  s e v e ra l

13*fquenched and tempered high strength s te e ls . I t  v/as found to

be associated w ith  p r io r  austen ite  gra in  boundaries p a r t ic u la r ly  

i f  the boundary strength v/as impaired by im purity  elements*

2*6*3*  Studies o f Crack Growth Fates

The m ajor aims o f  such s tu d ie s  have been n o t on ly  m easure

ment o f  c rack  grov/th r a te  b u t i t s  dependence on m a te r ia l  p ro p e r

t i e s  and te s t in g  co n d itions*  A number o f  methods fo r  c rack  

growth measurement have been u sed . For example, th e  s t r i a t i o n s  

on f r a c tu re  su rfa c e s  in d ic a te  lo c a l i s e d  growth and t h e i r  

spacings can be used to  determ ine th e  lo c a l is e d  growth ra te *  

However, s t r i a t i o n s  a re  n o t alw ays p re se n t and th ey  do n o t alw ays
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in d ic a te  th e  m icroscopic  grov/th r a t e .  The o p t ic a l  and 

e l e c t r i c a l  methods a re  w idely used to  measure c rack  grow th.

The o p t ic a l  method i s  s u i ta b le  fo r  su rfa ce  crack  s tu d ie s  b u t i s  

tim e consuming and re q u ire s  an o b se rv e r. For th ic k  specim ens, 

th e  e r ro r s  can be severe  s in ce  a crack  may branch  o f f  and tu n n e l 

to  g iv e , fo r  example, th e  u n d e rc u ttin g  e a r l i e r  m entioned in  

s t r i a t i o n  p r o f i l e s .  The e l e c t r i c a l  method overcomes th e se  d is 

ad v an tag es. I t  m easures th e  p o te n t ia l  between th e  two fa c es  

produced by th e  growing crack  and th e re fo re  g iv e s  a  measure o f 

th e  in c re a se  in  f r a c tu re  su rface  a re a .  I t  i s  more p r a c t i c a l ly  

convenient than  th e  o p t ic a l  method b u t i s  s ta n d a rd is e d  a g a in s t  

th e  o p t i c a l .

F ra c tu re  m echanics concepts have been w idely  used  in  th e

p re d ic t io n  o f  growth r a t e s .  The s t r e s s  in te n s i ty  range a t  th e

crack  t i p  i s  th e  dominant p a ram ete r. A most w idely  accep ted

136eq uation  i s  th a t  below, which a p p lie s  to  the  grov/th p e r  cycle  

o f  a  crack  having le n g th  2a;

da
—  = c ( A k) ----------------------------- 8

<ffl

v/here AK i s  th e  range o f  s t r e s s  in te n s i ty

C i s  a  c o n sta n t which may be m a te r ia l  dependent 

m i s  th e  exponent in  the  power lav/ r e la t io n s h ip  

T his eq u ation  s u f f e r s  from se v e ra l l im i ta t io n s  and u n fo r tu n a te ly  

i s  o f te n  used fo r  p re d ic t io n s  in  s i tu a t io n s  fo r  v/hich i t  i s  n o t 

v a l id .  For example i t  should  only  be used v/here th e  p l a s t i c  

zone s iz e  a t  the  crack  t i p  i s  sm all compared to  th e  c rack  le n g th  

and specimen d im ensions. Furtherm ore, i t  assumes th a t  in
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determ in ing  th e  p l a s t i c  zone s iz e  fo r  c a lc u la t io n  o f  th e  s t r e s s

in te n s i ty  range A K , the  y ie ld  s t r e s s  rem ains c o n s ta n t th roughou t

th e  t e s t .  As d e sc rib ed  in  e a r l i e r  s e c tio n s , m a te r ia ls  may show

harden ing  o r so fte n in g  on c y c lic  t e s t i n g .  F in a l ly ,  th e  eq u a tio n

ta k es  no account o f  m a te r ia l  p r o p e r t ie s .  N e v e rth e le ss , th e re

i s  much experim en tal d a ta  fo r  s e v e ra l  m a te r ia ls  which s a t i s f i e s

th e  eq u ation  and j u s t i f i e s  i t s  use in  c e r ta in  c ircu m stan ces .

S ev e ra l o th e r  approaches to  crack  growth p re d ic t io n s  have

137been made based on d is lo c a tio n  th e o r ie s  and c y c lic  m a te r ia l  

138 139b eh av io u r. * From the  m e ta l lu rg ic a l  p o in t o f  view,

approaches based on the  l a t t e r  appear more a t t r a c t i v e  s in c e  th e

o p p o rtu n ity  fo r  m a te r ia l  design  i s  im proved. In  one approach , 

138 th e  growth r a te  o f s e v e ra l m a te r ia ls  in c lu d in g  m u lti-p h ase

aluminium a l lo y s  and s t e e l s ,  was r e la te d  to  monotonic t e n s i l e

p ro p e r t ie s  and s a t i s f i e d  a  u n iv e rs a l  r e la t io n s h ip .  The t e n s i l e

p ro p e r t ie s  invo lved  were th e  y ie ld  s t r e s s  and t e n s i l e  s t r e n g th ,

tru e  s t r a in  a t  f r a c tu re  and Youngs modulus.

139A more r e a l i s t i c  approach i s  th a t  based  on c y c lic

p ro p e r t ie s  v/hich have been a lre ad y  defin ed  in  2 .2 .1 .  The

p ro p e r t ie s  considered  a re  the  c y c lic  s tre n g th  c o e f f ic ie n t  (
i

and th e  c y c lic  s t r a i n  harden ing  exponent ( H ) .  I n  th e  d e r i 

v a tio n  o f  t h i s  model, s tag e  I I  c rack  growth was observed  in  a

d u c ti le  m etal and th e  p a t te r n  o f  crack  t i p  deform ation  and c rack  
llfOgrov/th deduced. In te n se  p l a s t i c  deform ation o ccu rred  m

lo c a l is e d  bands a t  k5° to  the  t e n s i l e  a x i s .  The new crack  s u r 

face  formed by sh ea r decohesion a long  th e se  bands d u ring  th e  

t e n s i le  lo a d in g . The model i s  d e sc rib ed  in  the  form o f  two 

e q u a tio n s , bo th  given  below (9 and 1 0 ) . Each r e f e r  to  th e  i 'a te
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o f  grov/th p e r cycle  o f  a  crack  o f  le n g th  2 a . E quation  9 

d e sc rib e s  the  model fo r  lov; cycle  fa tig u e  c o n d itio n s  where the  

p l a s t i c  s t r a in  p redom inates. E quation  10 r e f e r s  to  h igh  cycle  

fa t ig u e  co n d itio n s  where th e  e l a s t i c  s t r a in  c o n s t i tu te s  a  p re 

dominant p a r t  o f  t o t a l  s t r a i n .

da = 
dN

TV
32

2. 
Op

e r  ( o ' , r
A £

ftn'+O

da
dN

= a I T
. 32 (Tfw  (o - ' )2

Acr (2n+/iV) 10

i
where f \  = c y c lic  s t r a in  harden ing  exponent 

I
Cfy -  c y c lic  y ie ld  s t r e s s

Op = t ru e  monotonic f r a c tu re  s t r e s s

= tru e  monotonic f r a c tu re  s t r a in

A £ P = p l a s t i c  s t r a in  range

A cr = s t r e s s  range

These eq u a tio n s  show th a t  fo r  low cycle  f a t ig u e  c o n d itio n s , an 
I

in c re a se  o f  n  g iv e s  a  decrease  in  crack  growth r a t e .  For a

decrease  in  crack  grov/th r a te  under h igh  cycle  f a t ig u e  c o n d itio n s , 
i

a  decrease  o f  n  i s  re q u ire d . These f a c ts  c o r r e la te  w ith  th e  

s ta tem en ts  made e a r l i e r  and give sim ple in d ic e s  o f  fa t ig u e  c rack  

growth r e s is ta n c e .

2 .7 -  Summary

The m ajor o b je c t iv e s  in  t h i s  survey have been to  rev iew  th e  

work done on m icroscopic  a sp e c ts  and mechanisms o f  f a t ig u e  in  th a t  

im portan t group o f  m a te r ia ls ,  namely those  based on m u lti-p h ase  

a l lo y s .  Such a l lo y s  c o n s t i tu te  a lm ost a l l  those  commercial
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m a te r ia ls  th a t  a re  used  fo r  h igh  duty a p p lic a tio n s*  The survey 

has shown th a t  a lm ost a l l  the  e a r l i e r  work bn  such a sp e c ts  and 

mechanisms was co n cen tra ted  on s in g le  phase m a te r ia ls*  In  more 

re c e n t y e a rs  t h i s  work h as been extended to  cover m u lti-p h ase  

m a te ria ls*

A s ig n i f ic a n t  advance in  fa t ig u e  knowledge th a t  has been made 

in  re c e n t y e a rs  i s  th e  id e n t i f i c a t io n  o f c y c lic  m a te r ia l  param eters*  

These can be r e la te d  to  fa t ig u e  perform ance and enab le  th e  fa t ig u e  

behaviour under s p e c i f ic  c o n d itio n s  to  be r e l i a b ly  p red ic ted *

T his advance has been m ainly a t t r ib u te d  to  th e  design  and use o f  

s o p h is t ic a te d  te s t in g  machines* An u n d erly in g  theme th roughout 

much o f  the  work covered in  t h i s  survey has been th e  a ttem p t to  

l in k  such param eters w ith  m ic ro s tru c tu ra l  fe a tu re s*  I f  t h i s  cou ld  

be done th en  the  d esign  o f m ic ro s tru c tu re  fo r  s p e c i f ic  fa tig u e  

perform ance i s  then  made p o s s ib le .

The most s ig n i f ic a n t  c y c lic  param eter reco g n ised  to  d a te  i s
l

th e  c y c lic  s t r a in  harden ing  exponent ( fl ) .  I t s  va lu e  h as  been 

shown to  in f lu e n c e  fa t ig u e  behaviour in  th a t  i t  can be r e l a t e d  to  

t o t a l  l i f e  perform ance and c rack  growth re s is ta n c e *  The b e s t  

c o r r e la t io n  between t h i s  param eter and m ic ro s tru c tu re  has been 

found w ith  the  mode o f  s l ip *  High v a lu es  a re  a s s o c ia te d  w ith  

s t ru c tu re s  which a llow  ex ten s iv e  d is lo c a tio n  and c ro ss  s l i p  w h ils t  

low v a lu es  a re  a s s o c ia te d  w ith  r e s t r i c t e d  d is lo c a t io n  motion* 

However, th e  l im it in g  range o f  v a lu es  known fo r  t h i s  exponent a t  

the  p re se n t tim e r e s t r i c t s  th e  o p p o rtu n ity  fo r  e x te n s iv e  c o n tro l 

o f  fa tig u e  behav iour u s in g  th i s  method. There i s  a  need fo r  

fu r th e r  re se a rc h  in to  a l lo y  design  g iv in g  h ig h e r o r low er v a lu e s  

than  th e  e x is t in g  range fo r  t h i s  exponent. F u r th e r  re s e a rc h  i s
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a lso  re q u ire d  in to  th e  r e la t io n s h ip  between S tage I  and I I  c rack

p ro p ag a tio n  on m ic ro s tru c tu re *  L i t t l e  work has been done to

r e l a t e  m ic ro s tru c tu re  w ith  s tag e  I  crack  growth y e t  in  h igh  cycle

fa tig u e  c o n d itio n s , t h i s  s tag e  may occupy up to  9QP/0 o f  th e  l i f e *

In  S tage I I  crack  grov/th th e re  has been more work done b u t th e

dependence on m ic ro s tru c tu re  i s  s t i l l  n o t c lea r*  The f r a c tu r e

mechanics approach s p l i t s  the  b a s ic  crack-grow th curve in to  th re e  
'ikkre g io n s , th e se  being  an i n i t i a l  th re sh o ld  which i s  then  

fo llow ed by a  reg io n  o f  uniform  fa t ig u e  crack  growth and f i n a l ly  

c a ta s tro p h ic  f a i l u r e .  The th re sh o ld  reg io n  i s  re p o r te d  a s  being  

s tro n g ly  dependent on m ic ro s tru c tu re  and f u r th e r  v/ork i s  

re q u ire d  here*
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EXPERIMENTAL PROCEDURE 

1 . CHOICE OF MATERIALS

The m ajor o b je c tiv e  o f  t h i s  work has been th e  study  o f  c rack  

i n i t i a t i o n  and p ropagation  in  a  p e a r l i t e  s t r u c tu r e .  The s t e e l  

used , re q u ire d  a com position such th a t  on s u i ta b le  h e a t tre a tm e n t, 

a  f u l ly  p e a r l i t e  s t ru c tu re  could be achieved  w ithou t th e  p resence  

o f  p ro -e u te c to id  f e r r i t e  o r c em en tite . The most s u i ta b le  s t e e l  

a v a i la b le ,  a t  th e  time the  work began, was a  carbon sp rin g  s t e e l ,  

having the  s p e c i f ic a t io n  number En^CK (B .S.970)* I t  had been 

made by th e  a c id  open h e a r th  p rocess and v/as su p p lie d  by, a t  th a t  

tim e the  B .I.S .R .A . l a b o r a to r ie s .  I t s  com position i s  g iven  in  

Table 1 and fo r  t h i s  v/ork i s  d esig n a ted  s t e e l  A. M eta llo g rap h ic  

exam ination o f  the s t e e l  shov/ed only  tr a c e s  o f  a  p ro -e u te c to id  

c o n s ti tu e n t  b u t i t  d id  co n ta in  numerous n o n -m e ta llic  in c lu s io n s .  

Many v/ere o r ie n te d  in  th e  r o l l in g  d ire c t io n  and th e  m a jo rity  were 

id e n t i f i e d  a s  alum ina and manganese su lp h id e . Because o f  t h e i r  

known in flu en c e  on fa tig u e  behav iour, i t  was co n sid e red  th a t  both  

crack  i n i t i a t i o n  and p rop ag a tio n  could  be a t t r i b u t e d  to  them a s  

w ell a s  p e a r l i t e  morphology. Arrangements were th e re fo re  made 

fo r  a  s t e e l  o f  s im ila r  com position to  be made in  a  vacuum in d u c tio n  

m elting  fu rn ac e . Two s e p a ra te  c a s ts  o f  s t e e l  v/ere su b seq u en tly  

made u sing  the  m elting  f a c i l i t i e s  o f  th e  S h e f f ie ld  P o ly te c h n ic . 

These a re  desig n a ted  s t e e l s  B and C and th e i r  com position i s  g iven  

in  ta b le  1• Both shov/ed only  t r a c e s  o f  p ro -e u te c to id  cem en tite  

and the  in c lu s io n  co n ten t v/as extrem ely  low . The o r ie n ta t io n  o f 

in c lu s io n s  w ith  r o l l in g  d ire c t io n  was u t i l i z e d  in  th e  subsequent 

exam ination o f damage a re a s  in s o fa r  th a t  o r ie n ta t io n  o f  damage 

a re a s  v/as e a s i ly  id e n t i f ie d  v/ith re fe re n c e  to  r o l l e d  o u t in c lu s io n  

d i r e c t io n .



3 .2 .  PREPARATION OF MATERIAL

3 .2 .1 .  Specimen Design

The m a te r ia l  was shaped in to  two form s, namely r o l l e d  s t r i p  

13mms. wide and about 3mms. th ic k  and a lso  r o l l e d  b a r o f  l8mms. 

d iam eter. Each form was used fo r  a  supply o f  specim ens fo r  

fa tig u e  te s t in g  in  an Avery re v e rse d  p lane  bending machine and 

a  c lo sed  loop e le c tro h y d ra u lic  s e rv o -c o n tro lle d  m achine. To 

avo id  th e  p resence o f  la rg e  r e s id u a l  s t r e s s e s  in  th e  specimens 

p r io r  to  fa tig u e  t e s t in g ,  samples were machined and roughly  

p o lish e d  p r io r  to  h e a t tre a tm e n t.

F la t  specimens fo r  rev e rsed  p lane bending were machined to  

dim ensions shown in  f i g .  12A such th a t  a l l  r o l l e d  edges and de- 

c a rb u rise d  su rfa c e s  were removed. The round s e c tio n  specim ens 

fo r  p u sh -p u ll fa t ig u e  were machined to  dim ensions shown in  f i g .  

12B. The specimens were m echanically  p o lish e d  to  a  roughness 

o f 15yuun. For th e  round specim ens, only  th e  gauge le n g th  was 

p o lish e d  and t h i s  was done u sin g  a  M orrison m achine.

In  o rd e r to  p rev en t d e c a rb u r isa tio n  during  the  h e a t t r e a t 

ment, a l l  specimens were en cap su la ted  in  a  s i l i c a  tube c o n ta in in g  

a rgon . Each specimen was f i r s t  degreased and d r ie d  b e fo re  

in s e r t in g  in  th e  tu b e . One tube end was c lo sed  and th e  open 

end was f i t t e d  in to  a  vacuum l i n e .  The system in c lu d ed  a 

s p e c ia l  va lve  which was f i t t e d  to  an argon su p p ly . The tube  

v/as evacuated  and then  f i l l e d  v/ith a rg o n . T his p ro c e ss  o f  

evacu a tio n  and argon f i l l i n g  v/as re p e a te d  s e v e ra l  t im e s . A f te r  

f i n a l  evacu a tio n , argon was passed  in to  th e  tube to  a  p re s su re  

o f  l 80mms. o f  m ercury. The tube co n ta in in g  th e  specimen was 

se a le d  o f f  u sing  an pxy -acety len e  b u rn e r . I t  was c a lc u la te d
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th a t  a t  about 1300°K which was th e  maximum tem peratu re  reached  

during  h e a t tre a tm e n t, the  in te r n a l  p re ssu re  in  the  tube would 

be about 1 atm osphere. T his p rev en ted  tube ex p losion  during 

h e a tin g .

3 .2 .2 .  Heat Treatm ent

Heat trea tm en t cy c le s  were designed to  produce th re e  

d i f f e r e n t  s t r u c tu r e s ,  th ese  being  a coarse  p e a r l i t e ,  f in e  p e a r l i t e  

and a d is t r ib u t io n  o f  sp h e ro id ise d  ca rb id es  in  f e r r i t e .  Most 

o f  the  e a r ly  work was done u sin g  a coarse  p e a r l i t e  and here  the 

cycle  was designed to  g ive  a s t ru c tu re  th a t  v/as r e a d i ly  

re so lv a b le  u s in g  an o p t ic a l  m icroscope. For coarse  p e a r l i t e  

p ro d u c tio n , th e  en cap su la ted  specimens v/ere a u s te n i t iz e d  a t  

1100°C fo r  k hours to  homogenize the  a u s te n i te  fo llow ed by 

t r a n s f e r  to  and h o ld in g  in  a  m uffle  fu rnace a t  710°C fo r  20 hours 

and then  coo ling  in  a i r .  For the  th re e  s t e e l s  used  in  th e  

work, t h i s  cycle  produced a  coarse  la m e lla r  p e a r l i t e  having an 

average p e a r l i t e  c e l l  s iz e  o f 30yum (range 20 -  ^Ojumet r e s )  a s  

determ ined by l i n e a l  a n a ly s is .  The mean in te r la m e l la r  

spacing  v/as 3000 Angstrom u n i t s .

A f in e  p e a r l i t e  was produced by a s im ila r  a u s te n i t i z a t io n  

trea tm en t to  the  above b u t fo llow ed by a i r  c o o lin g . T h is  gave 

an average p e a r l i t e  c e l l  s iz e  o f 12yu»m (range 1 -  28yxm etres) 

and an in te r la m e l la r  spacing  o f  700 Angstrom u n i t s .  The 

sp h e ro id ised  carb id e  s t ru c tu re  was ach ieved  by h e a tin g  to  and 

ho ld ing  a t  670°C fo r  36 hours and then  coo ling  in  a i r .  I t  had

a mean fre e  f e r r i t e  pa th  o f  about 3000 Angstrom u n i t s .  The

sp h e ro id a l carb id e  s iz e  v/as in  th e  range o f  1 -  AyU-metres.
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3*2 .3« S urface  P re p a ra tio n

A fte r  h e a t tre a tm e n t and p r io r  to  fa t ig u e  t e s t i n g ,  the  

specimen su rfa c e s  were m echanically  p o lish e d  down to  

M echanical p o lish in g  was only  minimal s in ce  s u rfa c e s  had been 

p o lish e d  down to  15yW-m b e fo re  h e a t tre a tm e n t. They were then  

e le c tro -p o lis h e d  to  p rov ide  a  n o n -d is to r te d  su rfa c e  la y e r .

The e le c t r o ly te  con ta in ed  25 grams o f chromium t r io x id e ,  133 nils 

o f  g l a c i a l  a c e t ic  a c id  and 7 mis o f  d i s t i l l e d  w a te r . The 

a p p ara tu s  used i s  shown in  f i g .  13• A c y l in d r ic a l  cathode o f  

s t a in le s s  s t e e l  a llow ed  both  su rfa c e s  o f  th e  f l a t  specim ens to  

be p o lish e d  and a g la s s  s t i r r e r  was immersed in  th e  e l e c t r o l y t e .  

For c y l in d r ic a l  specim ens, an a d d i t io n a l  item  o f  equipment was 

u sed . Here the  specimen v/as ro ta te d  by f ix tu r e  in  a  chuck and 

d riv en  by a m otor.

The c o n d itio n s  fo r  su c c e ss fu l e le c tro p o l is h in g  v a r ie d  

s l ig h t ly  acco rd ing  to  the  type o f s t r u c tu r e .  In  g e n e ra l , w ith  

a  f ix e d  anode-cathode se p a ra tio n  o f  35mms, th e  .req u ired  

p o te n t ia l  drop betv/een anode and cathode fo r  s u c c e ss fu l p o l is h 

in g  was between 20 and 2k v o l t s  and the  c u rre n t d e n s ity  was
2

approxim ately  0.15  amps/cm •

E le c tro p o lish in g  was o f te n  used  fo r  fa t ig u e  damaged 

specimens in  o rd e r to  examine th e  e x te n t o f  damage w ith in  the  

specim en. Here i t  v/as n ecessa ry  to  remove known th ic k n e sse s  

from damaged s u r fa c e s . The c o n d itio n s  fo r  s a t i s f a c to r y  e le c t r o 

p o lish in g  were reproduced and th e  lo s s  in  w eight du ring  p o lis h in g  

a s p e c if ic  su rfa ce  a re a  was determ ined . Knov/ing th e  d e n s ity  o f  

s t e e l ,  the  v/eight lo s s  v/as converted  in to  volume and su b seq u en tly  

in to  th ic k n e ss  o f m etal removed. S urface  removal was c o n tro lle d
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by ad justm en t o f  p o lish in g  tim e . ^he c o n d itio n s  d esc rib ed  

above gave a removal r a te  o f  about 25jU.m/hour.

3*3* FATIGUE TESTING

Two types o f  fa tig u e  t e s t s  v/ere used in  th e  v/ork* I n i t i a l l y ,  

th e  m a te r ia l  a v a ila b le  v/as te s te d  in  a  re v e rse  p lane  bending 

machine u sin g  th e  specimens machined from th e  s t r i p  ( f ig .1 2 A ). 

L a te r  in  th e  work, m a te r ia l  v/as te s te d  in  u n ia x ia l  te n s io n -  

com pression u sin g  the  equipment d e sc rib ed  below . The specim ens 

fo r  t h i s  work were produced from round b a r ( f ig .1 2 B ) .

3*3«'l» Reverse Plane Bending Tests
Specimens were fa t ig u e  te s te d  in  an Avery re v e rse  p lan e  

bending m achine. Here th e  specimen v/as b o lte d  a t  one end to  a 

dynamometer and a t  the  o th e r  end to  a  bending arm which i s  

o p e ra ted  by a  m o to r-d riven  e c c e n tr ic  through a  connecting  ro d .

The bending arm o s c i l l a t e s  about an a x is  p a ss in g  th rough th e  

m id -po in t o f th e  specim en. The throw o f th e  e c c e n tr ic  v/as 

a d ju s te d  to  g ive th e  re q u ire d  bending moment v/hich i s  determ ined  

by th e  d e f le c t io n  o f  a  m easuring arm connected to  th e  dynamo

m ete r. Knowing the bending moment and specimen dim ensions, i t  

was p o s s ib le  to  determ ine th e  maximum th e o r e t ic a l  bending s t r e s s  

a t  th e  specimen s u r fa c e . I t  v/as however r e a l i s e d  th a t  th e  

method o f  c a lc u la t io n  i s  based  on th e  assum ption th a t  the  

o p e ra tiv e  s t r e s s e s  a re  o f  an e l a s t i c  n a tu re  whereas i n  f a c t  some 

o f  th e  s t r e s s e s  v / i l l  be p l a s t i c .  The method has been used  so 

th a t  specimens o f  d i f f e r e n t  th ic k n e ss  v a lu es  can i f  n ecessa ry  

be te s te d  a t  th e  same th e o r e t ic a l  bending s t r e s s .  To ach ieve  

t h i s ,  the  re q u ire d  bending moment v/as f i r s t  determ ined  u s in g  th e  

form ulae and th e  e c c e n tr ic  throw a d ju s te d  a c c o rd in g ly .
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A s e r ie s  o f  t e s t s  v/as a ls o  perform ed to  e v a lu a te  the

magnitude o f  s t r a in  a t  a  specimen su rface  corresponding  to  a

range o f  v a lu es  fo r  e c c e n tr ic  throw s e t t in g s .  A s t r a in  gauge

v/as f ix e d  to  the  su rfa c e  o f s e v e ra l specimens in  tu rn , each

having d i f f e r e n t  th ic k n e s s e s . A f te r  c a l ib r a t io n ,  th e  gauge

read in g s  v/ere used to  c a lc u la te  the  corresponding  su rfa c e  s t r a i n .

The number o f  specimens a v a ila b le  v/as such th a t  a f u l l

d e te rm in a tio n  o f  the  s t r e s s - l i f e  curves fo r  each o f  th e  th re e

s t ru c tu re s  v/as n o t p o s s ib le .  N ev erth e le ss , an e s tim a te  o f  th a t

3 6p o r tio n  o f  the curve between 10 and 10 cy c le s  v/as aimed fo r

from a few n o n -in te rru p te d  c y c lic  t e s t s  a t  v a rio u s  s tre s s

am p litu d es . The m a jo rity  o f  t e s t s  v/ere conducted a t  su rfa ce
5 6s t r e s s  am plitudes corresponding  to  f a i lu r e  a t  between 10 -  10

c y c le s  and in  th e se , specimens v/ere p e r io d ic a l ly  removed during  

the  t e s t  fo r  exam ination o f  damage. A ll t e s t s  v/ere c a r r ie d  ou t 

a t  a frequency o f  2*f HZ.

3-3*2 . U n iax ia l Tension-Com pression T es ts

These t e s t s  were c a r r ie d  o u t u s in g  a c lo sed -lo o p  se rv o - 

h y d ra u lic  m achine. Using t h i s  equipment e i th e r  th e  lo a d  o r  

deform ation could  be c o n tro l le d . Load v/as measured by a lo a d  

c e l l  in  s e r ie s  w ith  the  specimen and v/as a p p lie d  by a  h y d ra u lic  

ram. T his ram was energ ized  by a  h y d ra u lic  pump and c o n tro l le d  

by an e le c tro -h y d ra u lic  s e rv o -v a lv e . A c lip -o n  ex tensom eter 

was used to  measure specimen defo rm ation .

A ll the  t e s t s  v/ere c a r r ie d  ou t in  s t r a in  c o n t r o l .  V/ith 

a  pre-*determined s t r a in  am plitude s e t t in g ,  the  feedback s ig n a l  

from the  extensom eter v/as compared v/ith t h i s  command 

by the  s e r v o -c o n t ro l le r .  The d if fe re n c e  between th e  two
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s ig n a ls  was used to  d riv e  th e  ram by means o f  a  se rv o -v a lv e .

T his machine was used  to  perform  th re e  d i f f e r e n t  ty p es  o f t e s t s ,  

th e se  b e in g :-

a ) in c rem en ta l s te p  t e s t s

b) c o n sta n t am plitude s t r a in - c o n t r o l le d  t e s t s

c) monotonic te n s io n  t e s t s

Increm en ta l s te p  t e s t s  were used to  e s ta b l i s h  the  c y c lic  s t r e s s -  

s t r a in  curves fo r  each s t r u c tu r e .  Such curves were e a r l i e r  

desc rib ed  in  s e c tio n  2 .2 .1 .  One specimen only  was used to  

e s ta b l is h  the  curve fo r  each s t r u c tu r e .  In  th e  t e s t ,  a  s p e c i

men was su b jec te d  to  a programme o f  c o n tin u a lly  in c re a s in g  and 

then decreasin g  s t r a i n  am p litu d es . These ranged from a  s t r a in  

am plitude o f  approxim ately  0.0011 to  0.0168 in  15 equal s te p s .

An X-Y p l o t t e r  was used to  m onitor th e  lo ad  and s t r a i n  m easure

ments and the  r e s u l t s  from t h i s  p l o t t e r  were used  fo r  m easure

ment o f  th ese  v a lu e s . Continuous m onito ring  o f  s t r a in  and lo ad  

was p o ss ib le  from a h igh  speed s t r i p  c h a r t re c o rd e r  and an 

o s c il lo sc o p e .

Each specimen was su b jec te d  to  a  t o t a l  o f  about b lo c k s . 

The X-Y p l o t t e r  was used to  tra c e  o u t lo ad  and s t r a i n  v a lu e s  fo r  

a number o f  th ese  b locks and in  t h i s  way i t  was p o s s ib le  to  

reco rd  th e  changes in  lo ad  re q u ire d  to  m ain ta in  s p e c i f ic  l e v e l s  

o f  s t r a in  am p litu d e . A fte r  only  a  few b lo ck s , the  c y c lic  

behaviour a s  shown by lo ad  v a lu es  began to  s ta b i l iz e *  Once 

s t a b i l i t y  was ach ieved , the  c y c lic  s t r e s s - s t r a i n  curve was 

produced by jo in in g  up th e  t i p s  o f  the  loops on th e  t r a c e  from 

the  X-Y p l o t t e r ,  which showed lo ad  v a lu es  co rresponding  to  le v e l s  

o f  s t r a in  am p litu d e . The lo ad  v a lu es  were o f course  converted
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to  s t r e s s .  T his curve v;as used  to  determ ine v a lu es  fo r  th e
I

c y c lic  s t r a i n  harden ing  exponent n  and th e  c y c lic  s tre n g th
t

c o e f f ic ie n t  K , bo th  having been d esc rib ed  e a r l i e r  in  2 .2 .1 •  

Equation  1 was used to  determ ine th e  v a lu e s , t h i s  be ing :
tn

CTa = K'

where 0 a  i s  th e  s t r e s s  am plitude corresponding  to  a  p l a s t i c

s t r a in  am plitude o f  A in  a  c y c lic  s t r e s s - s t r a i n  cu rv e .
2

In  th e  co n sta n t am plitude s t r a in - c o n t r o l le d  t e s t s ,  specim ens
5

were te s te d  a t  s t r a in  am plitudes g iv in g  f a i l u r e  in  about 10 -
6 *5 610 cy c le s  o r  2 x 10 -  2 x 10 r e v e r s a ls .  Specimens were a lso

te s te d  under th ese  c o n d itio n s  and removed fo r  m e ta llo g rap h ic  

exam ination a t  th e  fo llow ing  s ta g e s  o f  l i f e :  25^» 50% and 73^*

The frequency o f c y c lin g  in  a l l  th e  t e s t s  was approx im ate ly  10 HZ« 

P r io r  to  th e  commencement o f  t h i s  work, th e  r e la t io n s h ip  between 

s t r a in  am plitude and l i f e  to  f a i lu r e  was p re d ic te d  fo r  each o f  

the  th re e  s t r u c tu r e s  u s in g  the  methods d esc rib ed  in  2 .2 .2 .

The in fo rm atio n  re q u ire d  fo r  p re d ic t io n  was
I

a) th e  c y c lic  s t r a in  harden ing  exponent O
i

b) the  fa tig u e  s tre n g th  c o e f f ic ie n t  Q ~?
/

c) th e  fa tig u e  d u c t i l i t y  c o e f f ic ie n t  £ p
l

The a p p ro p ria te  value o f  th e  exponent n was known from th e
« ^  '

in c rem en ta l s te p  t e s t .  V alues o f  th e  c o e f f ic ie n ts  O p and c .p
9 10 11were n o t known b u t p rev io u s  work ’ ’ had shown them to  be

approxim ately  equal to  th e  monotonic tru e  f r a c tu r e  s t r e n g th  and 

f r a c tu re  d u c t i l i t y  r e s p e c t iv e ly .  Monotonic te n s io n  t e s t s  were 

c a r r ie d  ou t under s t r a i n  c o n tro l in  th e  h y d ra u lic  machine and 

th e  s t r e s s - s t r a i n  curves were tra c e d  using  th e  X-Y p l o t t e r  fo r



each s t r u c tu r e .  From th ese  the  v a lu es  fo r  bo th  the  tru e

f r a c tu re  s tre n g th  and f r a c tu re  d u c t i l i t y  were determ ined and

hence com pleted the  in fo rm atio n  re q u ire d  fo r  p re d ic t io n .  The

number o f samples a v a ila b le  was sm all and hence i t  was n o t

p o ss ib le  to  check the  p re d ic te d  curve over a  wide range o f

s t r a in  am p litu d es . The only  checks made were a t  those  am plitudes
5

which had been p re d ic te d  a s  corresponding  to  l iv e s  o f  about 10 -
g

10 c y c le s . In  t h i s  way, any n ecessa ry  c o rre c t io n s  were 

p o s s ib le  b e fo re  conducting th e  t e s t s  in  which specimens were 

removed fo r  m e ta llo g rap h ic  exam ination .

In  th e  c y c lic  t e s t s  to  f a i l u r e ,  read in g s  o f  s t r a in  and lo ad  

on the  h igh  speed re c o rd e r  and t r a c e s  on th e  o s c il lo sc o p e  could  

be used a s  in d ic a to r s  o f the s tag e  o f  c ra ck in g . For example, 

when a crack  i n i t i a t e d ,  t h i s  m an ifested  i t s e l f  in  a  re d u c tio n  o f  

the  t e n s i le  lo ad  re q u ire d  to  m ain ta in  a g iven  s t r a i n  am p litu d e . 

However, th e  s iz e  o f  c rack  n ecessa ry  to  produce an e f f e c t  th a t  

could be p icked  up by the  equipment was such th a t ,  by th e  tim e 

the  lo ad  re d u c tio n  was observed, the  crack  would be w e ll in to  th e  

p rop ag a tio n  s ta g e .

METALLOGRAPHIC EXAMINATION

P re -p o lish e d  specimen su rfa c e s  were examined a f t e r  c y c lic  and 

monotonic te s t in g  in  o rd e r to  determ ine the  e x te n t and form o f  

damage. In  the  case o f  c y c lic  t e s t in g ,  specim ens were a ls o  

removed from the  machine a t  s p e c if ic  s ta g e s  o f  th e  l i f e  fo r  m e ta llo 

g raph ic  exam ination and re c y c le d . F u r th e r  e le c tro - p o l is h in g  o f  a 

damaged su rface  and the  removal o f known amounts was a ls o  c a r r ie d  

ou t in  o rd e r to  s tudy  the  e x te n t o f damage below th e  s u r fa c e .

In  alm ost a l l  cases , an exam ination o f  an u n te s te d  specimen was



conducted in  p a r a l l e l  fo r  comparison pu rp o ses. I t  a ls o  a s s i s te d  

in  i s o la t in g  those fe a tu re s  th a t  were n o t a t t r i b u t e d  to  e i th e r  

c y c lic  o r monotonic t e s t s .  F ra c tu re  su rfa ce s  o f  specimens cycled  

to  f a i lu r e  were examined m e ta llo g ra p h ic a lly . In  th e  re v e rse  p lane  

bend t e s t s ,  a  f r a c tu re  su rfa ce  was produced by s topp ing  th e  t e s t  a s  

n ear to  f in a l  f a i lu r e  a s  p o ss ib le  and b reak ing  th e  specimen in  a 

v ic e .  T his m inim ised any d e s tru c tio n  o f  su rfa ce  f e a tu re s  th a t  

was ex ten s iv e  i f  th e  specimen was allow ed to  p roceed  to  complete 

c y c lic  f a i l u r e .

A number o f  m e ta llo g rap h ic  exam ination tech n iq u es  were used  in  

the  work, a l l  based on e i th e r  o p t ic a l  o r  e le c tro n  m icroscopy.

3 .^ .1 .  O p tic a l Microscopy

B rig h t f i e ld  and a ls o  dark f i e l d  i l lu m in a tio n  were used in  

the  normal o p t ic a l  m icroscope tech n iq u es  fo r  d e te c tin g  e a r ly  

damage o f  su rfa ce s  o f specimens having coarse  p e a r l i t e  and 

sp h e ro id ise d  carb id e  s t r u c tu r e s .  For the  f in e  p e a r l i t e ,  th e  

re so lv in g  power o f the  m icroscope was . ' i n s u f f i c i e n t .

In  the  exam ination o f  su rface  topography o f  damaged a re a s ,  

specimens were f i r s t  f la s h  coated  w ith  copper and then  n ic k e l 

p la te d  so a s  to  p re se rv e  th e  su rfa ce  f e a tu r e s .  W ithout th e  

i n i t i a l  copper c o a tin g , th e  n ic k e l d e p o s it was n o t a d h e re n t. The

copper p la t in g  s o lu tio n  was made up to  co n ta in  th e  fo llow ing  

m a te r ia ls : -  23 gms o f  copper cyan ide, 35 gms o f  sodium cyanide 

and 15 gms o f sodium carb o n ate , a l l  in  1 l i t r e  o f  w a te r . The 

so lu tio n  was used a t  50°C in  a  fume cupboard w ith  a l l  th e  

necessa ry  s a f e ty  p re c a u tio n s . The anode-cathode p o te n t ia l  was 

2 v o l ts  and a copper anode was u sed . A fte r  w ashing, th e  copper 

p la te d  specimens were im m ediately p la te d  w ith  n ic k e l  u s in g  a
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s o lu tio n  co n ta in in g  2k0 gms o f  n ic k e l su lp h a te , gms o f  n ic k e l 

c h lo rid e  and 30 gms o f  b o ric  a c id , a l l  in  1 l i t r e  o f  w a te r .

A good ad h eren t d e p o s it was produced on p la t in g  a t  an anode 

cathode p o te n t ia l  o f  3 -  ^ v o l t s  and an anode o f annealed  n ic k e l .  

The s o lu tio n  tem peratu re  was 20°C. A fte r  about 2 hours p la t in g  

the  d e p o s it th ic k n e ss  was s u f f i c i e n t  to  w ith s tan d  th e  n ecessa ry  

sawing o f f  o f  s e c t io n s .  These specimen s e c tio n s  were mounted 

a t  a  ta p e r  ang le  o f  about 11-J° to  g ive  an ap p aren t su rfa ce  

m a g n ific a tio n  o f  x 3*

3 * ^ .2 . E le c tro n  Microscopy

For h igh  re s o lu t io n  m icroscopy, the  tra n sm iss io n  and ‘ 

scanning e le c tro n  m icroscopes v/ere u sed . Most o f  th e  work on 

th e  scanning e le c tro n  m icroscope was c a r r ie d  o u t u s in g  th e  

f a c i l i t i e s  o f  the  B r i t i s h  R a il T echn ica l C entre  a t  D erby.

The m a jo rity  o f  work was done u sin g  the  tra n sm iss io n  e le c tro n  

m icroscope and fo r  t h i s  two sep a ra te  p re p a ra tio n  te ch n iq u es  were 

in vo lved , th e se  b e in g :-

(a ) th e  p ro d u c tio n  o f r e p l ic a s

(b) the  p ro d u c tio n  o f  th in  f o i l s

Two methods were used fo r  r e p l ic a  p ro d u c tio n . F or su rfa c e  

damage exam ination where, i t  was n ecessa ry  to  p re se rv e  th e  s u rfa c e , 

a  tw o-stage  r e p l ic a  method was used* C e llu lo se  a c e ta te  sh e e t o f  

th ic k n e ss  0 . 03^ rams was f i r s t  w etted  w ith  ace tone  and a p p lie d  

to  the  specimen su rface*  A fte r  d ry in g , i t  was s t r ip p e d  o f f ,  

shadowed w ith  go ld -pa llad ium  fo r  im proving c o n tr a s t  and then  

coated  w ith  carbon . Break-up o f  th e  r e p l ic a  during  d is s o lu t io n  

o f  th e  a c e ta te  film  v/as m inim ised by f i r s t  co a tin g  the carbon 

w ith  a  low m elting  p o in t p a r a f f in  wax. T h is was done by c u t t in g
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th e  carbon coated  film  in to  s u i ta b le  s iz e d  p ie c e s  re q u ire d  fo r  

th e  microscope# Each p iece  was then  p laced  carbon face  down 

in to  th e  m olten wax and the  wax allow ed to  s o l i d i f y .  The 

a c e ta te  film  v/as d is so lv e d  in  acetone  and the  wax su bsequen tly  

d is so lv e d  in  petroleum  e th e r  so a s  to  leav e  th e  carbon r e p l i c a .

I n te r p r e ta t io n  o f  some f i e ld s  o b ta in ed  in  the  r e p l ic a s  was 

a t  f i r s t  d i f f i c u l t  s in ce  i t  v/as n o t known w hether c e r ta in  

f e a tu re s  were tru e  ones a t t r ib u te d  to  fa t ig u e  damage o r  v/hether 

they  were a r t e f a c t s  o f  r e p l ic a t io n .  S ince a  scanning  e le c tro n  

m icroscope was n o t r e a d i ly  a v a i la b le ,  i t  was decided  e a r ly  on in  

th e  work to  develop tech n iq u es  whereby such fe a tu re s  could  be 

p o s i t iv e ly  i d e n t i f i e d .  Comparison w ith  u n fa tig u e d  specim ens 

was used b u t n o t co n sid ered  to  be com pletely  s a t i s f a c to r y .  I t  

was however thought th a t  i f  a  fe a tu re  was seen re p e a te d ly  on 

s e v e ra l r e p l ic a s  o f  the  same a re a , i t  v/as u n lik e ly  to  be a  

r e p l ic a t io n  a r t e f a c t .

A method was th e re fo re  developed fo r  o b ta in in g  a  r e p l ic a  

from the  same a r e a .  T his c o n s is te d  o f  r e p l ic a t in g  in  a c e ta te  

sh ee t a s  be fo re  b u t then  c a r e fu l ly  mounting th e  d r ie d  p l a s t i c  

r e p l ic a  on a g la s s  s l id e  fo r  exam ination in  an o p t ic a l  m icroscope. 

I t  was p o ss ib le  to  id e n t i f y  a re a s  corresponding  to  p a r t i c u l a r  

fe a tu re s  o f  i n t e r e s t  during  o p t ic a l  m icroscope ex am ination .

The a re a  o f  i n t e r e s t  was then  marked fo r  subsequent re fe re n c e  

and the  p ro cess  re p e a te d  v/ith  a  second p l a s t i c  r e p l ic a  and th e  

same a re a  i d e n t i f i e d .  A f te r  shadov/ing v/ith go ld -p a llad iu m  and 

carbon, th e  a re a s  o f  i n t e r e s t  were cu t o u t and p ro cessed  a s  

above fo r  exam ination in  th e  e le c tro n  m icroscope. V/ith c a re , 

i t  v/as p o ss ib le  to  examine s e v e ra l r e p l ic a s  from about th e  same
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a re a  u sin g  t h i s  tw o-stage  method* I f  a  fe a tu re  v/as 

a t t r ib u ta b le  to  fa tig u e  damage i t  would show i t s e l f  in  each 

r e p l ic a  from th e  a re a  co n ta in in g  th a t  f e a tu r e .

S in g le  s tag e  r e p l ic a s  v/ere produced o f  f r a c tu re  su rfa c e s  

and those  damaged su rfa c e s  v/here p re s e rv a tio n  was n o t n e ce ssa ry . 

Here carbon v/as evaporated  onto th e  su rfa ce  and s t r ip p e d  o f f  by 

e tc h in g . T his method v/as m ainly used on th e  c y l in d r ic a l  

specimens v/hich had been cycled  in  u n ia x ia l  tension -com pression  

t e s t s .

Thin f o i l s  were p rep ared  o f  th e  c y l in d r ic a l  specim ens by 

c u tt in g  d is c s  p e rp e n d icu la r  to  th e  c y c lic  s t r e s s  a x i s .  These 

v/ere m echanically  p o lish e d  in  a  h o ld e r down to  a  th ic k n e ss  o f  

about I^OyUimetres. They v/ere e l e c t r o l y t i c a l l y  p o lish e d  a t  10°C 

u sin g  a s o lu tio n  o f  25$ p e rc h lo r ic  a c id  in  m ethanol. F in a l 

d ish in g  and p e r fo ra t io n  v/as c a r r ie d  ou t u s in g  th e  e l e c t r o - j e t  

techn ique  in  a s o lu tio n  o f  10% p e rc h lo r ic  a c id  in  m ethanol a t  

-10°C and a p o te n t ia l  o f  1*f-l6 v o l t s  depending on the  s t r u c tu r e .  

Two e le c tro n  m icroscopes v/ere used fo r  exam ination o f  th e  f o i l s .  

These w e re :-

(a )  an A .E .I . 1000 KV m icroscope

(b) a  JEM 100B m icroscope



*f. RESULTS

A ll th e  r e s u l t s  p re sen te d  a re  from t e s t s  on th e  th re e  s t e e l s  A,

B and C whose com position i s  shown in  ta b le  1 • As m entioned 

p re v io u s ly , th re e  se p a ra te  s t r u c tu r e s  were produced by h e a t tre a tm en t 

o f  each o f th e se  s t e e l s  and th e  s t r u c tu r a l  c h a r a c te r i s t i c s  a re  a s  

fo llo w s: -

a ) coarse  p e a r l i t e  having an average p e a r l i t e  c e l l  s iz e  o f  30/* m 

(range 20 -  50 yU-metres) and a  mean in te r la m e l la r  spac ing  o f  

3000 Angstrom u n i t s  (F ig .l^ a )

b) f in e  p e a r l i t e  v/ith an average p e a r l i t e  c e l l  s iz e  o f  12yx.m 

(range 1 - 2 8  yiyimetres) and a  mean in te r la m e l la r  spacing  o f  700 

Angstrom u n i t s  (Fig.1*fb)

c) sp h e ro id ise d  c a rb id es  in  f e r r i t e  having a ca rb id e  s iz e  range o f  

1 -  y ixm etres and a mean f re e  f e r r i t e  p a th  o f  3000 ,Angstrom 

u n i t s  (F ig .l^ c )

*f.1. CYCLIC AND MONOTONIC PROPERTIES

These p ro p e r t ie s  v/ere a sse ssed  m ainly from t e s t s  oh s t e e l  C. 

The monotonic te n s io n  s t r e s s - s t r a i n  curves a re  shown in  F ig . 15 and 

v a lu es  fo r  some o f  the  im p o rtan t p ro p e r t ie s  g iven  in  ta b le  2 .

V alues o f  th e  monotonic t ru e  f r a c tu re  s t r e s s  and s t r a i n  have a ls o  

been determ ined because each i s  u t i l i s e d  in  d e r iv in g  th e  t o t a l  

s t r a i n - l i f e  p lo ts  a s  d iscu ssed  in  2 . 2 *2 .  The f in e  p e a r l i t e  shows 

h ig h e r v a lu es  than  the  o th e r  s t r u c tu r e s  fo r  th o se  pa ram ete rs  v/hich 

d e fin e  monotonic s tren g th *  The sp h e ro id ise d  ca rb id e  h as a  much 

h ig h e r f r a c tu re  d u c t i l i t y  than  th e  o th e r  s t r u c tu r e s .

The r e s u l t s  o f  inc rem en ta l s te p  t e s t s  a re  shown in  two form s. 

F i r s t l y  th e  c y c lic  p ro p e r t ie s  a re  l i s t e d  in  ta b le  3* Secondly, 

th e  c y c lic  s t r e s s - s t r a i n  curves a re  produced fo r  com parison v/ith
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th e  monotonic s t r e s s - s t r a i n  curves in  f ig u re s  16 -  18.  The

v a lu es  in  ta b le  3 in d ic a te  th a t  bo th  th e  c y c lic  y ie ld  s t r e s s  and

s tre n g th  c o e f f ic ie n t  a re  h ig h e s t fo r  th e  f in e  p e a r l i t e  s tru c tu re * .,

I t s  c y c lic  s t r a in  harden ing  exponent i s  low er than  th a t  fo r  th e

o th e r  s tru c tu re s*  A ll  th re e  v a lu es  l i e  in  th e  narrow range

0.228 -  0 .2 4 8 . T yp ica l v a lu es  o f t h i s  exponent fo r  a  la rg e

number o f  d i f f e r e n t  m a te r ia ls  have been shown to  l i e  in  th e  range 

120 .10  -  0.23* High v a lu es  a re  a s s o c ia te d  w ith  those  s t r u c tu r e s

11which a llow  ex ten s iv e  c ro ss  s l i p  and d is lo c a tio n  m otion . A ll

th re e  s t r u c tu r e s  show h igh  v a lu es  fo r  the  c y c lic  s t r a i n  harden ing

exponent and th ese  a re  a t t r ib u te d  to  the  p resence  o f  f e r r i t e  a s

th e  dominant p h ase . C a lc u la tio n s  based on th e  iro n -c e m e n tite

eq u ilib riu m  diagram g ive  a  volume p ro p o rtio n  o f  B>% f o r  f e r r i t e  in

p e a r l i t e .  I t  i s  w e ll known th a t  the  s ta c k in g  f a u l t  energy fo r

t h i s  phase i s  h igh  and c r o s s - s l ip  i s  hence e asy .

The second phase i s  shown to  in flu en c e  th e  exponent va lue

s in ce  th a t  fo r  the  f in e  p e a r l i t e  i s  low er than  the  co arse  p e a r l i t e

and sp h e ro id ise d  carb id e  s t r u c tu r e s ,  the v a lu es  o f  the  l a t t e r  two

11being  very s im i la r .  From the  above o b se rv a tio n s , t h i s  would 

suggest th a t  c ro ss  s l i p  and d is lo c a tio n  m otion a re  l e s s  e x te n s iv e  

in  the  f in e  p e a r l i t e  than  the  o th e r  two s t r u c tu r e s .  I t  w i l l  be 

shown l a t e r  in  th e  m e ta llo g rap h ic  r e s u l t s  th a t  f in e  p e a r l i t e  shows 

th e  l e a s t  co n cen tra ted  s l i p  damage o f  the  th re e  s t r u c tu r e s .

A comparison o f  the  monotonic and c y c lic  s t r e s s - s t r a i n  cu rves 

C fig s . 16 -  18) shows th a t  th e  f in e  p e a r l i t e  behaves in  a  d i f f e r e n t  

manner to  th a t  o f  th e  coarse  p e a r l i t e  and sp h e ro id ise d  c a rb id e .

The monotonic i s  above the  c y c lic  s t r e s s - s t r a i n  curve fo r  f in e  

p e a r l i t e  over th e  range o f  s t r a in  v a lu es  used in  th e  t e s t s .  T h is
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in d ic a te s  c y c lic  s o f te n in g . Such behaviour has been observed  in  

7 68many s t e e l s .  * In  bo th  th e  coarse  p e a r l i t e  and sp h e ro id ise d  

carb id e  s t r u c tu r e s ,  c y c lic  so f te n in g  i s  observed fo r  th e  low er 

v a lu es  o f  s t r a in  b u t a  c ro ss-o v e r occurs where th e  c y c lic  curve i s  

above th e  monotonic cu rv e . T his in d ic a te s  c y c lic  h a rd en in g .

T his t r a n s i t io n  from so fte n in g  to  hardening  occu rs  a t  a  s t r a i n  

value o f  0 .003 fo r  th e  coarse  p e a r l i t e  and O.OO f̂ fo r  th e  sp h er

o id is e d  carb id e  s t r u c tu r e .  . I t  means th a t  oh c y c lic  t e s t in g  a t  a 

s t r a in  am plitude below th e  c ro ss -o v e r va lue  fo r  th e  r e s p e c tiv e  

s t r u c tu r e ,  the  s t r e s s  re q u ire d  to  m ain ta in  th e  am plitude  w i l l  

i n i t i a l l y  d e c rea se . At am plitudes above the  v a lu e , th e  s t r e s s  

re q u ire d  w i l l  i n i t i a l l y  in c re a s e .  T h is behav iour i s  observed  

in  s e v e ra l s t e e l s .  For example, the  s t e e l  re p re se n te d  by F ig .3  

shows s im ila r  c h a r a c te r i s t i c s .  The reaso n s fo r  t h i s  c ro s s -o v e r  

a re  d iscu ssed  l a t e r .

The p re d ic te d  s t r a i n - l i f e  curves fo r  the  th re e  s t r u c tu r e s  

a re  shown in  F ig s . 1 9 - 21 . As m entioned e a r l i e r ,  th e se  have been 

produced from r e s u l t s  o f  the  monotonic and in c rem en ta l s te p  t e s t s  

u s in g  th e  methods d esc rib ed  in  2 . 2 . 2 .  The m ajor reason  fo r  t h e i r

p ro d u c tio n  was to  p re d ic t  th e  s t r a i n  am plitude co rrespond ing  to

5 6f a i lu r e  a t  between 10 and 10 r e v e r s a l s .  The m a jo r ity  o f  t e s t s

fo r  subsequent m e ta llo g rap h ic  exam ination have been conducted a t

such s t r a in  am p litu d es . The number o f  specimens a v a i la b le  was

lim ite d  and checking o f  th e  p re d ic te d  curves was no t p o s s ib le  over

th e  range o f  s t r a in  v a lu e s . Checks were r e s t r i c t e d  to  th a t

p o r tio n  o f  th e  curve fo r  each s t ru c tu re  corresponding  to  f a i l u r e  
c

a t  around 10 r e v e r s a ls .  Such checks shov/ed very  good agrem ent 

w ith  v a lu es  on th e  p re d ic t io n  cu rv e .

77



In  th e  h igh  cycle  reg io n  o f  th e  p re d ic t io n  curve

5 6corresponding  to  f a i lu r e  a t  around 10 -  10 r e v e r s a ls ,  th e  f in e

p e a r l i t e  has a g re a te r  fa tig u e  r e s is ta n c e  than th e  o th e r  tv/o 

s t r u c tu r e s .  T h is i s  shown by th e  f a c t  th a t  fo r  a  g iven  l i f e  o f 

say 3 x 10 r e v e r s a ls ,  a  s t r a in  am plitude o f 0,0026 can be 

to le r a te d  by th e  f in e  p e a r l i t e  whereas bo th  th e  co arse  p e a r l i t e  

and sp h e ro id ise d  carb id e  s t r u c tu r e s  can to le r a te  an am plitude o f  

0.002*f. At a  s t r a in  am plitude o f  0 .002^, th e  l i f e  f o r  th e  f in e  

p e a r l i t e  i s  approx im ately  double th a t  fo r  each o f  th e  o th e r  

s t r u c tu r e s .

In  th e  low cycle  reg io n  o f  th e  p re d ic t io n  curves correspond ing  

to  s t r a in  am plitudes o f  above 0 . 01, th e  sp h e ro id ise d  carb id e  

s t ru c tu re  p o sse sse s  th e  g r e a te s t  fa tig u e  r e s i s ta n c e .  At a  s t r a in  

am plitude o f  0 . 1 , the  curves show th a t  the  l i f e  fo r  t h i s  s t r u c tu r e  

i s  up to  te n  tim es th a t  o f  e i th e r  th e  coarse  o r  f in e  p e a r l i t e .

In  th i s  re g io n , th e  f in e  p e a r l i t e  has th e  low est fa t ig u e  r e s i s ta n c e .  

In  th e  h igh  cycle  re g io n , the  p o s i t io n  i s  e x a c tly  re v e rse d  and th e  

re a so n s fo r  t h i s  p re d ic te d  behaviour a re  d iscu ssed  l a t e r .

In  o rd e r to  produce fa tig u e d  specimens o f  s t e e l s  B and C f o r  

m e ta llo g rap h ic  exam ination , a  s e r ie s  o f t e s t s  were perform ed 

u s in g  the  c lo sed  loop se rv o -h y d ra u lic  te s t in g  system . Specimens 

were removed fo r  exam ination a t  v a r io u s  s ta g e s  o f  th e  l i f e .  In  

th e  main, th e  s t r a in  am plitudes s e le c te d  v/ere th o se  which gave

5 6 rtf a i lu r e  between 10 -  10 r e v e r s a ls .  For s t e e l  0 , th e  v a lu e s  used

a re  shown in  F ig s . 19 -  21 . For s t e e l  B a  range o f  s t r a in  am pli

tu d es  were used to  cover the  low cycle  and h igh  cy c le  r e g io n s .

During th e se  t e s t s ,  s t r a i n  and lo a d  were co n tin u o u sly  re c o rd ed .

In  such t e s t s  on s t e e l  C, so fte n in g  i n i t i a l l y  o ccu rs  a s
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p re d ic te d  from th e  comparison o f monotonic and c y c lic  s t r e s s  

s t r a in  c u rv es . S o ften in g  i s  completed w ith in  th e  f i r s t  100 

r e v e r s a ls  and the  lo ad  re q u ire d  to  m ain ta in  the  p re s e t  am plitude 

s t a b i l i z e s .  This s t a b i l i t y  corresponds to  th e  s a tu r a t io n  

reg io n  shown in  F ig .8 . In  t e s t s  on s t e e l  B, a s im ila r  so f te n in g  

e f f e c t  i s  observed on i n i t i a l  t e s t in g  a t  e i th e r  h igh  o r low s t r a i n  

am p litu d es .

In  th e  few t e s t s  conducted on s t e e l  B, a  behav iour p a t te rn

was observed th a t  invo lved  a change in  lo ad  re q u ire d  to  m a in ta in  a

p r e - s e t  s t r a in  am p litu d e . In  some o f the t e s t s  on t h i s  s t e e l ,  

samples were removed from the  machine fo r  o b se rv a tio n  a t  say 10 ,

20 o r 30% o f the l i f e  and then  re p la ce d  fo r  subsequent t e s t in g  a t  

the  same am p litu d es . The de lay  between removal and rep lacem ent

fo r  t e s t in g  ranged from 30 m inutes to  2b h o u rs . I t  v/as found

th a t  v /h ils t so fte n in g  occu rred  on te s t in g  o f  v irg in  specim ens a s  

p rev io u s ly  m entioned, a  fu r th e r  so fte n in g  e f f e c t  fo llow ed by 

s t a b i l i t y  was observed each time th e  specimens v/ere re c y c le d . 

F u rth e r in v e s t ig a t io n  o f  t h i s  behaviour p a t te rn  i s  n e c e ssa ry .

In  the  continuous measurement o f  lo ad  and s t r a i n  i t  v/as 

p o ss ib le  to  examine the  e f f e c t s  o f crack  grow th, in  th e  f in a l  

s tag e s  o f  t e s t s  to  f a i lu r e ,  on the  lo ad  re q u ire d  to  m a in ta in  a  

g iven  s t r a in  am p litu d e . S ince the  cy c lin g  frequency v/as c o n s ta n t 

in  a l l  t e s t s ,  an in c re a se  in  the  r a te  a t  v/hich th e  lo a d  am plitude 

decreased  fo r  a  given s t r a in  am plitude in d ic a te d  an a c c e le r a t io n  

o f crack  growth r a t e .  These o b se rv a tio n s  p re d ic te d  th a t  in  the  

sp h e ro id ised  carb id e  s t r u c tu r e ,  the  crack  growth p e rio d  extended 

over a  la rg e  number o f  s t r e s s  r e v e r s a ls  than both  th e  coarse  and 

f in e  p e a r l i t e .
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4 .2 .  METALLOGRAPHY

A la rg e  p ro p o r tio n  o f  th e  m e ta llo g rap h ic  v/ork in v o lv ed  th e

o b se rv a tio n  o f  su rfa ce  damage throughout the com plete t e s t  to

f a i l u r e .  These t e s t s  v/ere conducted using  e i th e r  a  re v e rse  p lane

bending machine o r  th e  c lo sed -lo o p  se rv o -h y d ra u lic  m achine. The

t e s t s  in c lu d ed  n o t only  th e  p e rio d  le ad in g  up to  c rack  i n i t i a t i o n

b u t a lso  th a t  in v o lv in g  crack  p ro p ag a tio n . The r e s u l t s  o f  t h i s

v/ork a re  p re sen te d  in  th re e  s e c tio n s  covering  i n i t i a t i o n  s i t e s ,

c rack  growth and g en e ra l su rfa ce  damage o b se rv a tio n s . A fo u r th

s e c tio n  covers r e s u l t s  o f  the  tran sm iss io n  e le c tro n  m icroscopy ;

where th e  a s s o c ia te d  d is lo c a tio n  s t r u c tu r e s  were examined.

U nless o therv /ise  s ta te d ,  a l l  th e  r e s u l t s  r e f e r  to  f a t ig u e  t e s t s

5 6conducted under co n d itio n s  g iv in g  f a i lu r e  a t  around 10 -  10

r e v e r s a ls o f  s t r e s s .

4 .2 .1 .  O bservation  o f  su rfa ce  damage

a .  Form o f  damage

A comparison o f  damage in  the  th re e  s t r u c tu r e s  a t  25 

and 75P£ o f  t h e i r  l i f e  i s  shown in  the  e le c tro n  m icrographs 

o f  F ig s . 22 -  27• In  a l l  s t r u c tu r e s ,  damage ap p ears  a s  

wavy s l i p  bands and con tinued  cy c lin g  in c re a s e s  th e  number 

o f  s lip p e d  a re a s  and i n t e n s i f i e s  some o f  th e  e x is t in g  

s l ip p e d fa r e a s .  T h is i s  shown c le a r ly  in  th e  o p t ic a l  m icro

g raphs F ig s . 28 -  50 v/hich r e l a t e  to  a  co arse  p e a r l i t e  and 

show b u ild -u p  o f  damage in  one a re a  a t  2$o and 3$ o f  th e  l i f e .  

In  both  coarse  p e a r l i t e  and sp h e ro id ise d  ca rb id e  s t r u c tu r e s  

su rfa ce  damage can be observed a t  1 °/o o f  th e  l i f e .  A ll  th e  

e a r ly  damage observed appears in  the  f e r r i t e  m a trix  and 

fu r th e r  examples a re  shown in  F ig s . 31 and 32* The damage
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a s  viewed in  o p t ic a l  m icrographs i s  s im ila r  in  appearance

75to  th a t  found in  p rev io u s  work ’ on fa tig u e d  specim ens 

o f  f e r r i t e - p e a r l i t e  s tru c tu re s*  In  t h i s  p rev io u s  work 

however, th e  damage appeared in  the  f r e e  f e r r i t e  g ra in s  and 

r a r e ly  in  th e  f e r r i t e  w ith in  p e a r l i te *

In  th e  la m e lla r  s t r u c tu r e s ,  s l i p  damage ap pears  a t  

p e a r l i t e  c e l l  boundaries (F ig .2 3 a) and w ith in  th e  p e a r l i t e  

(F igs* 22a and b ) .  The o r ie n ta t io n  o f  th e  s l i p  bands n e a r ly  

alw ays fo llow s th a t  o f  the  cem entite  la m e llae  (F ig s . 22-25*33) 

b u t th e re  a re  ex cep tio n s  to  t h i s  a s  shown in  F ig s .  31 and 32* 

Many o f  th e  s l i p  bands show r ip p le s  along  t h e i r  le n g th  a s  

in d ic a te d  by th e  arrow s in  F ig s .  23 and 2 ^ . S im ila r  e f f e c t s

have been observed by o th e r  workers and in te r p r e te d  a s  s l i p

1*f2 (band e x tru s io n s . W hilst some a re a s  may show heavy \
\

damage (F ig s . 22a  and b) o th e r  a re a s  im m ediately a d ja c e n t 

show no ap p aren t damage and t h i s  can e x i s t  r i g h t  up to  th e  

f i n a l  s ta g e s  o f  f a i l u r e .  T his c o n ce n tra tio n  o f  damage i s  

found in  th e  co arse  p e a r l i t e  whereas in  th e  f in e  p e a r l i t e ,  

damage i s  l e s s  severe  a t  an e q u iv a len t s tag e  o f  th e  l i f e  and 

i s  more w idely d isp e rse d  th roughout the  s t r u c tu r e .  A com

p a riso n  o f  th e  two s t r u c tu r e s  i s  o b ta in ed  from F ig s .  23b and 

25a which re p re se n t ty p ic a l  a re a s  a f t e r  c y c lin g  to  7%  o f  

th e  fa tig u e  l i f e .

In  th e  sp h e ro id ise d  carb id e  s t r u c tu r e ,  s l i p  band.% 

damage appears  in  th e  f e r r i t e  g ra in s  and a t  t h e i r  b o u n d a rie s . 

F ig . 2? shows a co n ce n tra tio n  o f  damage w ith in  th e  g ra in s  o f  

f e r r i t e  which ap p ears  i s o la te d  from th e  b o u n d a rie s . A f te r  

cy c lin g  to  75^ o f the  fa tig u e  l i f e ,  su rfa ce  damage i s  more
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uniform ly  d is t r ib u te d  around g ra in  boundaries  and w ith in  

th e  g ra in s  (F igs* 26a  and b)*

In  bo th  p e a r l i t e  s t r u c tu r e s ,  s l i p  band damage appears  

f i r s t  in  those  p e a r l i t e  c e l l s  where the  cem en tite  lam e llae  

a re  o r ie n te d  between 30 and 9P° to  th e  p r in c ip a l  s t r e s s  

a x i s .  T h is i s  shown in  Figs* 28 -  30 and 33* Here th e  

in c lu s io n s  a re  e lo n g a ted  in  th e  specimen le n g th  d i r e c t io n  and 

hence d e fin e  th e  p r in c ip a l  s t r e s s  a x i s .  C e lls  having  

lam e llae  o f  o r ie n ta t io n  o u ts id e  the  above s ta t e d  range show 

l i t t l e  su rfa ce  damage th roughout th e  whole l i f e .  The e f f e c t  

o f  o r ie n ta t io n  on s i t e s  o f  damage has been dem onstrated  in  

s e v e ra l experim ents and F ig s . 3^ and 33 show th e  r e s u l t s  o f  

one conducted on a  coarse  p e a r l i t e .  Here th e  su rfa c e  

damage a f t e r  fa tig u in g  to  o f  ^He l i f e  i s  shown in  F ig .3^ . 

A fte r  e le c tro p o l is h in g  to  remove 2yU.metres, th e  su rfa c e  was 

c le a re d  o f  v i s ib le  damage (F ig .35a) and ag a in  fa tig u e d  fo r  

th e  same number o f  cy c le s  a s  b e fo re . F ig . 35b shows 

s im ila r  damage s i t e s  and t h i s  i s  a t t r ib u te d  to  th e  in f lu e n c e  

o f cem entite  lam e llae  o r ie n ta t io n  on lo c a t io n  o f  damage.

S ince th e  p e a r l i t e  c e l l  s iz e  in  t h i s  s t r u c tu r e  l i e s  in  th e  

range 20 -  50yM.mstres, th e  removal o f  2yu.metres has l i t t l e  

e f f e c t  on th e  e x is t in g  p e a r l i t e  c e l l s  p r io r  to  p o l is h in g .

The cem en tite  lam e llae  o r ie n ta t io n  a t  a  p a r t i c u la r  s i t e  w i l l  

n o t th e re fo re  be g re a t ly  a l t e r e d .  On rem oval o f  about 

23yW.metres by p o lis h in g , a  la rg e  p ro p o rtio n  o f  th e  e x is t in g  

c e l l s  a re  removed and th e  new su rfa ce  shows many new c e l l s .

At a g iven  s i t e ,  th e  lam e llae  o r ie n ta t io n  may n o t be th e  same 

a s  th a t  which e x is te d  b e fo re . A fte r  such removal and sub -
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sequen t fa tig u in g  fo r  th e  same number o f  c y c le s  a s  b e fo re , 

th e re  i s  a  change in  th e  s i t e s  o f  s l i p  damage.

b . In f lu en c e  o f  n o n -m e ta llic  in c lu s io n s  on damage

The a re a s  o f  damage shown in  F ig s . 28 -  30 and 33 show

an ex ten s iv e  number o f in c lu s io n s .  Ih ese  r e f e r  to  the

f i r s t  s t e e l  used  in  the  work ( s t e e l  A ). Subsequent s t e e l s

B and C were p ro cessed  so a s  to  be low in  in c lu s io n s .  In

s p i te  o f  i t s  h igh  in c lu s io n  c o n ten t, s t e e l  A has been used

fo r  much o f  th e  e a r l i e r  work. The in c lu s io n s  a re  m ainly
1^3alum ina and manganese su lp h id e . P rev io u s  work h as  shov/n 

th a t  alum ina in c lu s io n s  a re  d e tr im e n ta l to  th e  fa t ig u e  

c h a r a c te r i s t i c s  o f  h igh  s tre n g th  s t e e l .  In  t h i s  'in v e s t ig a 

t io n  the  in c lu s io n s  have l i t t l e  d e tr im e n ta l e f f e c t  on the  

f a tig u e  beh av io u r. S lip  damage appears  w ith in  th e  f e r r i t e  

and th e re  a re  only  a  few a re a s  where damage c o n c e n tra te s  

around in c lu s io n s .  In  th e  s ta g e s  o f  c rack  grow th, in c lu s io n s  

appear to  have no m ajor in f lu e n c e .

c .  Taper S ec tio n s

A comparison o f  specimens in  the  fa tig u e d  and u n fa tig u e d  

co n d itio n  u sin g  ta p e r  s e c tio n s  shows su rfa ce  d is tu rb a n ce  

a f t e r  cy c lin g  and t h i s  can be d e tec te d  e a r ly  in  th e  f a t ig u e  

l i f e .  T yp ica l s e c tio n s  a re  shown fo r  the  th re e  s t r u c tu r e s  

in  F ig s .  38 -  39• In  g e n e ra l, th e  su rfa ce  damage i s  

a s s o c ia te d  v/ith a  very  shallow  notch  peak topography .

Where fe a tu re s  a re  observed they  e x i s t  m ainly a s  e x tru s io n s , 

and c re v ic e s .  The maximum h e ig h t o f  e x tru s io n s  observed  i s  

approxim ately  0.5yU,metres.

The f in e  p e a r l i t e  shows the  l e a s t  su rfa c e  d is tu rb a n c e
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o f th e  th re e  s t r u c tu r e s .  A t m a g n ific a tio n s  o f  1000 th e re  

i s  no ap p aren t d is tu rb an ce  from th e  u n fa tig u e d  c o n d itio n .

The coarse  p e a r l i t e  and sp h e ro id ised  ca rb id e  s t r u c tu r e s  show 

changes and examples o f  fe a tu re s  in  th e  co arse  p e a r l i t e  a re  

shov/n in  F ig s .  36 and 37* Two fe a tu re s  o f i n t e r e s t  a re  th e  

e x tru s io n s  and c re v ic e s . E x tru sio n s  appear in  favourab ly  

o r ie n te d  p e a r l i t e  c e l l s  (F ig . 36a and 37a) and emerge from 

th e  f e r r i t e .  The ro o t o f  the  no tches formed between ex

tru s io n s  co in c id es  w ith  the  emergence o f  cem en tite  lam e llae  

a t  th e  s u r fa c e . The average h e ig h t o f  e x tru s io n s  measured 

over a  number o f  s e c tio n s  i s  0.2yU.metres. C rev ices appear 

in  th e  s t r u c tu r e s  shown in  F ig s . 36 and 37• In  F ig . 37b

one c re v ice  i s  a s s o c ia te d  w ith  an in c lu s io n  s t r in g e r  and i t s  

depth i s  approx im ately  2yU.metres. There i s  some s l i p  

damage around i t s  r o o t .  A djacent to  t h i s  a re  o th e r  sm a lle r  

c re v ic e s  b u t n o t a s s o c ia te d  w ith  in c lu s io n s .  These two 

show damage a t  t h e i r  r o o ts .  Examples o f  o th e r  c re v ic e s  a re  

shown in  F ig . 36 .

The sp h e ro id ise d  carb id e  shows d is tu rb a n ce  over th e  

whole su rface  in  th e  s e c t io n .  The form o f  d is tu rb a n ce  

d i f f e r s  from th a t  in  th e  co arse  p e a r l i t e  in  two ways.

F i r s t l y  th e  e x tru s io n s  a re  b road  and rounded (F ig . 38b) a s  

opposed to  th e  sharp  peaks in  th e  coarse  p e a r l i t e .  Secondly 

they  a re  d is t r ib u te d  over th e  su rfa ce  wherea s  th o se  in  th e  

coarse  p e a r l i t e  appear only  from favourab ly  o r ie n te d  c e l l s .

The e f f e c t  o f  h igh  s t r a i n  am plitude te s t in g  on su rfa c e  

d is tu rb an ce  in  a  coarse  p e a r l i t e  i s  shown in  F ig .39 .  There 

a re  more severe  e x tru s io n s  produced than  in  th e  low er s t r a i n



am p litu d e  t e s t s .  F u r th e r  more c ra c k s  ap p e a r a t  th e  

p e a r l i t e  c e l l  b o u n d a r ie s .  These l a t t e r  r e s u l t s  a r e  n o t 

u n ex p ec ted  s in c e  c rac k  i n i t i a t i o n  a t  g r a in  b o u n d a rie s  

h as  been o b se rv ed  in  many m e ta l l i c  m a te r ia ls  u n d er 

c o n d it io n s  o f  h ig h  c y c l ic  s t r a i n . ^

4 .2 .2 .  D is lo c a t io n  S t r u c tu r e s  in  F a tig u e d  Specim ens

T ran sm issio n  e le c t r o n  m icroscopy h as  been  u sed  f o r  exam ina

t i o n  o f  i n t e r i o r  s t r u c t u r e s  o f  specim ens a t  v a r io u s  s ta g e s  

th ro u g h o u t th e  f a t ig u e  l i f e  in  o rd e r  to  su p p o rt th e  o b s e rv a tio n s  

o f  s u r fa c e  damage. The v/ork h a s  been co n fin e d  to  specim ens 

o f  s t e e l  C which v/ere fa t ig u e d  in  th e  c lo se d - lo o p  s e rv o -  

h y d ra u lic  t e s t i n g  system  u s in g  u n ia x ia l  c y c l in g .  F or 

com parison p u rp o ses , th e  ex am in atio n  v/as ex ten d ed  to  in c lu d e  

s t r u c t u r e s  in  th e  a s - r e c e iv e d  c o n d itio n  and a f t e r  t e n s i l e  

f r a c t u r e .  T y p ic a l s t r u c t u r e s  a re  shown in  F ig s .  4 - 0 - 4 6 .

The s t r u c tu r e  co rresp o n d in g  to  t e n s i l e  f r a c t u r e  shows 

c o n s id e ra b le  d i f f e r e n c e s  from t h a t  fo r  c y c l ic  t e s t i n g .  F ig .

40 shows a  c o a rse  p e a r l i t e  a f t e r  t e n s i l e  f r a c t u r e .  T here 

a re  numerous s i t e s  o f  sh e a r  f r a c tu r e  in  th e  c e m e n tite  la m e lla e  

and th e se  c lo s e ly  co rresp o n d  v /ith  c ra c k s  in  th e  f e r r i t e .  The 

a r e a s  o f  h ig h  d is lo c a t io n  d e n s ity  which a re  a p p a re n t a f t e r  

c y c l ic  t e s t i n g  a re  e i t h e r  d i f f i c u l t  to  r e s o lv e  o r  n o t a p p a re n t .

The f e a tu r e s  o b serv ed  in  f o i l s  o f  specim en’ s  a f t e r  

c y c l ic  t e s t i n g  have been c lo s e ly  exam ined to  d i s t i n g u is h  

th o se  t h a t  a r e  a t t r i b u t e d  to  t r u e  s t r u c t u r a l  e f f e c t s  and 

th o se  w hich a re  n o t ( e .g .  bend c o n to u rs ) .  A l l  s t r u c t u r e s  

show a  b u ild -u p  o f  d is lo c a t io n s  in  th e  f e r r i t e .  A f te r
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2J/o o f  th e  l i f e ,  sam ples show s e v e ra l  a r e a s  o f  h ig h  

d i s lo c a t io n  d e n s ity  in  th e  f e r r i t e  and a f t e r  t e s t i n g  to  

75^  o f  th e  l i f e ,  such a r e a s  a p p ea r more in te n s e  and 

ex ten d  ov er l a r g e r  a r e a s .  The f e r r i t e - c e m e n t i t e  i n t e r f a c e  

i s  an im p o rta n t so u rce  o f  d i s lo c a t io n s  which move in to  

th e  f e r r i t e .  F ig s .  k*\ and k2  show t h i s  e f f e c t  c l e a r ly  

by com parison o f  ty p i c a l  a r e a s  in  th e  u n fa tig u e d  and 

f a t ig u e d  c o n d itio n  fo r  a  c o a rse  p e a r l i t e .  A f in e  p e a r l i t e  

shows a  s im i la r  e f f e c t .

I n  th e  s p h e ro id a l  s t r u c t u r e ,  d i s lo c a t io n  b u ild -u p  

in  f e r r i t e  a p p e a rs  to  em anate from a lm o st a l l  c a rb id e  

s p h e ro id s .  T h is  d i f f e r s  from th e  la m e l la r  p e a r l i t e  where 

d i s lo c a t io n  a c t i v i t y  a p p e a rs  to  c o n c e n tra te  in  sm a ll a r e a s  

on th e  la m e lla e  i n t e r f a c e .  T r a i l s  o f  d i s lo c a t io n s  a re  

r e a d i ly  a p p a re n t in  th e  f e r r i t e  (F ig .  A6a) and a  d i s lo c a t io n  

c e l l  s t r u c t u r e  form s (F ig .  A 6b).

F ig s .  Via and  kba. show f e a tu r e s  t h a t  e x i s t  th ro u g h o u t 

whole c e l l s  o f  p e a r l i t e  and co n tin u e  th ro u g h  c e m e n tite  

la m e lla e  w ith o u t any a p p a re n t e f f e c t .  Such f e a tu r e s  move 

a c ro s s  th e  image when th e  f o i l  i s  t i l t e d  and  a r e  a t t r i b u t e d  

to  bends in  th e  f o i l .  However, s im i la r  f e a tu r e s  a r e  o b se rv ed  

in  F ig s .  V5a, bbTa and A^a. These do n o t move on t i l t i n g  

th e  f o i l  and a r e  t r u e  s t r u c t u r a l  f e a tu r e s  a s s o c ia te d  v /ith  

a r e a s  o f  h ig h  d is lo c a t io n  d e n s i ty .

F ig s .  bZa and A^b show dark  f e a tu r e s  em anating from 

c e m e n tite  la m e lla e  in to  f e r r i t e .  A t f i r s t  s ig h t  th e y  

ap p ea r c rack  l i k e  b u t th e re  a re  110 i n d ic a t io n s  o f  p e r f o r a t io n

8 6



in  th e s e  a r e a s  a t  ve ry  h ig h  m a g n if ic a t io n .  I n s te a d  

th e y  a re  d is lo c a t io n  c o n c e n tra t io n  a r e a s .  F ig .  Vfb 

shows f e a tu r e s  re sem b lin g  arrow  shaped m arkings a c ro s s  

ce m en tite  la m e lla e .  There i s  no d isp lacem en t o f  th e  

la m e lla e  and  f u r th e r  in v e s t ig a t io n  i s  r e q u ir e d  to  e x p la in  

th e se  f e a t u r e s .

^ .2 .3 -  S tu d ie s  o f  C rack I n i t i a t i o n  S i t e s

The o b je c t iv e s  o f  t h i s  a s p e c t  o f  the  work have been 

to  d e te c t  how soon c ra c k s  i n i t i a t e  a t  th e  s u r fa c e  d u rin g  

f a t ig u e  and lo c a te  th e  s i t e s  o f  such c ra c k s .  The v/ork 

h as  in v o lv ed  th e  u se  o f  th e  o p t i c a l  and e le c t r o n  m icroscopy  

te c h n iq u e s  d e s c r ib e d  e a r l i e r  in  th e  e x p e rim e n ta l p ro c e d u re . 

The d e te c t io n  o f  c rac k  s i t e s  by o p t i c a l  m icroscopy  i s  

l im i t e d  by th e  low r e s o lu t io n .  T h is  h a s  been overcome 

by e le c t r o n  m icroscopy te c h n iq u e s  u s in g  s e le c te d  a re a  

r e p l i c a t i o n  m ethods so a s  to  i s o l a t e  a r t e f a c t s  o f  

r e p l i c a t i o n .  The scan n in g  e le c t r o n  m icroscope h a s  been 

used  to  confirm  some o f  th e  ev idence  o b ta in e d .

In  bo th  th e  c o a rse  p e a r l i t e  and  s p h e ro id is e d  c a rb id e  

s t r u c t u r e s  c ra c k s  a re  o g served  in  specim ens f a t ig u e d  to  

ab o u t 2 %  o f  th e  l i f e .  These can be c l e a r ly  d is t in g u is h e d  

by o p t i c a l  and e le c t r o n  m icroscope ex am in a tio n  te c h n iq u e .  

T h e ir  p re sen ce  i s  confirm ed  by l im i te d  use  o f  th e  scan n in g  . 

e l e c t r o n  m icro sco p e . Examples f o r  b o th  la m e l la r  and 

s p h e ro id a l  s t r u c tu r e s  a re  shown in  F ig s .  2 6 , 27, 31? 32 , ^7? 

k-8 and ^ 9 . F ig s .  31 and 32 a re  e le c t r o n  m icro g rap h s  o f  

s u r fa c e  r e p l i c a s  from co a rse  p e a r l i t e .  C a re fu l ex am in a tio n  

shows c ra c k s  w ith in  th e  f e r r i t e  (A) and a l s o  a t
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f e r r i te - c e m e n ti te  in te r f a c e s  (B )• The shadowing e f f e c t  

produced during r e p l ic a  p re p a ra tio n  en ab les  such cracks to  be 

d is tin g u is h e d . The shadow d ire c t io n  i s  shown by the  cem entite  

lam e llae  which p ro tru d e  above the  f e r r i t e .  S im ila r  f e a tu re s  

a re  shown in  a scanning e le c tro n  m icrograph (F ig .^7 )• Here 

s e v e ra l c racks a re  shown a l l  o f  which may have i n i t i a t e d  e i th e r  

in  a  s l i p  band o r a t  the  f e r r i te - c e m e n ti te  in te r f a c e .  In  

g e n e ra l, the  coarse  p e a r l i t e  shows crack  i n i t i a t i o n  a t  th re e  s i t e s  

under the  s t r e s s  c o n d itio n s  used in  th i s  work. These s i t e s  a re  

s l i p  bands, p e a r l i t e  c e l l  boundaries and th e  f e r r i te - c e m e n t i te  

in te r f a c e .  S i te s  n ear th e  c e l l  boundaries appear to  be deeper 

in  the  e a r ly  s ta g e s  o f  the  l i f e .  This f a c t  i s  shown up in  

F ig s . *t8 and ^9* These show coarse  p e a r l i t e  fa tig u e d  to  2 P̂/o o f 

i t s  l i f e  and then  e le c tro p o lish e d  to  remove 2yu_metres. The 

h e av ily  s lip p e d  re g io n s  seen b efo re  p o lish in g  cannot be d e te c te d  

bu t m ic ro -cracks e x i s t ,  some o f which a re  up to  2Cyxmetres lo n g . 

These cracks occupy p e a r l i t e  c e l l  boundaries and con tinue  w ith in  

th e  c e l l s  where t h e i r  ex ac t lo c a t io n  i s  d i f f i c u l t  to  de te rm in e .

In  the  sp h e ro id ise d  c a rb id e , F ig s . 26 and 27 show damage 

co n ce n tra tio n  a t  f e r r i t e  c e l l  boundaries and w ith in  th e  g r a in s .  

Cracks a re  d e tec te d  both  a t  s l i p  gands and a t  th e  c e l l  b o u n d a rie s . 

The shadowing e f f e c t  i s  very  severe  a t  the c e l l  b o u n d aries  and 

th i s  in d ic a te s  some co n sid e rab le  d is tu rb an ce  in  th e se  zones a s  

a  r e s u l t  o f c y c lin g . The e f f e c t  becomes more a c c e n tu a te d  in  

samples fa tig u e d  to  75/̂  o f  the  l i f e .

In  the  f in e  p e a r l i t e ,  c racks cannot be d e te c te d  in  specim ens 

fa tig u e d  to  2 /̂o o f  the  l i f e .  I t  has a lre a d y  been re p o r te d  

e a r l i e r  here  th a t  su rfa ce  damage was minimal a f t e r  such t e s t i n g .
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Cracks can be d e te c te d  a t  75$> o f  th e  l i f e  and appear a t  c e l l  

boundaries and w ith in  s l i p  bands (F ig .5 0 ) • Because o f  th e  

f in e n e ss  o f  th e  p e a r l i t e ,  i t  has been d i f f i c u l t  to  id e n t i f y  

w hether cracks i n i t i a t e  a t  f e r r i te - c e m e n ti te  in te r f a c e s .  

N ev erth e le ss , the  o v e ra l l  r e s u l t s  show q u ite  c o n c lu s iv e ly  th a t  

th e  p ro p en s ity  fo r  c rack  i n i t i a t i o n  i s  f a r  l e s s  than  in  e i th e r  

th e  coarse  p e a r l i t e  03? sp h e ro id a l st3?ucture.

S tu d ie s  o f  Crack Growth

Crack p ropogation  has been s tu d ie d  u sin g  m e ta llo g rap h ic  

exam ination o f th e  i n i t i a l  su rface  c rack ing  and th e  f i n a l  f r a c tu re  

s u r fa c e . In  th e  case o f  f r a c tu re  su rfa ce  exam ination , th e  c y c lic  

t e s t  was stopped  in  most cases j u s t  p r io r  to  f a i l u r e ,  so a s  to  

minimise the  s t r u c tu r a l  d is tu rb an ce  by rubbing  o f  th e  tv/o 

s u r fa c e s . The sample was removed and broken open to  re v e a l th e  

f r a c tu re  s u r fa c e s .

S urface  c rack ing  s tu d ie s  have been conducted fo r  th e  co arse  

p e a r l i t e  and sp h e ro id ise d  carb id e  s t r u c tu r e s .  Both show c rack  

propqgation  which i s  m ainly t ra n s g ra n u la r .  In  a  co arse  p e a r l i t e  

a specimen su rfa ce  may show s e v e ra l c racks some o f  which can 

extend over s e v e ra l p e a r l i t e  c e l l s .  T yp ica l a re a s  a re  shown in

F ig s . 51 -  33*  Some crack s  may grow through a re a s  which a re  

com paratively  fre e  o f s l i p  damage w h ils t  ne ighbouring  p e a r l i t e  

c e l l s  which a re  h e a v ily  damaged form no p a r t  o f  th e  f r a c tu r e  

p a th . T his i s  shown in  F ig . 52a which re p re s e n ts  a  sample 

fa tig u e d  fo r  5<$ o f i t s  l i f e .

C racks may grow a long  f e r r i te - c e m e n t i te  in te r f a c e s ,  a c ro s s  

cem entite  lam e llae  and f e r r i t e  and sometimes c e l l  b o u n d arie s  

in  th e  coarse  p e a r l i t e .  T y p ica l a re a s  from f r a c tu r e  su rfa c e
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exam ination show examples o f  th e se  crack  ro u te s  (F ig s . 5^ -  56) .  

A n a ly sis  o f  th e  su rfa ce  crack  p a th  shows th a t  th e  ro u te  fo llow ed 

a t  the  su rface  i s  dependent on o r ie n ta t io n  o f  th e  cem en tite  

lam e llae  to  the  p r in c ip a l  s t r e s s  d i r e c t io n .  Where th e  lam e llae  

o r ie n ta t io n  i s  between 0 -  k5°  to  th e  p r in c ip a l  s t r e s s  a x is ,  th e  

crack  p a th  i s  m ainly through the  la m e lla e . F ig s .  5k and 55 

shov; scanning e le c tro n  m icrographs o f  t h i s  p a th .

Crack grov/th a long  the  f e r r i te - c e m e n ti te  in te r f a c e  in  coarse  

p e a r l i t e  i s  an im portan t ro u te  and th i s  ag a in  i s  in f lu e n c e d  by 

o r ie n ta t io n  o f  lam e llae  to  the  p r in c ip a l  s t r e s s  a x i s .  Where the  

o r ie n ta t io n  range i s  between k5 and 90° ,  the  su rfa c e  crack  p a th  i s  

favoured along t h i s  in te r f a c e .  F ig . 55 shows an example o f  

c rack ing  along  t h i s  in te r f a c e .  The alm ost f e a tu r e le s s  appearance 

on the  i n t e r f a c i a l  a re a s  in d ic a te s  a cleavage mechanism. However, 

th e re  a re  in te r ru p t io n s  to  crack  growth a long th e  in te r f a c e  s in ce  

in  some a re a s  i t  p a sse s  through cem entite  la m e lla e . C leavage 

may n o t n e c e s s a r i ly  be th e  only  crack  p ro p ag a tio n  mechanism in  

t h i s  s t r u c tu r e .  C loser exam ination o f  the  in te r f a c e  in  F ig s .  55 

and 56 shows m arkings which resem ble s t r i a t i o n s .  S u rface  r e p l i 

c a tio n  o f  th e  f r a c tu re  a re a  o f  coarse  p e a r l i t e  f a i l s  to  shov; the 

ty p ic a l  s t r i a t i o n  m arkings however which have been observed  in  

many fa tig u e  f r a c tu re s  by o th e r  w orkers.

The two ro u te s  m entioned about account fo r  n e a r ly  95^ o f  t*1® 

t o t a l  fa tig u e  crack  p a th  in  the  coarse  p e a r l i t e .  Where c e l l  

boundaries a re  fo llow ed th e re  i s  no obvious reaso n  fo r  t h i s  

ro u te .  In  th i s  s t r u c tu r e ,  the  o v e ra l l  f r a c tu r e  su rfa c e  shows 

the  la r g e s t  a re a  corresponding  to  c a ta s tro p h ic  f a i lu r e  in  th e  

th re e  s t r u c tu r e s .  T his in d ic a te s  th a t  the  c r i t i c a l  c rack  a re a
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fo r  c a ta s tro p h ic  f a i lu r e  i s  sm a lle r in  the  coarse  p e a r l i t e  

than  in  the  o th e r  two s t r u c tu r e s .

In  the  sp h e ro id ise d  carb id e  s t r u c tu r e ,  the  su rfa ce  crack  

pa th  i s  s e n s i t iv e  to  s t ru c tu re  in  a s  much th a t  i t  d e v ia te s  i t s  

ro u te  in  o rd e r to  avo id  a  carb id e  sp h e ro id . T his may sometimes 

invo lve  an ab ru p t change o f  d i r e c t io n .  F ig . 37 shows examples 

o f t h i s  change. In  only  one in s ta n c e  has a crack  been observed 

to  pass  through a carb id e  p a r t i c l e  and on t h i s  o ccasio n , i t  was 

a t t r ib u te d  to  th e  p a r t i c l e  being o f  e x c e p tio n a lly  la rg e  s iz e  

( s l ig h t ly  more than  *fynmetres). The crack  p a th  i s  a lm ost alw ays

in  the  f e r r i t e  and a long th e  f e r r i t e - c a r b id e  in te r f a c e .  F ig . 58

shows a scanning e le c tro n  m icrograph o f a f r a c tu re  su rfa ce  in  

t h i s  s t r u c tu r e .  I t  shows no fa tig u e  s t r i a t i o n s .  A su rfa ce  

r e p l ic a  o f  the  f r a c tu re  a re a  i s  shown in  F ig . 59 and t h i s  does 

show m arkings which a re  s im ila r  to  the  s t r i a t i o n s  re p o r te d .

These m arkings a l l  l i e  in  the  same g en e ra l d i r e c t io n  b u t do n o t 

e x is t  over the  whole a re a  o f  the  f r a c tu r e .  T h is may be a t t r i 

bu ted  to  e i th e r  a second p ropaga tion  mechanism being  o p e ra tiv e  

o r th a t  the  r e p l ic a t io n  method f a i le d  to  reproduce the  m arkings 

e x is t in g  e lsew here . In  those  m arkings observed , th e re  a re  

s l ig h t  d is tu rb a n ce s  along  th e i r  le n g th  which a re  p robab ly  a  

r e s u l t  o f  s t r u c tu r a l  e f f e c t s .

The sp h e ro id ise d  carb id e  s t ru c tu re  shows th e  s m a lle s t a re a  

corresponding  to  c a ta s tro p h ic  f a i lu r e  o f  th e  th re e  s t r u c tu r e s .  

This shows th a t  the  c r i t i c a l  crack  a re a  fo r  c a ta s tro p h ic  f a i l u r e  

i s  g r e a te s t  in  t h i s  s t r u c tu r e .  T his corresponds w ith  the  

o b se rv a tio n s  o f su rface  crack  growth where s e v e ra l  c rack s  grew 

to  co n sid erab le  le n g th  a c ro ss  the  specimen w idth b e fo re  f i n a l  

f r a c tu r e •



Crack p ro p ag a tio n  s tu d ie s  in  the  f in e  p e a r l i t e  have been 

based only  on f r a c tu re  su rfa ce  exam ination . As m entioned 

e a r l i e r ,  su rface  c rack  o b se rv a tio n  was d i f f i c u l t  s in ce  c a ta s 

tro p h ic  f a i lu r e  occu rred  alm ost im m ediately a su rfa c e  crack  was 

v i s i b l e .  T his s t ru c tu re  has th e re fo re  re c e iv e d  a  more con

c e n tra te d  exam ination o f  i t s  f r a c tu re  su rfa ce  than  e i th e r  th e  

coarse  p e a r l i t e  o r sp h e ro id ise d  carb id e  in  o rd e r  to  compensate

fo r  the la c k  o f  su rfa c e  crack  o b se rv a tio n . F ra c tu re  s u r fa c e s

5 7o f  specimens fa tig u e d  between 10 and 10 c y c le s  show a s in g le

i n i t i a t i o n  s i t e  (F ig s . 60 and 6 1 ) . The s i t e  i s  d is t in g u is h e d

by i t s  ap p aren t la c k  o f  su rfa ce  fe a tu re s  compared w ith  i t s

su rro u n d in g s . T h is  f e a tu r e le s s  appearance i s  a t t r i b u t e d  to

th e  in c l in a t io n  ang le  o f  th e  s i t e  w ith  re s p e c t to  th e  o v e ra l l

f r a c tu r e .  By t i l t i n g  the  s tag e  co n ta in in g  th e  specimen in  th e

chamber o f  th e  scanning e le c tro n  m icroscope, th e  s i t e  can be

shown to  co n ta in  some fe a tu re s  which tend  to  be s t r i a t i o n  l ik e
k

m arkings. In  specim ens fa tig u e d  to  f a i lu r e  m  under 10 

cy c le s  th e  f r a c tu re  su rfa ce  shows se v e ra l c rack  i n i t i a t i o n  s i t e s .

Cracks r a d ia te  from th e  i n i t i a t i o n  s i t e  and in  g e n e ra l 

they  propagate in  a  t ra n s g ra n u la r  manner. The c rack  p a th  i s  

a c ro ss  th e  cem entite  lam e llae  and a lso  along  the  f e r r i t e -  

cem entite  in t e r f a c e .  There a re  a lso  a re a s  o f  in te r - g r a n u la r  

crack ing  (F ig s . 62 and 63) which a re  much more ex ten s iv e  than  

observed in  th e  coarse  p e a r l i t e .  The a re a s  a long  th e  f e r r i t e -  

cem entite  in te r f a c e  a re  n o t a s  c le a r  a s  seen in  th e  co arse  

p e a r l i t e  (F ig .53) b u t then  t h i s  i s  due to  th e  sm a lle r  g ra in  

s iz e  o f  the  f in e  p e a r l i t e .  Where a  crack  fo llow s t h i s  i n t e r 

face  i t  meets a  g ra in  boundary q u ick ly  and on c ro ss in g  i t ,  th e
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crack  p a th  i s  l i k e ly  to  a l t e r .  T ran sg ran u la r c rack ing  i s  

ex ten s iv e  and crack  growth a c ro ss  cem entite  lam e llae  i s  

commonly observed (F ig .65) •  A s t r i a t i o n  mechanism o f  crack  

growth i s  d e tec te d  from s in g le  s tag e  r e p l ic a s  o f  the  f r a c tu re  

su rface  (F ig .66)• These m arkings on th e  r e p l ic a  a re  

ex ten s iv e  and occupy la rg e  a re a s  o f r e p l ic a s  produced from 

se v e ra l fa tig u e  f r a c tu r e s .

T his s t r u c tu r e  shows a r e l a t i v e ly  la rg e  p ro p o rtio n  o f  the  

t o t a l  f r a c tu re  a re a  corresponding  to  c a ta s tro p h ic  f a i l u r e .

I t s  p ro p o rtio n  i s  n o t a s  h igh  a s  th a t  fo r  th e  coarse  p e a r l i t e .  

F ig . 6k shows a  reg io n  o f  t r a n s i t io n  from fa tig u e  f r a c tu re  to  

c a ta s tro p h ic  f a i l u r e .  The c r i t i c a l  crack  le n g th  fo r  c a ta s 

tro p h ic  f a i lu r e  in  t h i s  s t ru c tu re  f a l l s  between th a t  fo r  th e  

two o th e r  s t r u c tu r e s .  T his f a c t  to g e th e r  w ith  th e  speed a t  

which f a i lu r e  o ccu rred  so soon a f t e r  a  crack  was v i s ib le  

in d ic a te s  th a t  the  crack  growth r a te  in  the  f in e  p e a r l i t e  must 

be very  ra p id .
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5 . DISCUSSION

5 .1 .  THE DEPENDENCE OF CYCLIC PROPERTIES ON STRUCTURE

Tv/o a sp e c ts  o f  - c y c lic  hehav iour a re  co n sidered  in  t h i s

d isc u ss io n , namely, th e  p re d ic te d  s t r a i n - l i f e  behaviour and th e
I

c y c lic  s t r a i n  harden ing  exponent, O, •

The p re d ic te d  s t r a i n - l i f e  behav iour shows d if fe re n c e s  in

fa tig u e  perform ance between th e  th re e  s t r u c tu r e s  under s im ila r

c y c lic  c o n d itio n s . Tor example, under h igh  cycle  c o n d itio n s  a s

defin ed  e a r l i e r  in  2.3* th e  f in e  p e a r l i t e  has th e  h ig h e s t  fa t ig u e

r e s is ta n c e .  T his p re d ic t io n  has been confirm ed from th e  r e s u l t s

o f  fa tig u e  t e s t s .  F u r th e r  co n firm ation  i s  g iven  in  ta b le  3 which

shows th a t  th e  c y c lic  y ie ld  s t r e s s  i s  h ig h e s t in  th e  f in e  p e a r l i t e .

1^5O ther in v e s t ig a to r s  have shown th a t  the  value o f  the  c y c lic  

y ie ld  s t r e s s  i s  a lm ost id e n t ic a l  v/ith  the  fa t ig u e  l im i t  and hence 

i s  an in d ic a t io n  o f  th e  s t r e s s  below tahich fa tig u e  w i l l  n o t o c cu r .

Under low cycle  c o n d itio n s , the  sp h e ro id ise d  ca rb id e  shows 

th e  h ig h e s t fa tig u e  re s is ta n c e  and th e  f in e  p e a r l i t e  has th e  lo w est 

r e s i s ta n c e .  T his change o f behav iour can be ex p la in ed  in  the  

fo llow ing  way and p a r t  o f  th e  ex p lan a tio n  i s  based  on m e ta llo g rap h ic  

o b se rv a tio n s  from th e  p re se n t in v e s t ig a t io n .

As p re v io u s ly  m entioned in  the  l i t e r a t u r e  rev iew , th e  fa t ig u e  

f a i lu r e  p ro cess  i s  d iv id ed  in to  th re e  s ta g e s , th e se  b e in g :-

a) th e  i n i t i a t i o n  o f a crack

b) the  p ropagation  o f the  crack  in to  the  m a te r ia l  and

c) the  a tta in m en t o f  a  c r i t i c a l  crack  s iz e  a t  which the  

m a te r ia l  then  com pletely  f r a c tu r e s  in  a  ra p id  manner.

The p ro p o rtio n  o f fa tig u e  l i f e  sp en t in  e i th e r  th e  i n i t i a t i o n  o r  

p ropaga tion  s tag e  i s  dependent on cy c lin g  c o n d itio n s  and w hether 

the  specimen i s  p la in  o r no tched . V/ith p la in  specim ens, the
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i n i t i a t i o n  s tag e  predom inates a t  s t r a in  am plitudes g iv in g  f a i lu r e  
5

a t  around 10 cy c le s  and above. Under low cycle  fa tig u e  con

d i t io n s ,  th e  p rop ag a tio n  s tag e  i s  dom inant. S ev e ra l examples

e x is t  where the predominance o f each s tag e  has been s tu d ie d  in

a. • j * j-o.- 20,70,79,84,146 _m a te r ia ls  under v a rio u s  c o n d itio n s  1 ’ • In  v a rio u s

F.C .C . m e ta ls , the  p ro p o rtio n  o f  l i f e  spen t in  s tag e  I I  decreased
5 70from 70% a t  100 cy c le s  to  l e s s  than  10?o a t  10 cy c le s  to  f a i l u r e .

146A s im ila r  tre n d  has been observed in  a u s te n i t i c  s t e e l .

M eta llog raph ic  o b se rv a tio n s  in  the  p re se n t in v e s t ig a t io n  have 

shown th a t  the  f in e  p e a r l i t e  has the  g r e a te s t  r e s is ta n c e  to  crack  

i n i t i a t i o n  o f  the  th re e  s t ru c tu re s  when te s te d  under h igh  cycle  

fa tig u e  c o n d itio n s . O bserva tions o f crack  p rop ag a tio n  do no t 

g ive the  same p a t te r n .  Both coarse  and f in e  p e a r l i t e  s t r u c tu r e s  

g ive f r a c tu re  su rfa c e s  showing very  sm all a re a s  corresponding  to  

fa tig u e  crack  grow th. That in  the  sp h e ro id ise d  carb id e  s t r u c tu r e  

i s  much l a r g e r .  Such o b se rv a tio n s  in d ic a te  sm a lle r v a lu es  fo r  

the  c r i t i c a l  crack  s iz e  corresponding  to  ra p id  f r a c tu re  in  both  

la m e lla r  s t ru c tu re s  compared w ith  the sp h e ro id a l c a rb id e  s t r u c tu r e .  

R esu lts  show th a t  the  coarse  p e a r l i t e  has the  sm a lle s t va lue  fo r  

the  c r i t i c a l  crack  s i z e .

Surface  crack  o b se rv a tio n s  in  the  f in e  p e a r l i t e  show th a t  

co n d itio n s  fo r  ra p id  f a i lu r e  a re  reached  a f t e r  only  a  sm all number 

o f cy c le s  once a crack  i s  v i s ib l e .  As m entioned e a r l i e r ,  t h i s  

has made su rface  crack  exam ination d i f f i c u l t .  In  the  coarse  

p e a r l i t e ,  however, once a su rface  crack  i s  v is ib le  and grows 

during c y c lin g , i t s  pa th  can be re a d i ly  tra c e d  by in te r ru p t in g  

the  t e s t .  The f r a c tu re  su rface  o b se rv a tio n s  show a sm a lle r  a re a  

corresponding  to  fa tig u e  crack  growth in  the coarse  p e a r l i t e  than
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in  the  f in e  p e a r l i t e .  The e x te n t o f  fa tig u e  crack  growth i s  

th e re fo re  g re a te r  in  the  f in e  than  in  the coarse  p e a r l i t e .

S ince the  co n d itio n s  fo r  ra p id  f a i lu r e  a re  reached  in  a sm all 

number o f cy c le s  fo r  the  f in e  p e a r l i t e ,  the  above o b se rv a tio n s  

in d ic a te  th a t  the  fa tig u e  crack  growth must be h ig h e r in  the f in e  

than  in  the  coarse  p e a r l i t e .  T his i s  an im portan t f a c t  in  the  

ex p lan a tio n  o f d if fe re n c e s  o f fa tig u e  re s is ta n c e  between th e  th re e  

s t r u c tu r e s .

A number o f in v e s t ig a t i o n s ^ ^ ’ in to  crack  growth m easure

ment have been conducted which a re  re le v a n t to  t h i s  work. In  one 
/] 25

s tu d y , a comparison was made o f crack  growth r a te s  in  a

carbon s t e e l  having e i th e r  a  sp h e ro id ise d  o r la m e lla r  p e a r l i t e

s t r u c tu r e .  The growth r a te  was low er in  the  sp h e ro id ise d  than  in

the  p e a r l i t e  s t r u c tu r e .  . The m agnitude o f  the  d if fe re n c e  was

dependent on the s t r e s s  c o n d itio n s  during  t e s t i n g .  The r e s u l t s  
126o f th i s  work have been used to  co n so lid a te  and supplem ent the

fin d in g s  o f  the  p re se n t in v e s t ig a t io n .  The sp h e ro id ise d  carb id e

s tru c tu re  used in  the  work showed the  most ex ten s iv e  a re a

corresponding  to  fa tig u e  crack  growth o f  the  th re e  s t r u c tu r e s  u sed .

I f  one then assumes th a t  the  crack  growth ra te  in  t h i s  s t r u c tu r e

i s  the  low est o f  the  th re e , based on the  work o f  o th e r  in v e s t ig a to r s ,  
126 129’ the  fo llow ing ex p lan a tio n  can be o f fe re d  to  accoun t fo r

d if fe re n c e  o f  s u p e r io r i ty  o f s t r u c tu r e s .
3

In  low cycle fa tig u e  co n d itio n s  g iv in g  f a i lu r e  in  say 10 

c y c le s , the p la s t i c  s t r a in  component predom inates and the  propaga

t io n  s tag e  occupies most o f the  l i f e .  The crack  p ro p ag a tio n  

re s is ta n c e  and the  e x te n t o f fa tig u e  crack growth b e fo re  ra p id  

f a i lu r e  th e re fo re  predom inate the  f a c to r s  in f lu e n c in g  fa tig u e
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r e s i s ta n c e .  Both f a c to r s  a re  most su p e r io r  in  th e  sp h e ro id ise d  

carb id e  and hence account fo r  t h i s  s t ru c tu re  having the  b e s t  

fa tig u e  r e s is ta n c e  in  low cycle  f a t ig u e .

In  h igh  cycle  f a t ig u e ,  the  c rack  i n i t i a t i o n  re s is ta n c e  i s  

th e  predom inant f a c to r  in f lu e n c in g  t o t a l  fa tig u e  r e s i s ta n c e .

The f in e  p e a r l i t e  shows th e  g r e a te s t  r e s is ta n c e  to  fa t ig u e  c rack  

i n i t i a t i o n  o f th e  th re e  s t r u c tu r e s .  In  s p i te  o f  i t s  h ig h  crack  

growth r a t e  and l im ite d  e x te n t o f  fa tig u e  c rack  grow th, i t  i s  t h i s  

h igh  c rack  i n i t i a t i o n  r e s is ta n c e  which accoun ts  fo r  i t s  s u p e r io r  

fa tig u e  r e s is ta n c e  in  h igh  cycle  fa tig u e  c o n d itio n s .

In  p r a c t ic e ,  fa tig u e  c racks norm ally  s t a r t  a t  the  s u r fa c e .

Two tre a tm e n ts  which may be used to  improve fa t ig u e  re s is ta n c e  

o f c e r ta in  s t e e l s  a re  c a rb u r is in g  and n i t r i d in g .  Both produce 

a h a rd  su rfa ce  sk in  and in  th e  case o f c a rb u r is in g , t h i s  i s  

a t t r ib u te d  to  th e  form ation  o f  a tem pered m a rte n s ite  s t r u c tu r e .

The h a rd  sk in  p o sse sse s  a  h igh  crack  i n i t i a t i o n  r e s i s ta n c e .  In  

a  s im ila r  way, th e  r e s u l t s  o f th e  in v e s t ig a t io n  su g g est th a t  a  

sk in  o f  f in e  p e a r l i t e  produced by s u i ta b le  h e a t tre a tm e n t w i l l  

g ive  h igh  crack  i n i t i a t i o n  re s is ta n c e  which i s  re q u ire d  fo r  

h igh  cycle  fa t ig u e  c o n d itio n s . I f  t h i s  can be coupled  w ith  a  

core o f sp h e ro id ise d  carb id e  then  a s t ru c tu re  having  a  com bination 

o f h igh  crack  i n i t i a t i o n  re s is ta n c e  and p ro p ag a tio n  r e s is ta n c e  

i s  ach iev ed . The optimum com bination fo r  h igh  cy c le  fa t ig u e  

r e s is ta n c e  i s  th a t  where the  case dep th  o f f in e  p e a r l i t e  i s  

c o n tro lle d  to  a  le v e l  such th a t  c rack  p ro p ag a tio n  b eg in s  in  th e  

s t ru c tu re  o f  sp h e ro id ise d  c a rb id e . Such a s t r u c tu r e  com bination 

could be produced in  a e u te c to id  carbon s t e e l  by f i r s t  s u b je c tin g  

the  m a te r ia l  to  a  sp h e ro id is in g  an nea l and then  in d u c tio n  h e a tin g
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to give the fine pearlite case.
i

The c y c lic  s t r a in  harden ing  exponent, ( f\ )» has been

id e n t i f ie d  a s  probably  the  most im portan t param eter in f lu e n c in g

the  fa tig u e  beh av io u r. I t s  r e la t io n s h ip  v/ith m ic ro s tru c tu re  

11has been s tu d ie d  and h igh  v a lu es  a re  a s s o c ia te d  w ith  those  

s t ru c tu re s  which a llow  ex ten s iv e  c r o s s - s l ip  and d is lo c a t io n  m otion. 

Low v a lu es  a re  a s s o c ia te d  w ith  s t ru c tu re s  v/hich r e s t r i c t  d is 

lo c a t io n  m otion and have a l im ite d  number o f  s l i p  system s. The 

d iffe re n c e  betv/een high  and low v a lu es  fo r  a  number o f  m a te r ia ls

examined by o th e r  workers i s  n o t g r e a t .  T yp ica l v a lu es  have been

12shov/n to  be v /ith in  a narrow range, 0 .10  to  0 . 25*

The v a lu es  o b ta in ed  fo r  the  th re e  s t ru c tu re s  used in  t h i s  

in v e s t ig a t io n  l i e  in  the  range 0.228  to  0 .2^8 and hence a re  

d esc rib ed  a s  h igh  v a lu e s . These suggest s t r u c tu r e s  having 

ex ten s iv e  c ro ss  s l i p  and d is lo c a tio n  m otion. A ll  th re e  s t r u c tu r e s  

c o n s is t  o f  the  cem entite  phase d is t r ib u te d  v /ith in  th e  more d u c t i le  

f e r r i t e  m a tr ix . F e r r i t e  i s  the  dominant phase in  a l l  th r e e .  

C a lc u la tio n s  based on da ta  from th e  iro n -ce m e n tite  therm al 

eq u ilib riu m  diagram show th a t  a l l  th re e  s t r u c tu r e s  c o n ta in  87$ by 

volume o f  f e r r i t e  and 13$ o f c em en tite . I t  i s  on ly  th e  s iz e ,  

shape and d i s t r ib u t io n  o f cem entite  v/hich d i f f e r e n t i a t e s  the  th re e  

s t r u c tu r e s .  F e r r i t e  has a  very  h igh  s tac k in g  f a u l t  energy and 

hence d is lo c a tio n s  can re a d i ly  c ro ss  s l i p .  F urtherm ore, i t  

co n ta in s  a  la rg e  number o f  a v a ila b le  s l i p  system s a t  room tem pera

tu r e .  The high  v a lu es  o b ta in ed  fo r  the  c y c lic  s t r a i n  harden ing  

exponent in  the th re e  s t ru c tu re s  a re  a t t r ib u te d  to  th e  dominance 

o f  f e r r i t e  and i t s  a s s o c ia te d  c h a r a c te r i s t i c s  a s  d e fin ed  above. 

Although a l l  th re e  v a lu es  fo r  th e  c y c lic  s t r a i n  harden ing
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exponent f a l l  in  a  very  narrow ran g e , th e  d if fe re n c e  in  value 

between th a t  fo r  the  f in e  p e a r l i t e ,  which i s  the  lo w e st, and the  

o th e r  two s t r u c tu r e s ,  v/hich have s im ila r  v a lu e s , i s  s u f f i c i e n t  to  

w arran t some e x p la n a tio n . On th e  b a s is  o f v/hat has been s ta t e d  

e a r l i e r ,  th e  lov/er va lue  fo r  f in e  p e a r l i t e  in d ic a te s  th a t  c ro ss  

s l i p  and d is lo c a t io n  m otion a re  l e s s  ex ten s iv e  than  in  the  o th e r  

two s t r u c tu r e s .  R e su lts  in  ta b le  3 show the  f in e  p e a r l i t e  to  

have th e  h ig h e s t c y c lic  y ie ld  s t r e s s .  S ince t h i s  p ro p e rty  i s  a  

measure o f  the  s t r e s s  re q u ire d  to  move d is lo c a t io n s  through th e  

s t r u c tu r e ,  i t  means th a t  th e re  a re  more e f f e c t iv e  b a r r i e r s  to  

d is lo c a tio n  motion in  t h i s  f in e  p e a r l i t e  than  in  th e  o th e r  two 

s t r u c tu r e s .  S l ip  occurs  in  the  f e r r i t e  and th e  volume o f  t h i s  

phase i s  th e  same in  a l l  the  s t r u c tu r e s .  The g r e a te r  r e s t r i c t i o n  

on d is lo c a tio n  movement in  the  f in e  p e a r l i t e  i s  a t t r ib u te d  to  th e  

cem entite  la m e lla e . These a re  e f f e c t iv e  b a r r i e r s  to  d is lo c a t io n  

movement a lthough  a s  shown in  F ig s . 41 and 42, t h e i r  in te r f a c e  w ith  

f e r r i t e  i s  a  p r in c ip a l  source o f m obile d is lo c a t io n s .  I f  th e  

cem entite  phase i s  th e  p r in c ip a l  b ja rr ie r , then  th e  sm a lle r  th e  

d is ta n ce  between b a r r i e r s ,  the  more e f f e c t iv e  i s  t h e i r  r e s t r i c t i o n  

on d is lo c a tio n  m otion in to  f e r r i t e .  The b a r r i e r  spac ing  in  bo th  

la m e lla r  p e a r l i t e  s t ru c tu re s  i s  measured by th e  mean in te r la m e l la r  

spac ing ; in  the  sp h e ro id a l carb id e  s t r u c tu r e ,  by th e  mean f r e e  

f e r r i t e  p a th . On t h i s  b a s is  a lo n e , th e  b a r r i e r  spac ing  i s  

sm a lle s t in  the  f in e  p e a r l i t e .

Tv/o a d d i t io n a l  b a r r i e r s  a re  g ra in  boundaries and c e l l  w a l ls .

The l a t t e r  a re  known to  form in  s e v e ra l  m a te r ia ls  on p l a s t i c

147 147 148defo rm ation . O bserva tions in  p e a r l i t e  ’ have shown th a t

a  c e l l u l a r  d is lo c a tio n  s u b -s tru c tu re  develops during  p l a s t i c
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defo rm ation . The c e l l  w a lls  a c t  a s  d is lo c a tio n  b a r r i e r s  and th e

c e l l  s iz e  in f lu e n c e s  th e  e x te n t o f  b a r r i e r s .  In  th e  case o f 
147p e a r l i t e  the  i n i t i a l  c e l l  s iz e  i s  determ ined by th e  in te r la m e l la r  

sp ac in g . The sm a lle r th e  spacing , th e  sm a lle r i s  the  c e l l  s iz e  

and hence th e  g re a te r  th e  b a r r i e r  e f f e c t .  In  th e  e le c tro n

m icroscopy work, th e re  i s  evidence o f  a  d is lo c a t io n  c e l l  s t r u c tu r e  

form ation  in  th e  sp h e ro id ise d  carb id e  (F ig .46b) and w ith in  some 

a re a s  in  th e  la m e lla r  s t r u c tu r e s .  F u r th e r  exam ination i s  

n ecessa ry  to  pursue t h i s  s u b -s tru c tu re  phenomenon.

C onfirm ation o f  the  e f f e c t  o f cem entite  morphology on d is 

lo c a t io n  m otion i s  seen  in  some o f  th e  m icrographs v/hich show 

su rfa ce  s l i p  damage (F ig s . 22 -  27 )• Both th e  co arse  p e a r l i t e  

and sp h e ro id ised  carb id e  s t r u c tu r e s  show co n cen tra ted  damage in  

some a r e a s .  T h is in d ic a te s  ex ten s iv e  d is lo c a tio n  movement in  

some i s o la te d  zones. At eq u iv a len t s ta g e s  o f th e  fa t ig u e  l i f e ,  

th e  f in e  p e a r l i t e  shows much l e s s  severe  damage; in s te a d  i t  i s  

more v/idely d isp e rse d  th roughout the  s t r u c tu r e .  T h is  means th a t

the  movement and accum ulation o f  d is lo c a tio n s  from a  g iven  source 

i s  r e s t r i c t e d .  In s te a d , p l a s t i c  s t r a in  occurs by th e  movement 

o f  d is lo c a tio n s  from new so u rces in  o th e r  a re a s  and the  p ro cess  

i s  re p e a te d . As w i l l  be d iscu ssed  l a t e r ,  t h i s  has an  im p o rtan t 

e f f e c t  on crack  i n i t i a t i o n  c h a r a c te r i s t i c s .

5 .2 .  CYCLIC HARDENING AND SOFTENING PHENOMENA

The th re e  s t r u c tu r e s  shov/ d if fe re n c e s  o f behav iou r in  t h e i r  

response to  c y c lic  harden ing  o r s o f te n in g . The f in e  p e a r l i t e  

shov/s so fte n in g  over a  v/ide range o f  s t r a i n .  The co arse  p e a r l i t e  

and sp h e ro id ise d  carb id e  s t ru c tu re s  shov/ so f te n in g  a t  sm all v a lu es  

o f  s t r a in  b u t a changeover to  c y c lic  harden ing  occu rs  above a
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s t r a i n  value  v/hich i s  s im ila r  fo r  bo th  s t r u c tu r e s .  R e su lts  o f

7 68t e s t s  on s e v e ra l m a te r ia ls  perform ed by o th e r  in v e s t ig a to r s  ’

shov/ a  range o f behav iour p a t te r n s .  For example, th e  s t e e l

shov/n in  F ig .3  c y c l ic a l ly  so f te n s  a t  sm all s t r a in s  b u t hardens a t

h igh  s t r a in  le v e l s  in  a  s im ila r  manner to  the  coarse  p e a r l i t e  and

sp h e ro id ise d  c a rb id e . On the  o th e r  hand, so f te n in g  i s  found over

a range o f  s t r a in  le v e l s  in  a  hardened and tem pered 0 car bon

s t e e l  (SAE .  In  an o th er carbon s t e e l  (SAE ^1^2), a

hardened and tempered s t ru c tu re  shov/s so fte n in g  o r  harden ing

acco rd ing  to  the  h a rdness a f t e r  h e a t tre a tm en t and p r io r  to  c y c lic  

68t e s t in g .  A h igh  h ardness value in  the  range o f  300 -  670 

B r in e l l  le a d s  to  c y c lic  harden ing  v /h ils t  a  va lue  below 300 le a d s  

to  c y c lic  s o f te n in g .

12According to  the  l i t e r a t u r e ,  m a te r ia ls  v/hich shov/ c y c lic  

harden ing  a re  d e s ira b le  fo r  good fa t ig u e  perform ance. Whether 

o r  n o t t h i s  perform ance i s  under h igh  o r low cycle  c o n d itio n s  i s  

n o t s ta t e d . .  In  the  case o f  the th re e  s t ru c tu re s  used  in  t h i s  

work, f in e  p e a r l i t e  shows the  b e s t  perform ance under h igh  cy c le  

co n d itio n s  y e t  shov/s s o f te n in g . C yclic  so f te n in g  in d ic a te s  a  

decrease in  th e  s t r u c tu r a l  r e s i s ta n c e  to  d is lo c a t io n  m otion . 

P la s t i c  deform ation i s  th e re fo re  p o s s ib le  a t  lov/ered v a lu e s  o f  

s t r e s s  and th e  accum ulation o f  fa tig u e  damage a c c e n tu a te d . I f  

crack  i n i t i a t i o n  i s  then  a ccen tu a ted  a s  a  r e s u l t  o f  damage accumu

la t io n  one expects so fte n in g  to  be an u n d e s irab le  c o n tr ib u to ry  

fa c to r  to  good fa tig u e  perform ance. However, i f  damage accumu

la t io n  can be re a d i ly  d isp e rse d  throughout a s t r u c tu r e  th en  th e  

d e le te r io u s  e f f e c t s  o f  so fte n in g  a re  overcome. The m icrographs 

in  th i s  v/ork (F ig s . 23b and 23a) show th e  damage in  f in e  p e a r l i t e



to  be very  un ifo rm ly  d is t r ib u te d  in  the  s t r u c tu r e .  Damage

b u ild -u p  to  le v e l s  s u f f ic ie n t  fo r  crack  i n i t i a t i o n  under

c o n d itio n s  o f  h igh  cycle  fa tig u e  th e re fo re  r e q u ire s  a  much la r g e r

number o f  cy c le s  than  in  o th e r  s t r u c tu r e s .  Assuming then  th a t

so fte n in g  i s  an u n d e s ira b le  f a c to r ,  th e  a b i l i t y  fo r  s l i p  damage

d is p e r s a l  in  the  f in e  p e a r l i t e  outw eighs the  d isadvan tage  o f

s o f te n in g . The n ex t s te p  in  the  argument i s  how can one develop

the  s t ru c tu re  to  m ain ta in  th i s  a b i l i t y  fo r  damage d is p e r s a l  y e t

re p la c e  th e  so fte n in g  by a harden ing  response? T his w i l l  improve

f u r th e r  the  h igh  cycle  fa tig u e  perform ance. T his i s  an im p o rtan t

a re a  fo r  fu r th e r  re se a rc h  a lthough  much work h as a lre a d y  been
65done in to  th e  mechanisms o f  so fte n in g  m  se v e ra l  s t r u c tu r e s .

Some o f the  reaso n s proposed fo r  the  so fte n in g  e f f e c t  in  th e  f in e

p e a r l i t e  a re  proposed l a t e r  in  t h i s  s e c t io n .

A p re d ic t io n  o f c y c lic  hardening  o r so f te n in g  i s  p o s s ib le  from

a knowledge o f the  monotonic s t r a in  harden ing  exponent. A h igh

value o f  above 0.1 fo r  t h i s  exponent in d ic a te s  a  m a te r ia l  th a t  w i l l

p robably  c y c l ic a l ly  harden w h ils t i f  below 0 .1 , c y c lic  so f te n in g

i s  l i k e ly .  A s im ila r  b a s is  fo r  p re d ic t io n  i s  th a t  o f  th e  r a t i o

given  by t e n s i l e  s t r e n g th .  Where t h i s  r a t i o  i s  above 1.4- 
y ie ld  s tre n g th

g
m a te r ia ls  a re  expected  to  h a rd en . I f  below 1 .2 , c y c lic  so f te n in g

i s  p re d ic te d . In  th e  case o f s t e e l  SAE 4-14-2 m entioned e a r l i e r ,

the  in flu en c e  o f  hardness on the  c y c lic  h a rd e n in g /so f te n in g

response i s  a t t r ib u te d  to  changes in  th e  above r a t i o ,  produced by
68the  e f f e c t s  o f  d i f f e r e n t  tem pering tre a tm e n ts  used  in  th e  work. 

C a lc u la tio n  o f  the  r a t i o  from t e s t s  on the f in e ,  co arse  p e a r l i t e  

and sp h e ro id ise d  carb id e  g iv e s  v a lu es  o f ju s t  under 1.4-, over 2.1 

and 1 .9  r e s p e c t iv e ly .  From th ese  v a lu e s , th e  observed  b eh av iou r
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does n o t com pletely  correspond v/ith the  p re d ic te d  behav iour, based 

on th e  above ra t io *  For in s ta n c e , th e  v a lu es  fo r  coarse  p e a r l i t e  

and sp h e ro id ise d  carb id e  p re d ic t  harden ing  v/hereas some so fte n in g  

i s  observed a t  low s t r a i n s .  In  th e  case o f f in e  p e a r l i t e ,  c y c lic  

so fte n in g  i s  observed b u t n o t p re d ic te d  from the  v a lu e . I t  i s  

c le a r  th a t  the  above methods o f  p re d ic tin g  harden ing  o r so f te n in g  

resp o n ses  a re  n o t v a l id  fo r  the th re e  s t ru c tu re s  used in  th i s  

in v e s t ig a t io n .

A number o f mechanisms have been proposed in  p rev io u s  work

to  account fo r  c y c lic  harden ing  and so fte n in g  b e h a v io u r .^ ’68,1^9

In  the  in v e s t ig a t io n s  where harden ing  and so fte n in g  were observed in

7 68h e a t t r e a te d  s t e e l s ,  ’ no mechanisms v/ere proposed . I t  i s  however 

w ell e s ta b lis h e d  th a t  c y c lic  harden ing  in d ic a te s  an in c re a se  o f  r e s i s t 

ance to  the  to -a n d -f ro  motion o f  d is lo c a tio n s  in  the  s t r u c tu r e  and 

th i s  r e s is ta n c e  a r i s e s  fo r  a number o f  re a so n s . In  s in g le  phase 

m a te r ia ls ,  th e  p r in c ip a l  reason  i s  the  accum ulation o f  d is lo c a t io n s  

and th e i r  in te r a c t io n  w ith  each o th e r  and p o in t d e fe c ts .  In  m u lti

phase a l lo y s  an a d d i t io n a l  source o f r e s is ta n c e  i s  from p r e c ip i ta te  

p a r t i c l e s  th a t  o b s tru c t d is lo c a tio n  m otion. C yclic  so f te n in g  in d i 

c a te s  a decrease  o f  re s is ta n c e  to  d is lo c a tio n  m otion . T h is  decrease  

a r i s e s  from the  re le a s e  o f d is lo c a tio n s  from netw orks and d is lo c a t io n  

a n n ih i la t io n .  In  m u lti-p h ase  a l lo y s  a fu r th e r  cause i s  s t r u c tu r e

d eg rad a tio n  v/here s tre n g th en in g  p r e c ip i ta te s  can be sh eared  by d is -

. 30lo c a t io n s  and reach  s iz e s  where they  r e -d is s o lv e  in  th e  m a tr ix . A

f u r th e r  source o f so fte n in g  i s  the  re la x a t io n  o f  r e s id u a l  s t r e s s e s

150s e t  up during  h e a t tre a tm e n t o r  co ld  v/ork.

S o ften in g  in  the  th re e  s t ru c tu re s  used in  t h i s  in v e s t ig a t io n  

i s  no t a t t r ib u te d  to  th e  r e l i e f  o f  m ic ro -re s id u a l s t r e s s e s  th a t
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a re  formed during h e a t tre a tm e n t. A ll sam ples were g iven  a low 

tem peratu re  h e a t tre a tm en t a f t e r  m e ta llo g rap h ic  p re p a ra t io n  th a t  

would have been s u f f i c i e n t  to  r e l ie v e  any in te r n a l  s t r e s s e s  

produced by the  a u s te n i te  to  p e a r l i t e  tra n s fo rm a tio n . R eversion 

o f  cem entite  i s  n o t thought l ik e ly  in  th e  e a r ly  s ta g e s  o f  the  

c y c lic  t e s t .  E lec tro n  tran sm iss io n  m icroscopy was used fo r  th e  

exam ination o f  n o n -fa tig u e d  specimens and those  fa tig u e d  fo r  25 

up to  o f  the  l i f e .  I f  re v e rs io n  had occu rred  e a r ly  in  th e  

l i f e  to  account fo r  th e  so fte n in g  phenomenon, i t  would have been 

more a ccen tu a ted  in  samples fa tig u e d  fo r  a s  l i t t l e  a s  25%' o f  th e  

l i f e .  T his would have shown up a s  a re a s  co n ta in in g  su rfa ce  s l i p  

bands and denuded o f c em en tite . Comparison o f  s t r u c tu r e s  in  the  

fa tig u e d  and n o n -fa tig u e d  co n d itio n  d id  n o t shov; such fe a tu re s  

th a t  could be c le a r ly  a t t r ib u te d  to  a  re v e rs io n  e f f e c t .  Some 

cau tio n  i s  re q u ire d  r e l a t in g  to  s ta tem en ts  on re v e rs io n  in  th e  

in v e s t ig a t io n .  Of th e  m e ta llo g rap h ic  tech n iq u es  used  in  t h i s  

work those  based on e le c tro n  tran sm iss io n  m icroscopy a re  th e  only  

ones th a t  can re v e a l any re v e rs io n  e f f e c t  i f  i t  does e x i s t .  Such 

tech n iq u es  have n o t been e x ten s iv e ly  used  and t h i s  i s  an a re a  where 

fu r th e r  work i s  n e ce ssa ry . Low carbon s t e e l s ,  fo r  example, have
bSbeen shown to  e x h ib it  t h i s  re v e rs io n  e f f e c t  on c y c lic  t e s t i n g .

From the  evidence o f t h i s  in v e s t ig a t io n ,  th e  m ajor cause o f  

c y c lic  so fte n in g  i s  the  r e le a s e  o f m obile d is lo c a t io n s  from th e  

in te r f a c e  between f e r r i t e  and cem en tite . F ig s . b'] and b2 show 

th i s  in te r f a c e  to  be a  p r in c ip a l  source o f  d is lo c a t io n s .  These 

a re  unpinned and move in to  the  f e r r i t e  when the  sh ea r s t r e s s  a t  

the  in te r f a c e  reach es  a s u f f ic ie n t ly  h igh  l e v e l .  The o r ie n ta t io n  

o f  the  in te r f a c e  to  the  p r in c ip a l  s t r e s s  d ire c t io n  determ ines th e



m agnitude o f the  a c t in g  sh ea r s t r e s s .  The im portance o f  

o r ie n ta t io n  i s  d iscu ssed  l a t e r .  Once unpinned, th e se  d is lo c a t io n s  

can r e a d i ly  move v /ith in  the  f e r r i t e  and hence the  s t r e s s  re q u ire d  

to  m ain ta in  t h e i r  motion i s  decreased  g iv in g  s o f te n in g . The 

s a tu r a t io n  p e rio d  th a t  q u ick ly  fo llow s the so f te n in g , in d ic a te s  

th a t  th e  s t r e s s  re q u ire d  to  m ain ta in  th e  d is lo c a tio n  m otion, 

rem ains c o n s ta n t. I t  s ig n i f i e s  a balance  between th e  con tinued  

unpinning o f  d is lo c a t io n s  from the  in te r f a c e  and the  b u i ld  up o f 

d is lo c a tio n s  in  the  f e r r i t e  th a t  oppose th e  m otion o f  nev/ly 

re le a s e d  d is lo c a t io n s .  A lte rn a t iv e ly ,  i t  may be th e  r e s u l t  o f 

th e  r e le a s e  o f  d is lo c a t io n s  from in te r f a c e s  having  o r ie n ta t io n s  

such th a t  the  re q u ire d  le v e l  o f sh ea r s t r e s s  fo r  unpinning  o f 

d is lo c a tio n s  re q u ire s  an in c re a se  o f  the  a p p lie d  p r in c ip a l  s t r e s s .

Whereas the  f in e  p e a r l i t e  shov/s c y c lic  so f te n in g  over a  range 

o f  s t r a in  am p litu d es, bo th  th e  coarse  p e a r l i t e  and sp h e ro id ise d  

carb ide  shov; a change-over to  c y c lic  harden ing  when te s t e d  a t  

s t r a in  am plitudes above a c e r ta in  l e v e l .  T his behav iour d i f f e r 

ence i s  ex p la in ed  in  term s o f  the  a v a i l a b i l i t y  o f  d is lo c a t io n s .

S ince th e  c o n tr ib u tio n s  to  s t r a in  a re  the  number o f  d is lo c a t io n s  

moving under s t r e s s  and t h e i r  s l i p  d is ta n c e , -then i f  e i th e r  th e  

number a v a ila b le  o r d is ta n ce  moved i s  in c re a se d  th e  o v e ra l l  e f f e c t  

i s  an in c re a se  o f  s t r a i n .  I f  the  p r in c ip a l  sou rce  o f  d is lo c a t io n s  

i s  the  f e r r i te - c e m e n t i te  in te r f a c e ,  then  th e  number o f  a v a ila b le  

d is lo c a tio n s  i s  p ro p o r tio n a l to  t h i s  in te r f a c e  a r e a .  C a lc u la tio n s  

based on th e  m e ta llo g rap h ic  d a ta  and u sin g  the  method shown in  

Appendix 1 g ive  th e  fo llow ing  r a t i o s  fo r  a re a  in  th e  th re e  s t r u c tu r e s  

coarse  p e a r l i t e  -  1.0

f in e  p e a r l i t e  -

sp h e ro id ised  carb id e  -  0.2



The f in e  p e a r l i t e  shows a much g r e a te r  in te r f a c e  a re a  than the  

o th e r  two s tru c tu re s*  There i s  th e re fo re  a  much g re a te r  source 

o f  a v a ila b le  d is lo c a tio n s  in  th i s  than  the  o th e r  s tru c tu re s*

T his means th a t  a t  those  am plitudes where c y c lic  harden ing  occurs 

in  coarse  p e a r l i t e  and sp h e ro id ise d  carb id e  w h ils t  so f te n in g  

rem ains in  f in e  p e a r l i t e ,  the  s t r a in  can be accommodated in  th e  

f in e  p e a r l i t e  by th e  re le a s e  o f  fu r th e r  d is lo c a tio n s  in to  th e  

f e r r i t e *  In  both  coarse  p e a r l i t e  and sp h e ro id ise d  ca rb id e , th e  

low er number o f  a v a ila b le  d is lo c a tio n s  have to  move over g re a te r  

d is ta n c e s  in to  th e  f e r r i t e  and h ere  they  must overcome the  

o b s ta c le s  such a s  d is lo c a tio n  p i l e  ups and p o in t d e fec ts*  An 

in c re a se  in  the  a p p lie d  s t r e s s  i s  th e re fo re  re q u ire d  .to  m ain ta in  

t h e i r  movement; hence th e  c y c lic  harden ing  e f fe c t*

Since c y c lic  harden ing  i s  a d e s ira b le  fe a tu re  fo r  improved

12fa tig u e  perform ance a s  p re v io u s ly  suggested  th e  id e a l  s i tu a t io n

i s  th a t  o f  th e  f in e  p e a r l i t e  s t ru c tu re  showing harden ing  and y e t

m a in ta in in g  i t s  c h a r a c te r i s t i c s  th a t  g ive a  uniform  d is p e r s a l  o f

s l i p .  On the  b a s is  o f t h i s  mechanism, such harden ing  could  be

ach ieved  by en su ring  a s u f f i c i e n t ly  e f f e c t iv e  o b s tru c t io n  to

d is lo c a tio n  m otion in  the  f e r r i t e  once th e  d is lo c a t io n s  a re  unp inned .

T his im p lie s  an ad justm en t to  f e r r i t e  com position such th a t  i t s

f r i c t i o n  s t r e s s  i s  in c re a se d  w ithou t d e tr im e n ta l e f f e c t s  on th e

cem entite  lam e llae  morphology. T h is i s  an a re a  fo r  f u r th e r

in v e s t ig a t io n .  In  th e  w ire drawing in d u s try  fo r  example, sm all

q u a n t i t ie s  o f  molybdenum (up t o '0*230 in  e u te c to id  carbon s t e e l

151have enabled very  f in e  p e a r l i t e s  to  be produced by p a te n t in g  

tre a tm e n ts  and th e se  have been subsequen tly  co ld  drawn to  g iv e  

very  h igh  s tre n g th  w ire . Here th e  molybdenum has n o t on ly
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a l te r e d  the  tra n sfo rm a tio n  c h a r a c te r i s t i c s  o f  a u s te n i te  during  

h e a t tre a tm en t b u t a lso  i s  an e f f e c t iv e  f e r r i t e  s tre n g th en e r*

T his i s  c i te d  a s  an example o f  the  s o r t  o f  in v e s t ig a t io n  th a t  

could  be c a r r ie d  out*

I t  has been re p o rte d  e a r l i e r  th a t  in  the  case o f  s t e e l  B, 

samples o f f in e  p e a r l i t e  th a t  were cycled  fo r  up to  10, 20 o r  3($  

o f the  l i f e ,  showed fu r th e r  so f te n in g  and then  s t a b i l i t y  on r e 

te s t in g  a f t e r  delay  tim es o f  up to  Zh hours* T h is  behaviour 

re q u ire s  fu r th e r  study b u t su g g es ts  an ag e in g -ty p e  phenomenon 

s im ila r  to  th a t  o f  th e  y ie ld  p o in t re-appearance*  A lte rn a t iv e ly ,  

the  so f te n in g  may r e s u l t  from the  r e l i e f  o f  m ic ro -re s id u a l 

s t r e s s e s  th a t  a r i s e  during  c y c lin g .

3*3. THE INFLUENCE OF ORIENTATION ON SURFACE DAMAGE

In  both  la m e lla r  p e a r l i t e s ,  su rfa ce  damage i s  more r e a d i ly  

ap p aren t in  those  c e l l s  co n ta in in g  cem entite  la m e llae  t h a t  a re  

o r ie n te d  betv/een 30 and 90° to  the  p r in c ip a l  s t r e s s  d ire c tio n *

I t  i s  however r e a l i s e d  th a t  in  those  c e l l s  where th e  lam e llae  

o r ie n ta t io n  l i e s  o u ts id e  t h i s  favou rab le  range, s l i p  may occur 

bu t n o t m an ife st i t s e l f  a s  s l i p  bands a t  the  su rface*  T his cou ld  

happen i f  th e  B urgers v e c to r  fo r  atom d isp lacem ent h as  a  d i r e c t io n  

p a r a l l e l  to  the  su rfa ce  o f exam ination . In  th e  sp h e ro id ise d  

carb id e  th e re  i s  no c le a r  r e la t io n s h ip  betv/een th e  lo c a t io n  o f  

damage and o r ie n ta t io n  o f  sp h ero id s  based on r e s u l t s  o f  low 

re s o lu t io n  microscopy* The dependence o f su rfa ce  damage on 

lam e llae  o r ie n ta t io n  (shov/n in  £ ig S. 34 and 33) i s a t t r i b u t e d  to  

th e  s t r e s s e s  a c t in g  on th e  f e r r i te - c e m e n t i te  in te r fa c e *  S ince 

the  sh ea r s t r e s s  i s  a t  a maximum in  a d ire c t io n  o f  *+3°  to  th e  

p r in c ip a l  s t r e s s  a x is ,  then  such in te r f a c e s  v / i l l  be s u b je c t to
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t h i s  maximum sh ea r s t r e s s  where th e  cem entite  la m e llae  a re  

o r ie n te d  a t  Such in te r f a c e s  a re  reg io n s  where th e  atom

arrangem ent changes from B.C.C. in  th e  f e r r i t e  to  orthorhom bic in  

th e  cem en tite . To accommodate t h i s  atom ic p a t te r n  change, the  

t r a n s i t io n  zone c o n ta in s  a  h igh  d e n s ity  o f  atom ic im p e rfe c tio n s  

such a s  vacan c ies  and d is lo c a t io n s .  On c y c lin g , d is lo c a t io n s  

a re  unpinned where th e  o p e ra tiv e  sh ea r s t r e s s  i s  s u f f i c i e n t ly  h ig h . 

Movement o f  d is lo c a t io n s  in to  th e  cem entite  i s  d i f f i c u l t  because 

o f  i t s  r e s t r i c t e d  p l a s t i c i t y .  Movement in to  f e r r i t e  i s  much 

e a s ie r  s in ce  i t  has a  la rg e  number o f  a v a ila h le  s l i p  p la n es  a t  

room tem peratu re  a long  which th e  d is lo c a tio n s  can move. S lip p in g  

th e re fo re  occurs  in  the  f e r r i t e  a long those  p lan es  where the  

re so lv ed  sh ea r s t r e s s  reach es  a  c r i t i c a l  v a lu e . The movement o f  

many d is lo c a tio n s  a long atom ic p lan es  m an ife s ts  i t s e l f  a s  s l i p  

bands a t  th e  f e r r i t e  s u r fa c e .

In  th e  sp h e ro id a l carb id e  s t r u c tu r e ,  th e  e x te n t o f  th e  i n t e r 

face a re a  between f e r r i t e  and cem entite  i s  co n sid e rab ly  l e s s  than  

th a t  in  th e  o th e r  s t r u c tu r e s .  Consequently th e  number o f  a v a i l 

a b le  d is lo c a tio n s  from t h i s  in te r f a c e  i s  sm a ll. To accoun t fo r  

the  p l a s t i c  s t r a i n  such d is lo c a tio n s  would have to  move over la rg e  

d is ta n c e s  in to  th e  f e r r i t e .  As shown in  th e  m icrographs, f i g s .

26 and 27, s l i p  bands appear in  th e  f e r r i t e  and some a re  

c lo se ly  a s s o c ia te d  w ith  f e r r i t e  g ra in  b o u n d a rie s . From 

the  low r e s o lu t io n  m icroscopy, th e re  ap p ears  to  be no c o r r e la t io n  

o f  damage w ith  o r ie n ta t io n  o f  th e se  boundaries o r th e  i n t e r f a c e s .  

Evidence from h igh  re s o lu t io n  m icroscopy a s  shown in  F ig . 

in d ic a te s  th a t  th e re  may he some dependence o f the  damage a re a s  

on o r ie n ta t io n .  D is lo c a tio n s  a re  seen to  emanate more from some
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a re a s  o f  th e  in te r f a c e  than  o th e rs  and a re a s  o f  common o r ie n ta t io n  

appear r e l a t iv e ly  f re e  o f  d is lo c a t io n s .  In  t h i s  l a t t e r  work, 

specimens a re  in  the  form o f  th in  f o i l s  produced from d is c s  taken  

a c ro ss  th e  specimen d iam e te r. The p r in c ip a l  s t r e s s  d ire c t io n  i s  

th e re fo re  co in c id en t w ith  a  normal to  the  photograph s u r fa c e . 

F u r th e r  work i s  n ecessa ry  to  e s ta b l is h  w hether any o r ie n ta t io n  

dependence o f  damage a re a s  e x i s t s .

5 .^ .  STAGE I  CRACK GROWTH

As defin ed  e a r l i e r  in  s e c tio n  2.5* t h i s  s tag e  in c lu d e s  th e  

p e rio d  o f  crack  i n i t i a t i o n  and a lso  th a t  where th e  c rack  grows 

along a p lane  o f  h igh  sh ea r s t r e s s .

5«ZU 1. E f fe c t  o f  C yclic  S tr e s s  on S urface  Topography

In  g e n e ra l, a  fa tig u e  crack  i n i t i a t e s  a t  a  f re e  su rfa c e  and

in  re g io n s  o f  p l a s t i c  s t r a i n  c o n c e n tra tio n . For most o f  th e

m a te r ia ls  examined, th e  most common s i t e  i s  a  s l i p  band and the

form ation  o f  s l i p  bands i s  a s s o c ia te d  w ith  the  development o f  a

su rface  topography co n ta in in g  grooves and r id g e s .  These a re
32 36 37more o f te n  c a l le d  in tr u s io n s  and e x tru s io n s  r e s p e c t iv e ly .  ’

T heir fo rm ation  i s  d e tr im e n ta l to  fa tig u e  perform ance s in c e  they

c re a te  a re a s  o f  s t r e s s  co n ce n tra tio n  and c racks r e a d i ly  develop

v /ith in  them. C le a r ly  th i s  e f f e c t  o f  su rfa ce  topography on

o v e ra l l  perform ance i s  most marked under h igh  cy cle  c o n d itio n s .

Here the  s tag e  I  crack  growth, a s  de fin ed  in  2 .5  occu p ies  such
3

a la rg e  p a r t  o f  the  t o t a l  fa tig u e  l i f e .

In  s p i te  o f  the  su rfa ce  s l i p  bands observed , ta p e r  s e c t io n s  

shov/ no pronounced notch-peak  topography in  any o f  th e  th re e  

s t ru c tu re s  a f t e r  te s t in g  under h igh  cycle  fa tig u e  c o n d it io n s . 

There i s  su rfa ce  d is tu rb an ce  shown from comparison o f  fa tig u e d
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and n o n -fa tig u e d  specimens b u t i t  i s  s l ig h t  and more ap p aren t

in  the  coarse  p e a r l i t e  than  in  the o th e r  two s t r u c tu r e s .  In

the  coarse, p e a r l i t e  the  maximum h e ig h t o f e x tru s io n s  i s

0 . ^//-m etres ( jx m) and some c re v ice s  e x i s t  o f  up to  2yxm i s

dep th . T his d is tu rb an ce  i s  nowhere n ear as  severe  a s  th a t

v/hich has been observed in  o th e r  m a te r ia ls .  For example,

e x tru s io n s  o f up to  10yt/.m in  len g th  have been re p o r te d  fo r  some 

18aluminium a l lo y s .  In  low cycle  f a t ig u e ,  th e re  i s  a  g re a te r  

amount o f  su rface  d is tu rb a n c e . Rumpling i s  observed  and 

e x tru s io n s  o f up to  in  le n g th  a re  measured in  th e  th re e

s t r u c tu r e s .  L ocation  o f  e x tru s io n s  and in tr u s io n s  v/ith re s p e c t 

to  m ic ro s tru c tu ra l  fe a tu re s  has been e a s ie r  in  the  sp h e ro id ise d  

carb ide  s t ru c tu re  where the  rounded form o f  shallow  e x tru s io n s  

has been w ith in  the  f e r r i t e .  Surface  d isp lacem ent betv/een th e  

f e r r i t e  and carb id e  sp h ero id s  has n o t been observed . In  th e  

coarse p e a r l i t e ,  e x tru s io n s  appear in  th e  f e r r i t e  b u t u s u a lly  

c lo se  to  i t s  in te r f a c e  v/ith the  cem en tite . I n tr u s io n s  a re  

in v a r ia b ly  a s s o c ia te d  w ith  the  reg io n  v/here cem entite  la m e llae  

meet th e  in te r f a c e  and t h i s  i s  s ig n i f ic a n t  v/ith re g a rd  to  c rack  

i n i t i a t i o n  s i t e s  and i s  d iscu ssed  l a t e r .

Cem entite morphology c le a r ly  in f lu e n c e s  the  su rfa c e  topo 

graphy produced on c y c lin g . The s u p e r io r i ty  o f the  f in e  p e a r l i t e  

s t ru c tu re  v/ith re sp e c t to  h igh  cycle  fa tig u e  perform ance i s  

a t t r ib u te d  in  p a r t  to  the  minimum amount o f  su rfa ce  d is tu rb a n ce  

v/hich impedes the form ation  o f  s i t e s  o f  h igh  s t r e s s  c o n c e n tra tio n . 

A more uniform  d is p e r s a l  o f  s l i p  damage in  the  s t r u c tu r e  i s  th e  

m ajor cause fo r  th i s  minimum d is tu rb a n c e . Most o f th e  mechan

isms proposed fo r  e x tru s io n / in tru s io n  phenomena a re  based on
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s tu d ie s  o f  s in g le  phase m a te r ia l s .^ 1^ ’5?6 ,152 ease Qf

c ro ss  s l i p  o f  d is lo c a tio n s  has been id e n t i f ie d  a s  an im p o rtan t

f a c to r  y e t in  some m a te r ia ls  where c ro ss  s l i p  i s  easy , e x tru s io n s

109a re  n o t form ed. In  a  re c e n t study on m u lti-p h ase  specimens 

c o n ta in in g  both  s o f t  and hard  phases, a model fo r  e x tru s io n /  

in tru s io n  form ation  has been proposed . I t  s t a t e s  th a t  ex

tru s io n s  and in tr u s io n s  a re  a s s o c ia te d  v/ith th in  s o f t  phases 

th a t  a re  surrounded by h a rd e r p h ase s . The s o f t  phases shov/ 

p r e f e r e n t ia l  deform ation  and fo r  e x tru s io n s  and in t r u s io n s  to  

form, a  su b -g ra in  s t r u c tu r e  must develop . Such a s t r u c tu r e  i s  

favoured by easy c ro ss  s l i p .  The th re e  s t r u c tu r e s  used  in  t h i s  

in v e s t ig a t io n  a re  based  on th e  s o f t  phase f e r r i t e ,  v/hich p re 

dom inates, and th e  hard  cem en tite . F e r r i t e  has a  h ig h  s ta c k in g  

f a u l t  energy and c r o s s - s l ip  i s  easy . Hence cy c lin g  must 

promote su b -g ra in  fo rm ation .

Assuming th a t  the  su b -g ra in  s t ru c tu re  fo rm ation  i s  th e  

s ig n i f ic a n t  fa c to r  in f lu e n c in g  su rfa ce  topography a f t e r  c y c lin g , 

th e  fo llow ing  i s  o f fe re d  a s  an ex p lan a tio n  fo r  th e  d if fe re n c e s  

o f  topography between th e  th re e  s t r u c tu r e s .  S tu d ie s  o f 

p e a r l i t e "1 have shown th a t  a  su b -g ra in  s t r u c tu r e  e x i s t s  in

the  f e r r i t e  and i t s  s iz e ,  in  term s o f  c e ll d im ensions, i s  in 

fluenced  by in te r la m e l la r  sp ac in g . The la r g e r  th e  spac ing  th e  

g re a te r  the  c e l l  s i z e .  In  th e  sp h e ro id ise d  ca rb id e  th e  depend

ence o f  c e l l  s iz e  i s  l e s s  c l e a r .  In  bo th  la m e lla r  s t r u c tu r e s  

th e re fo re , the  s t a r t in g  c e l l  s iz e  in  f e r r i t e  i s  n o t th e  same in  

the  coarse  and f in e  p e a r l i t e .  I t  i s  sm alle r in  th e  f in e  

p e a r l i t e  and hence the  y ie ld  s t r e s s  o f f e r r i t e  h e re  i s  g r e a te r ,  

accord ing  to  p re d ic tio n  based on the  t r a d i t io n a l  H a ll-P e tc h

11.1



r e la t io n s h ip .  S ince p l a s t i c  s t r a in  i s  more un ifo rm ly  

d is t r ib u te d  in  the  f in e  than  coarse  p e a r l i t e ,  the  o v e ra l l  

e f f e c t  on th e  su b -g ra in  s t ru c tu re  should  be d i f f e r e n t .  What 

t h i s  d if fe re n c e  means i s  n o t y e t c le a r ;  i t  i s  assumed th a t  the  

c e l l  s iz e  in  the  s t ru c tu re  w i l l  shov; co n sid e rab le  d if fe re n c e s  

between coarse  and f in e  p e a r l i t e .  In  the p re s e n t work u s in g  

tran sm iss io n  e le c tro n  m icroscopy, a c e l l  s t r u c tu r e  was observed  

in  th e  sp h e ro id ise d  carb id e  (Fig.^-6) and v /ith in  some a re a s  in  

th e  la m e lla r  s t r u c tu r e s .  T his i s  a  f i e ld  fo r  fu r th e r  s tudy  

usin g  h igh  r e s o lu t io n  m e ta llo g rap h ic  te ch n iq u es .

5 * ^ .2 . Crack I n i t i a t i o n  S i t e s

I t  i s  d i f f i c u l t  to  e s ta b l is h  th e  ex ac t lo c a t io n  o f  an 

i n i t i a t i n g  c ra ck . In  t h i s  in v e s t ig a t io n ,  i n i t i a t i n g  c racks 

have been id e n t i f i e d  e a r ly  in  the  l i f e  fo r  coarse  p e a r l i t e  and 

sp h e ro id ise d  carb id e  s t r u c tu r e s ;  th e  s t r u c tu r a l  fe a tu re s  th a t  

dominate the  crack  le n g th  have been examined. C le a r ly  th e  

crack  s iz e  should  be k ep t sm all and i t s  t r a n s i t io n  to  sh ea r mode 

growth o b s tru c te d  in  o rd e r to  ach ieve  improved fa t ig u e  perform 

an ce . Some c racks i n i t i a t e  very  e a r ly  in  th e  l i f e  b u t shov; 

n e g lig ib le  growth on subsequent cy c lin g  and appear to  have 

l i t t l e  ro le  in  the  fa tig u e  f a i lu r e  p ro c e ss . I t  i s  im p o rtan t 

th a t  the  causes fo r  such c racks to  become dormant a re  knovm.

A knowledge o f  those  s t r u c tu r a l  f e a tu re s  v /ith in  which the  

i n i t i a t i n g  c rack  grows i s  an im portan t s te p  tow ards id e n t i fy in g  

th e se  cau ses .

In  F ig . 31 , two examples o f i n i t i a t i o n  s i t e s  a re  shown.

In  th a t  in d ic a te d  a t  B, a  crack  has i n i t i a t e d  a t  a  f e r r i t e -  

cem entite  in te r f a c e .  At A, th e  s i t e  i s  more d i f f i c u l t
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to  d e f in e . Much o f  the  su rface  crack  le n g th  i s  v /ith in  the  

f e r r i t e  and a s s o c ia te d  v/ith a re a s  showing heavy s l i p  damage.

I t  i s  th e re fo re  more l ik e ly  th a t  the  crack  has i n i t i a t e d  w ith in  

a  s l i p  band. S l ip  bands and the  f e r r i te - c e m e n t i te  in te r f a c e  

a re  the  two p r in c ip a l  s i t e s  fo r  crack  i n i t i a t i o n  in  th e  coarse  

p e a r l i t e .  A d d itio n a l s i t e s  a re  p e a r l i t e  c e l l  b o u ndaries  and, 

a s  shown in  F ig . 37b, a  su rface  p ro tru d in g  in c lu s io n , a lthough  

th ese  a re  r a r e .  I n i t i a t i o n  a t  p e a r l i t e  c e l l  boundaries  i s  

thought to  be a t t r ib u te d  to  boundary em b rittlem en t by im p u rity  

e lem ents such a s  copper. The s t e e l  con ta ined  t r a c e  l e v e l s  o f  

copper and t h i s  elem ent i s  known to  m igrate  to  a u s te n i te  g ra in  

boundaries during  prolonged h e a t tre a tm e n t. In  th e  f in e  

p e a r l i t e ,  th e  p r in c ip a l  c rack ing  s i t e  i s  v /ith in  s l i p  bands 

v /h ils t in  sp h e ro id ise d  c a rb id e , c racks i n i t i a t e  m ainly a t  s l i p  

bands and f e r r i t e  c e l l  b o u n d aries .

Crack i n i t i a t i o n  a t  the  f e r r i te - c e m e n t i te  in te r f a c e  i s  

observed only in  th e  coarse  p e a r l i t e .  Here i n i t i a t i o n  i s  

a t t r ib u te d  t o : -

a) debonding a t  the  in te r f a c e  during  c y c lic  s t r e s s

b) form ation  o f  su rfa ce  n o tches c o in c id en t w ith  la m e llae  

emerging a t  the  su rfa ce  (F ig s . 37a and b)

Debonding occurs a s  a  r e s u l t  o f  the  b u ild -u p  o f  v acan c ies  

to  a  s u f f i c i e n t ly  h igh  le v e l  a t  the  in te r f a c e .  These v acan c ies  

form and accum ulate in  the  in te r f a c e s  where d is lo c a t io n s  a re  

re le a se d  fo r  movement in to  f e r r i t e  by the a c tin g  sh ea r s t r e s s e s  

during c y c lic  t e s t i n g .  The accum ulation o f  v acan c ies  i s  most 

severe  a t  those  in te r f a c e s  v/here the  sh ea r s t r e s s e s  a re  h igh  

enough to  re le a s e  la rg e  numbers o f  d is lo c a t io n s .  Coherency
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betv/een f e r r i t e  and cem entite  i s  d estroyed  v/ith consequent 

weakening o f the  in te r f a c e .  I t s  a b i l i t y  to  support s t r e s s  i s  

th u s  im paired  and v/here the  o p e ra tiv e  s t r e s s  i s  s u f f ic ie n t ly  

h ig h , a crack  may be formed a t  the  in te r f a c e .  Such a le v e l  o f

s t r e s s  i s  most l i k e ly  to  be reached  in  the  ro o ts  o f  su rface  

n o tches formed. Where such no tches co incide  v/ith the  in te r f a c e ,  

a s  shown in  F ig s . 37a. and b , th e  p o s s ib i l i ty  o f  c rack  i n i t i a t i o n  

i s  very  h ig h . O bservations o f cracks shov/ th a t  such s i t e s  

e x i s t  a t  in te r f a c e s  o r ie n te d  a t  around to  th e  p r in c ip a l  s t r e s s  

a x is  (F ig .3 1 ) .
78 107O ther s tu d ie s  o f  two phase a l lo y s  ’ have shown a

s im ila r  type o f  in te r f a c e  crack i n i t i a t i o n  to  th a t  above. In  a

78titan iu m  a l lo y ,  crack  i n i t i a t e d  a t  the  in te r f a c e  betv/een oL

and p  g ra in s  during h igh  cycle f a t ig u e .  Because s l i p  band

damage v/as n o t d e te c te d , the  crack ing  was a t t r ib u te d  to  i n t e r -

107f a c ia l  debonding. In  a zirconium  a l lo y ,  the  in te r f a c e

betv/een zirconium  hydride  and the  m atrix  g ra in s  v/as s u sc e p tib le

to  c y c lic  damage because o f i t s  low coherency. Void i n i t i a t i o n

was p re v a le n t a t  the  in te r f a c e  and t h i s  would account fo r  i t s

tendency fo r  crack  i n i t i a t i o n .  Surface  crack  i n i t i a t i o n

v /ith in  s l i p  bands i s  common to  a l l  th re e  s t r u c tu r e s .  S lip

bands a re  reg io n s  o f d is lo c a tio n  b u ild  up and p rev io u s  s tu d ie s  

153 have shov/n th a t  c racks i n i t i a t e  in  reg io n s  o f  h ig h  s t r a i n  

c o n c e n tra tio n . In  both  the  coarse  p e a r l i t e  and sp h e ro id ise d  

carb ide  s t r u c tu r e s ,  a  shallow  su rfa ce  notch  peak e f f e c t  le a d s  

to  d is t r ib u t io n  o f  s t r e s s  v/hich produces a re a s  o f  s t r e s s  con

c e n tr a t io n .  These accen tu a te  the  crack  i n i t i a t i o n .  In  th e  

f in e  p e a r l i t e  th e  notch  peak e f f e c t  i s  so shallow  a s  to  be
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u n d e tec tab le  by th e  m eta llo g rap h ic  techn iques used  h e re .

The h ig h e s t r e s is ta n c e  to  crack  i n i t i a t i o n  under h igh  

cycle  fa tig u e  co n d itio n s  i s  found in  the f in e  p e a r l i t e .  T his 

i s  a t t r ib u te d  to  a c ap a c ity  fo r  more homogeneous d i s t r ib u t io n  of 

p l a s t i c  s t r a in  in  th i s  s t ru c tu re  than  the o th e r s .  The b u ild -u p  

o f p l a s t i c  s t r a in  to  le v e l s  s u f f ic ie n t  fo r  crack  i n i t i a t i o n  

th e re fo re  re q u ire s  a la r g e r  number o f  s t r a in  cy c le s  than  in  the  

o th e r  s t r u c tu r e s .  The more homogeneous d i s t r ib u t io n  o f  s t r a in  

a r i s e s  from the  ex ten siv e  in te r f a c e  a rea  between f e r r i t e  and 

cem en tite . I t  i s  from t h i s  in te r f a c e ,  as p re v io u s ly  m entioned, 

th a t  d is lo c a tio n s  move in to  f e r r i t e  so as  to  accommodate the  

p l a s t i c  s t r a i n .  The f in e  p e a r l i t e  has the s m a lle s t va lue  fo r  

mean f re e  f e r r i t e  pa th  in  the th re e  s t ru c tu re s  and a t  f i r s t ,  i t  

was thought th a t  t h i s  might have had a d e tr im e n ta l e f f e c t  on 

s t r a in  b u ild  up due to  i t s  l im it in g  the d is ta n ce  fo r  movement o f 

d is lo c a tio n s  in to  f e r r i t e .  T his does not appear to  have been 

the case .

In  th e  su b -su rface  zones, f o i l s  have shown th a t  

d is lo c a tio n s  emanate from the  f e r r i te - c e m e n t i te  in te r f a c e  and 

b u ild  up in  the  f e r r i t e .  A c e l lu la r  arrangem ent o f  d is 

lo c a t io n s  appears in  both  la m e lla r  and sp h e ro id a l s t r u c tu r e s  

as shown in  F ig s . f̂2b and ^6b . Cracks have n o t been d e te c te d

in  any o f  the  f o i l s  produced. However c ra c k - l ik e  fe a tu re s  a re

seen in  F ig s . ^3h, hk-b and 43b and th ese  a re  c lo se ly  a s s o c ia te d  

w ith  the  f e r r i te - c e m e n ti te  in te r f a c e .  These fe a tu re s  have 

been c lo se ly  examined and a re  a t t r ib u te d  to  a re a s  o f  high 

d is lo c a tio n  d e n s ity . They a re  n o t, fo r  example, bend o r 

th ic k n e ss  co n to u rs .
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Transm ission  e le c tro n  m icroscopy v/as used only  in  the  f in a l  

s ta g e s  o f  the  v/ork and i t  i s  c le a r  from the  r e s u l t s  o b ta in ed  

so f a r  th a t  a more thorough use o f th i s  technique in  fa tig u e  

s tu d ie s  i s  n e ce ssa ry .

Shear Mode Growth

Evidence o f  sh ear mode grov/th fo llow ing  crack  i n i t i a t i o n  

has been d i f f i c u l t  to  produce because o f the  l im ite d  amount o f  

f ra c to g ra p h ic  exam ination in  t h i s  v/ork. N e v erth e le ss , bo th  

la m e lla r  s t r u c tu r e s  show a re a s  c h a r a c te r i s t i c  o f  t h i s  type o f  

grov/th. No such a re a s  have been observed in  th e  sp h e ro id ise d  

carb id e  s t r u c tu r e .  F ig . 60 shov/s an example in  the  f in e  

p e a r l i t e .  The a re a  corresponding  to  sh ea r mode grov/th i s  sm all 

and ex tends from the  specimen s u r fa c e . F ra c tu re  exam ination 

u sing  th e  scanning e le c tro n  m icroscope re v e a ls  few fe a tu re s  o f 

s ig n if ic a n c e  in  the  a r e a .  Under h igh  cycle  fa t ig u e  c o n d itio n s  

bo th  s t ru c tu re s  shov/ only  one such a re a  v/hereas in  low cycle  

fa tig u e  th e re  a re  s e v e ra l , a l l  o f  v/hich ex tend  from the  s u r fa c e . 

T h e ir o r ie n ta t io n  i s  e s tim a ted  to  be around k̂ >° to  th e  p r in c ip a l  

s t r e s s  a x i s .  A lthough fu r th e r  exam ination i s  n e ce ssa ry , u s in g  

say s in g le  s tag e  r e p l ic a t io n  and e le c tro n  m icroscopy, the  

evidence fo r  sh ea r mode crack  grov/th fo llow ing  i n i t i a t i o n  i s  

conclusive  fo r  both  la m e lla r  s t r u c tu r e s .

As m entioned e a r l i e r ,  th re e  crack  i n i t i a t i o n  s i t e s  a re  

id e n t i f i e d  in  the  la m e lla r  s t r u c tu r e s .  The r e l a t i v e l y  f l a t  

su rface  o f th e  sh ea r mode crack  a re a  i s  lik e n e d  to  th a t  ap p ear

ance c h a ra c te r iz in g  cleavage a t  th e  in te r f a c e  betv/een f e r r i t e  

and cem en tite . An example o f such an appearance i s  shown in  

the  s tag e  I I  f r a c tu re  in  F ig . 53* These fe a tu re s  would in d ic a te
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th a t  o f  th e  th re e  i n i t i a t i o n  s i t e s ,  shear mode c rack  grov/th 

beg ins from a f e r r i te - c e m e n t i te  in te r f a c e  and co n tin u es  along 

t h i s  in te r f a c e .  T ra n s it io n  to  s tag e  I I  c rack  grov/th occurs 

a f t e r  on ly  a  sm all c rack  depth i s  reach ed . Subsequent grov/th 

i s  then  along  p lan es  normal to  the  p r in c ip a l  s t r e s s  and c a ta 

s tro p h ic  f a i lu r e  o c cu rs .

5 .5 .  STAGE I I  CRACK GROV/TH

S tr u c tu ra l  d if f e re n c e s  betv/een the  th re e  m a te r ia ls  s tu d ie d  

in flu en c e  the  s tag e  I I  crack  grov/th under h igh  cycle  fa tig u e  con

d i t io n s .  The e f f e c t s  o f s t ru c tu re  a re  shown up a s  d if f e re n c e s  in  

c h a r a c te r i s t i c s  based o n :-  

1 • the  crack  p ro p ag a tio n  r a te

2 . the  ro u te  fo llow ed by a p rop ag a tin g  fa tig u e  crack

3 . the  e x te n t o f  fa tig u e  crack  grov/th b e fo re  c a ta s tro p h ic  f a i lu r e

P ropagation  Rate

R e la tiv e  crack  p ropagation  r a t e s  a t  the  su rfa c e  have been

estim a ted  in  the  v/ork and based on m e ta llo g rap h ic  o b se rv a tio n  a t

v a rio u s  s ta g e s  o f th e  l i f e .  They show a s im ila r  tre n d  to .
'j 29

r e s u l t s  o f  o th e r  w orkers ’ u s in g  more so .p h is tic a te d  m easuring

te ch n iq u es . For example, th e  fa tig u e  crack  p ro p ag a tio n  r a t e

fo r  sp h e ro id ise d  carb id e  i s  low er than  fo r  co arse  p e a r l i t e .

There i s  however no agreem ent in  r e s u l t s  shov/ing p e a r l i t e

s tru c tu re :  e f f e c t s  on p ropogation  r a t e s .  An in c re a s e  o f  p e a r l i t e

^ , 126. 1 2 9  ̂ •la m e lla r  spacing  was shown m  p rev io u s  v/ork to  in c re a s e

p rop ag a tio n  r a te s  whereas in  the  p re se n t in v e s t ig a t io n ,  a  more 

ra p id  r a t e  i s  found in  the  f in e  p e a r l i t e .  A p r in c ip a l  cause 

o f  t h i s  d isagreem ent i s  l ik e ly  to  be d if fe re n c e  o f  chem ical com

p o s it io n  o f th e  s t e e l s  u sed . The carbon c o n ten t o f  the  s t e e l
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126 129used in  p rev io u s  work 1 was 1?o and the  o th e r  a llo y in g  

elem ents in d ic a te d  th a t  i t  was l ik e ly  to  g ive p ro -e u te c to id  

cem entite  on tra n sfo rm a tio n  from the  a u s te n i t i c  c o n d itio n .

This would be accen tu a ted  during  slow coo ling  to  produce coarse  

p e a r l i t e .  In  the  p re se n t in v e s t ig a t io n ,  the  s t e e l  used  con

ta in e d  around 0 . 7y/o o f  carbon and m e ta llo g rap h ic  exam ination showed 

only t r a c e s  o f c em en tite . The presence  o f t h i s  b r i t t l e  cem entite  

a t  p e a r l i t e  g ra in  boundaries would be d e tr im e n ta l to  crack  propo- 

g a tio n  in  th a t  the  p rop ag a tio n  r a te  would no doubt be in c re a se d

and in te rg ra n u la r  p ropogation  would be e v id e n t . In  th e  r e s u l t s  

126 129o f  th i s  work ’ no m ention i s  made o f in te rg ra n u la r  appear

ance on the  f r a c tu re  s u r fa c e . N ev erth e le ss , th e  h ig h e s t  p ropa-

126 129g a tio n  r a te  fo r  coarse  p e a r l i t e  in  the  work ’ i s  a t t r i b u t e d  

m ainly to  the  l a r g e r  amount o f  p ro -e u te c to id  cem en tite  in  t h i s  

s t ru c tu re  than  in  f in e  p e a r l i t e .  The disagreem ent in  r e s u l t s  

fo r  p e a r l i t e  s t ru c tu re  e f f e c t s  i s  th e re fo re  a t t r i b u t e d  to  th e  

s ig n i f ic a n t  re d u c tio n  in  amount to  t r a c e  le v e l s  o f  p ro -e u te c to id  

cem entite  found in  s t e e l s  used in  th e  p re se n t in v e s t ig a t io n .

D iffe ren ces  in  fa tig u e  crack  p rop ag a tio n  r a t e s  between the  

th re e  s t r u c tu r e s  a re  a t t r ib u te d  to  a number o f  re a so n s , nam ely:-

a) behaviour o f  m a te r ia l  in  the  crack  t i p

b) e f f e c t s  o f  c y c lic  p ro p e r t ie s ,  e .g .  c y c lic  s t r a i i i  harden ing  

exponent

c) ro u te  follow ed by the  p rop ag a tin g  crack

As m entioned e a r l i e r  i n - 2 .6 , a  sm all p l a s t i c a l l y  deformed

zone i s  c re a te d  a t  the  t i p  o f  a  growing c rack . I t s  s iz e  i s

11*fdependent on the  s t r e s s  in te n s i t j '  f a c to r  and m a te r ia l  

115p ro p e r t ie s  a t  the  crack  t i p .  I t  has a s ig n i f ic a n t  in f lu e n c e
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on fa t ig u e  p ropagation  r a t e .  P la s t i c  s t r a in  i s  co n cen tra ted  

w ith in  th i s  zone and i t s  le v e l  in c re a se s  throughout the  t e s t  

even though the  o v e ra l l  s t r a in  am plitude may he k ep t co n stan t 

a s  was the  case in  most c y c lic  t e s t s  perform ed in  t h i s  i n v e s t i 

g a tio n . Although th e  le v e l s  o f p l a s t i c  s t r a in  c o n ce n tra tio n  

reached  a re  no t known, th e  c y c lic  s t r e s s - s t r a i n  curves o f 

F ig s . 16 -  18 do show a t r a n s i t io n  from c y c lic  so f te n in g  to  

hardening  as  the s t r a in  le v e l  in c re a s e s  fo r  bo th  coarse  p e a r l i t e  

and sp h e ro id ise d  carb ide  s t r u c tu r e s .  S o ften in g  i s  observed in  

f in e  p e a r l i t e  over a range o f  s t r a in  l e v e l s .  Hence, i f  s t r a in  

le v e ls  in  the  p l a s t i c  zone a re  s u f f i c i e n t ly  h ig h , lo c a l is e d  c y c lic  

hardening  occurs in  both  coarse  p e a r l i t e  and sp h e ro id ise d  

c a rb id e . The e f f e c t  o f  th i s  i s  to  promote the  r e - d i s t r ib u t io n  

o f p la s t i c  s t r a in  in  reg io n s  where i t  can be more re a d ily  accommo

d a ted . T his could account in  p a r t  fo r  observed crack  growth 

along c e r ta in  ro u te s  and then  o b s tru c tio n : fu r th e r  growth con

tin u in g  along o th e r  ro u te s  from the  main c rack . Branch c rack ing  

i s  a m a n ife s ta tio n  o f  such c h a r a c te r i s t i c s .  C le a r ly  t h i s  i s  a  

f i e ld  fo r  fu r th e r  study bu t a s ig n i f ic a n t  p o in t i s  th a t  branch 

c racks were ap p aren t in  coarse  p e a r l i t e  and sp h e ro id ise d  carb id e  

bu t n o t f in e  p e a r l i t e  s t r u c tu r e s .  In  the  l a t t e r  s t r u c tu r e ,  

c y c lic  so fte n in g  occurs a t  a l l  s t r a in  le v e l s  shown in  th e  c y c lic  

s t r e s s - s t r a i n  curve and hence lo c a l is e d  so fte n in g  occu rs  in  the  

p l a s t i c  zone. I t s  e f f e c t  i s  to  co n cen tra te  p l a s t i c  s t r a in  a t  

the  t i p  o f  the  growing crack  and hence in te n s i f y  d is lo c a t io n  

m otion th e r e in .  D ev ia tion  from the  main crack  i s  n o t ap p aren t 

from m eta llo g rap h ic  o b serv a tio n  and i t s  h igh  r a te  o f  p ro p ag a tio n  

has been m entioned e a r l i e r .  Both o b se rv a tio n s  c o r r e la te  w e ll
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w ith  expected behav iour a r i s in g  from th i s  lo c a l is e d  s o f te n in g .
■'130 ifo

In  the  work o f  Tomkins, 1 an approach h as been made tow ards

p re d ic t io n  o f  crack  growth r a te  th a t  i s  based on c y c lic  m a te r ia l  

b eh av io u r. The model i s  d e sc rib ed  in  th e  form o f  two eq u a tio n s , bo th  

o f  which a re  g iven  (9 and 10) in  s e c tio n  2 .6 .3 »  That equation  

r e f e r r in g  to  h igh  cy cle  fa t ig u e  c o n d itio n s  i s  reproduced below :-

r
ach ieved  by a  low ering  o f the  c y c lic  s t r a in  harden ing  exponent, H  * 

a l l  o th e r  term s being  e q u a l. The r e s u l t s  in  ta b le  3 show f in e

p e a r l i t e  to  have the  sm a lle s t value fo r  t h i s  exponent, n  : i t  does

however have th e  h ig h e s t growth r a t e .  The r e s u l t s  from t h i s  i n v e s t i 

g a tio n  do n o t th e re fo re  correspond  w ith the  p re d ic te d  behav iour from 

eq u atio n  10 and the  d isagreem ent may be a t t r ib u te d  to  th e  fo llow ing  

re a so n s :-

1 • the  v a l id i ty  o f crack  growth measurement in  t h i s  in v e s t ig a t io n .

I t  was d i f f i c u l t  to  re so lv e  d e ta i l  in  th e  f in e  p e a r l i t e  s t r u c tu r e

and crack  growth could  have rem ained u n d e tec ted  fo r  a long  tim e .

The ra p id  crack  growth observed a t  the  su rface  may th e re fo re  have

re p re se n te d  the  f i n a l  s ta g e s  only  o f  the  crack  growth p e r io d .

2 . the  v a l id i ty  o f  eq u atio n  10 fo r  the  s t r u c tu r e s  used  in  th e  work.
^ 3 9  ZfO

As m entioned e a r l i e r ,  th e  model ’ was d e riv ed  from o b se rv a tio n s  

o f  crack ing  in  a  d u c t i le  m e ta l. Cem entite i s  re co g n ised  a s  a 

b r i t t l e  c o n s t i tu e n t  and hence those  s ta g e s  o f crack  growth th rough

ou t cem entite  may no t comply w ith  c o n d itio n s  under which th e  model 

a p p l ie s .

da
dN A c .10

T his in d ic a te s  th a t  a decrease  in  the  c rack  growth
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5 .5 * 2 . M ic ro s tru c tu ra l F e a tu re s  o f P ropaga ting  Crack P a th s

Two o f  th e  m ajor c h a r a c te r i s t i c s  o f s tag e  I I  c rack ing

have been known fo r  a  long  time to  be tra n s g ra n u la r  p ropaga tion

and s t r i a t i o n  form ation  on the  fa tig u e  f r a c tu re  s u r fa c e .

119Since s t r i a t i o n s  were f i r s t  re p o rte d , much work has been done 

in  the  s tudy  o f t h e i r  f e a tu r e s .  They have been observed  in  

many m e ta l l ic  and n o n -m e ta llic  m a te r ia ls .

In  the  th re e  s t ru c tu re s  used in  t h i s  in v e s t ig a t io n ,  fa tig u e  

cracks p ropagate  alm ost always in  a tra n s g ra n u la r  manner.

Y/here in te rg ra n u la r  c rack ing  has been observed , i t  i s  a s s o c ia te d  

w ith  both  la m e lla r  s t r u c tu r e s  b u t never occupies s ig n i f ic a n t  

p o r tio n s  o f  the  fa tig u e  f r a c tu re  a r e a .  In  both  th e  co arse  and 

f in e  p e a r l i t e s ,  crack  growth i s  along  fe r r i te - c e m e n t i te  i n t e r 

faces  and a c ro ss  cem entite  lam ellae , w h ils t m a in ta in in g  a  p a th  

th a t  i s  approxim ately  normal to  th e  p r in c ip a l  s t r e s s  a x i s .  

Cem entite f r a c tu re  i s  p re fe r re d  where the  lam e llae  a re  o r ie n ta te d  

n e a r ly .normal to  the  crack  p a th . • I f  ly in g  a t  an g le s  g r e a te r  

than  about *f5° to  th e  crack  p a th , th e  re so lv ed  s t r e s s e s  a t  the  

crack  t i p  may be in s u f f i c i e n t  to  crack  the  lam e llae  b u t s u f f i c i e n t  

to  p ropagate  the  crack  along  the f e r r i te - c e m e n t i te  in te r f a c e  

where vo ids may a lre ad y  e x is t  and prov ide an easy p o te n t ia l  

ro u te .

Cracking o f cem entite  lam e llae  may be ex p la in ed  in  term s o f

1 5ka f ib r e  lo ad in g  mechanism. Such a  mechanism i s  j u s t i f i e d

s in ce  p e a r l i t e  s im u la tes  many f ib r e  re in fo rc e d  m a te r ia ls  in  so 

f a r  a s  i t  co n ta in s  hard  p a r t i c l e s  w ith in  a d u c t i le  m a tr ix .

I t  p re d ic ts  th a t  th e  h ig h e s t s t r e s s  i s  developed a t  the  c e n tre  

o f  lam e llae  and f r a c tu re  occurs h e re . F urtherm ore, th e  tendency
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fo r  cem entite  lam e llae  to  crack  depends on th ic k n e s s ,  th in

lam e llae  being  e a s ie r  to  crack  than  th ic k  o nes. R e su lts

ob ta in ed  show th a t  f r a c tu re  o f  la m e llae  does n o t alw ays occur

along  th e i r  m id -len g th . However, the  r e s u l t s  fo r  f in e  p e a r l i t e

show ex ten s iv e  c rack  p rop ag a tio n  a c ro ss  cem en tite  la m e llae  and

t h i s  could  be a t t r i b u t e d  to  the  lam e llae  being  e a s ie r  to  c ra ck .

O ther r e s u l t s  th a t  can be re a d ily  exp la in ed  in  term s o f  the

mechanism a re  found fo r  th e  sp h e ro id ise d  carb id e  s t r u c tu r e .

Here the  crack  p a th  i s  r a r e ly  through the  sp h ero id s  and t h i s  i s

most l i k e ly  a t t r ib u te d  to  s p h e r ic a l  p a r t i c l e s  n o t be ing  s u b je c t

to  s ig n i f ic a n t  f ib r e  lo a d in g . When f r a c tu re  does occur th e re

i s  l e s s  energy a v a ila b le  to  propagate  the  crack  in to  the  f e r r i t e

m atrix  than  th a t  re le a s e d  from a f r a c tu re d  la m e lla .  The concept

o f  energy re le a s e  from lam ellae  f r a c tu re  can be a p p lie d  to

ex p la in  th e  ra p id  crack  growth a c ro ss  lam e llae  in  f in e  p e a r l i t e .

V/ith a  sm all in te r la m e l la r  spacing  o f  700 Angstrom u n i t s ,  th e

energy re le a s e d  from f r a c tu re  o f  one la m e lla  may be s u f f i c i e n t

to  propagate  the  crack  through the  f e r r i t e  and on to  th e  n ex t

lam e llae  where the  p ro cess  i s  then  re p e a te d . The e f f e c t  i s

shown most c le a r ly  in  Fig.AVb where se v e ra l in d iv id u a l  c rack s

a re  shown to  propogate a c ro ss  cem en tite  lam e llae  and co n tinue

th e i r  growth in  f e r r i t e .  There a re  however o th e r  c rack s which

on m eeting a la m e lla  grow some d is ta n ce  along th e  in te r f a c e

b e fo re  c u tt in g  a c ro ss  th e  la m e lla . T his behav iour cou ld  be

a t t r ib u te d  to  the  presence  o f  grov/th f a u l t s  in  th e  cem en tite  

155la m e lla e . I t  i s  c le a r  .from the  l im ite d  amount o f  c rack

p rop ag a tio n  s tu d ie s  in  t h i s  in v e s t ig a t io n  th a t  no s in g le  mechanism 

can e x p la in  a l l  th e  o b se rv a tio n s  so f a r .
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Crack growth a long the  f e r r i te - c e m e n t i te  in te r f a c e  i s  most 

ap p aren t in  the  coarse  p e a r l i t e  a s  shown in  F ig .55* At f i r s t  

s ig h t ,  growth a long t h i s  in te r f a c e  appears to  be o f  a c leavage 

ty p e . S t r i a t io n  form ation  i s  n o t ap p aren t on th e  f r a c tu re  

su rfa c e s  o f  coarse  p e a r l i t e  b u t i s  p re se n t on bo th  f in e  p e a r l i t e  

and sp h e ro id ise d  carb id e  s t r u c tu r e s .  T his d if fe re n c e  in  

appearance i s  d i f f i c u l t  to  r e c o n c i le .  On th e  b a s is  o f  m icro

s tru c tu re  i t  i s  d i f f i c u l t  to  e x p la in  th e  h ig h e r p ro p ag a tio n  r a t e  

found in  f in e  p e a r l i t e .  The only  fe a tu re  i s  th e  g re a te r  p ro 

p o r tio n  o f  in te rg ra n u la r  f r a c tu re  in  t h i s  s t r u c tu r e  b u t even so 

t h i s  re p re se n ts  a  very  sm all p ro p o rtio n  o f  the  fa t ig u e  a r e a .

In  g e n e ra l, the  o v e ra l l  p ic tu re  emerging from r e s u l t s  o f  c rack  

p rop ag a tio n  s tu d ie s  in  t h i s  in v e s t ig a t io n  i s  n o t c l e a r .  T h is  

i s  a t t r ib u te d  to  only  a  sm all amount o f  the  t o t a l  tim e being  

sp en t on crack  p ro p ag a tio n  s tu d ie s .  The sm all amount o f  tim e 

has been j u s t i f i e d  s in ce  the  o v e ra l l  in v e s t ig a t io n  was concerned 

w ith  h igh  cycle  fa tig u e  behaviour and un-notched  specim ens.

As m entioned e a r l i e r ,  th e  crack  p rop ag a tio n  s tag e  re p re s e n ts  

only  a  sm all amount o f  the  t o t a l  l i f e  under such c o n d itio n s .

5.5*3* C ond itions fo r  C a ta s tro p h ic  F a ilu re

A fa tig u e  crack  grows v /ith in  a specimen u n t i l  th e  c rack  

le n g th  and s t r e s s  in te n s i ty  a t  the  crack  t i p  reach  le v e l s  a t  

which c a ta s tro p h ic  f a i lu r e  o c c u rs . T h is t r a n s i t i o n  to  ra p id  

f r a c tu re  f a l l s  v /ith in  the  f i e l d  o f  f r a c tu re  m echanics and 

f r a c tu re  toughness concepts and has n o t re c e iv e d  much a t te n t io n  

in  t h i s  in v e s t ig a t io n .  N ev erth e le ss , the  concept o f  fa t ig u e

156f r a c tu re  toughness has been proposed and shown to  be r e l a t e d  

to  th e  c y c lic  s t r a in  harden ing  exponent. A d ecrease  in  va lue
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156fo r  th i s  exponent i s  claim ed to  in c re a se  the  fa tig u e  

f r a c tu re  toughness in  th a t  the  a re a  o f the  fa t ig u e  f r a c tu re  zone 

i s  in c re a se d . R e su lts  from th i s  in v e s t ig a t io n  c o n tra d ic t  t h i s  

c la im ; th e  low est va lue  fo r  the  exponent i s  found in  th e  f in e  

p e a r l i t e  which i s  shown to  have th e  low est fa tig u e  f r a c tu re  

toughness.



CONCLUSIONS

1 . F a tigue  damage ap pears  e a r ly  in  th e  l i f e  in  bo th  la m e lla r  and 

sp h e ro id a l carb id e  s t r u c tu r e s .  S urface  damage e x is t s  a s  s l i p  

bands in  the  f e r r i t e .  In  both  th e  coarse  and f in e  la m e lla r  

s t r u c tu r e s ,  su rfa ce  damage i s  more in te n s iv e  in  those  reg io n s  

having cem entite  lam e llae  o r ie n te d  a t  between 30 and 90° to  the  

p r in c ip a l  s t r e s s  a x i s .  At a  g iven  s tag e  o f th e  fa tig u e  l i f e ,  

the  damage in  th ese  p re fe r re d  re g io n s  i s  more lo c a l i s e d  in  the  

coarse  than  in  the  f in e  p e a r l i t e .

2 . S urface damage in  a l l  th re e  s t r u c tu r e s ,  te s te d  to  f a i lu r e  under 

h igh  cycle  fa tig u e  c o n d itio n s , i s  a s s o c ia te d  w ith  a  very  shallow  

su rface  topography. The maximum h e ig h t o f e x tru s io n s  i s  about

0 . 5 /W.metres in  the  coarse  p e a r l i t e  and sp h e ro id ise d  carb id e  

s t r u c tu r e s .  There i s  alm ost no notch peak e f f e c t  d is t in g u is h a b le  

by o p t ic a l  m etallography  in  the f in e  p e a r l i t e .

3 . C yclic  s t r e s s in g  le a d s  to  a  d is lo c a tio n  b u ild -u p  in  th e  f e r r i t e .  

The p r in c ip a l  source o f d is lo c a tio n s  i s  the  f e r r i te - c e m e n t i te  

in te r f a c e .

A. Cracks appear a t  s l i p  bands and in te r f a c e s  between f e r r i t e  and 

cem entite  in  a l l  the  th re e  s t r u c tu r e s .  Cracks a ls o  appear a t  

p e a r l i t e  c e l l  boundaries in  la m e lla r  s t r u c tu r e s  and a t  f e r r i t e  

c e l l  boundaries in  sp h e ro id a l s t r u c tu r e s .  M icroscopic c rack s  

can be d e tec te d  a t  up to  2%  o f  the  l i f e  in  coarse  p e a r l i t e  and 

sp h e ro id ise d  carb id e  s t ru c tu re s  whereas in  f in e  p e a r l i t e  they  

a re  d e tec te d  a t  between 50 and o f  the  l i f e .

5 . The mechanisms o f  crack  p ro p ag a tio n  in  the  th re e  s t r u c tu r e s  a re  

n o t th e  same. There a re  la rg e  a re a s  o f m icro -c leavage  a t  

f e r r i te - c e m e n ti te  in te r f a c e s  and crack  c u tt in g  a c ro ss  cem en tite



lam e llae  in  the  coarse  p e a r l i t e .  F ine p e a r l i t e  shows 

e x ten s iv e  c u tt in g  a c ro ss  lam e llae  by a growing crack  and some 

in te rg ra n u la r  c ra ck in g . A s t r i a t i o n  mechanism i s  d e te c te d .

Crack growth i s  co n cen tra ted  v /ith in  f e r r i t e  o r along the  f e r r i t e -  

cem entite  in te r f a c e  in  the  sp h e ro id ise d  carb id e  s t r u c tu r e .

6 . In  a l l  th re e  s t r u c tu r e s ,  fa tig u e  crack  p ro p ag a tio n  fo llow s a 

s tag e  I  -  I I  sequence and te rm in a te s  v/hen the  co n d itio n s  fo r  

c a ta s tro p h ic  f a i lu r e  a re  a t t a in e d .  R e su lts  sug g est g re a te r  

su rfa ce  crack  p ro p ag a tio n  r a te s  in  la m e lla r  than  sp h e ro id a l 

s t r u c tu r e s .  Furtherm ore, the  p ro p o r tio n  o f the  f u l l  f r a c tu re  

zone occupied by the  fa tig u e  crack  a re a  i s  g r e a te s t  in  the  

sp h e ro id a l s t ru c tu re  and l e a s t  in  the  coarse  p e a r l i t e .

7 . The p re d ic te d  s t r a in  l i f e  curves show thab  th e  h ig h e s t  fa tig u e

re s is ta n c e  in  the  low cycle  reg io n  i s  found in  th e  sp h e ro id ise d
5

carb id e  s t r u c tu r e .  For the  high  cycle  reg io n  beyond 10 c y c le s , 

the  f in e  p e a r l i t e  s t ru c tu re  has th e  h ig h e s t fa tig u e  r e s is ta n c e .  

These p re d ic t io n s  a re  confirm ed from the  s t r a i n - l i f e  t e s t s .

8 . The th re e  s t r u c tu r e s  d i f f e r  in  t h e i r  change o f  deform ation  

re s is ta n c e  over a  range o f s t r a in  o f  up to  0 . 015* ^ke f in e

p e a r l i t e  c y c l ic a l ly  so f te n s  over the  whole ra n g e . The coarse

p e a r l i t e  and sp h e ro id ised  carb id e  s t ru c tu re s  c y c l i c a l ly  so f te n  

a t  s t r a in s  o f  up to  about 0 ,0 0 ^ . On cy c lin g  a t  s t r a in s  above 

th i s  l e v e l ,  bo th  s t ru c tu re s  harden and then  reach  a  s a tu r a t io n  

l e v e l •

1 2 6



7 . RECOMMENDATIONS FOR FURTHER WORK

Throughout the  d iscu ss io n  s e c tio n  o f  th i s  th e s i s ,  s e v e ra l a re a s  

have been id e n t i f i e d  where fu r th e r  in v e s t ig a t io n  i s  recommended.

In  g e n e ra l, a l l  the  a re a s  a re  a s s o c ia te d  w ith  an id e n t i f i c a t io n  o f  

the  im portan t m ic ro s tru c tu ra l  fe a tu re s  th a t  in f lu e n c e  th e  fa tig u e  

perform ance o f  p e a r l i t e  s t r u c tu r e s .  I t  i s  recommended th a t  the  

tran sm iss io n  e le c tro n  m icroscope be more e x te n s iv e ly  used in  s e v e ra l 

o f  th ese  a r e a s .  The s p e c if ic  a re a s  fo r  in v e s t ig a t io n  a re  a s  fo llo w s :-

a) to  id e n t i f y  the  m ic ro s tru c tu ra l  fe a tu re s  th a t  in f lu e n c e  th e  

mechanism o f  c y c lic  so fte n in g  and harden ing ,

b) to  examine the  e f f e c t s  o f c y c lic  te s t in g  on th e  re v e rs io n  

o f cem entite  in  f e r r i t e ,

c) to  examine the  ag e in g -ty p e  phenomenon observed in  th e  work 

and id e n t i f y  those  f a c to r s  which in flu en c e  i t ,

d) to  ev a lu a te  the  fa tig u e  perform ance o f  s t r u c tu r e s  having  a 

sp h e ro id ise d  carb id e  core and a case o f  f in e  p e a r l i t e ,

e) to  examine the  mechanisms o f  fa tig u e  crack  p ro p q g a tio n .
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STATEMENT OF POST GRADUATE STUDY

During the  p e rio d  in  v/hich the  re sea rc h  work was c a r r ie d  o u t, 

a number o f  co u rses , sem inars and conferences were a tte n d e d . These 

in c lu d ed  the  fo llo w in g :-

a) the  p ro d u c tio n  and p re s e n ta tio n  o f  a paper e n t i t l e d  " I n i t i a l  F a tig u e  

Damage in  P e a r l i t e "  a t  the  I n s t i t u t e  o f  M etals C onference, "Modern 

M etallography in  M eta llu rg y " . T his was h e ld  a t  L iv erp o o l U n iv e rs ity  

in  Septem ber, 1971?

b) th e  p re s e n ta t io n  o f  a  paper a t  a  re se a rc h  colloquium  a t  S h e f f ie ld  

P o ly tech n ic  and a tten d an ce  a t  s e v e ra l o f th ese  c o llo q u ia ,

c) a tten d an ce  a t  s e v e ra l c o llo q u ia  a rranged  by th e  F a tig u e  R esearch 

Group a t  the  B r i t i s h  R a il T echn ica l C en tre ,

d) a  s e r ie s  o f  le c tu r e s  based on Advanced D is lo c a tio n  Theory in  

F ra c tu re  a t  S h e f f ie ld  P o ly tec h n ic ,

e) a  s e r ie s  o f le c tu r e s  based on Q u a n tita tiv e  M etallography a t  S h e f f ie ld  

P o ly te c h n ic .

A paper has been subm itted  and accep ted  fo r  p re s e n ta t io n  a t  th e  

forthcom ing I n te r n a t io n a l  Conference on F ra c tu re  to  be h e ld  a t  W aterloo, 

Canada, in  June 1977* The paper i s  e n t i t l e d  "M eta llog raph ic  A spects 

o f  F a tig u e  in  P e a r l i t e  S tr u c tu re s " .
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APPENDIX 1

METHOD OF CALCULATION USED FOR THE DETERMINATION OF RELATIVE 

AREAS OF FERRITE~CEMENTITE INTERFACE IN STRUCTURES

C onsider th e  in te r f a c e  a re a  v /ith in  a  cube o f th e  m a te r ia l ,  v/hose 

dim ensions a re  1 x 1 x 1 mm.

In  bo th  la m e lla r  p e a r l i t e s ,  the  t o t a l  a re a  i s  g iven  by: 

number o f  lam e llae  in  cube x in te r f a c e  a re a  x 2 

In  both  case s , th e  in te r f a c e  a re a  i s  assumed to  be 1 square  

m il l im e tre .

Coarse p e a r l i t e

S p h ero id ised  Carbide

C onsider th e  average number o f  sp h ero id s  v /ith in  th e  cube 

having the  dim ensions s ta te d  e a r l i e r .

T o ta l in te r f a c e  a re a  i s  then  given  b y :-

Number o f  sp h ero id s  x su rfa ce  a re a  o f  sp h ero id s

No. o f lam e llae 1 mm.
th ic k n e ss  o f  lam e llae  + mean f re e  f e r r i t e  p a th

Lamellae th ic k n e ss 0 . 0^3yunietres 

Mean F .F . path O.^OO^m etres 
1 mm.

No. o f lam e llae = 2900

A. T o ta l in te r f a c e  a re a 2 x 1 x 2900 = 5800 mm s'2

Fine P e a r l i t e

B. T o ta l in te r f a c e  a re a

Lam ellae spacing

Lam ellae th ic k n e ss O.OOb^u. m etres 

0 . 07 *̂- m etres

12900 x 2 x 1 = 25800 mms2



To fin d .a v e ra g e  number o f sphero id s  

Av. d iam eter o f  sp h ero id  = Zjxm etres 

Mean f re e  f e r r i t e  p a th  = 0 .  m etres

No* along  1 mm. = -----------   . =• ^00
2 .^u .m e tre s

No. in  cube = ^-00 x -̂00 x *f00

To f in d  su rfa c e  a re a  o f  sp h ero id
2

Area o f sphere = *f!Tr

r  = average rad iu s^  o f  sp h ero id

r = Y  m etre

T o ta l su rfa ce  a re a  = *f00 x *f00 x hOO x ^ xT T x  1 x 1  

_C = 800 mms.^

Summarising, the  t o t a l  in te r f a c e  a re a  v /ith in  the cube fo r  

each s t ru c tu re  i s  g iven  b y :-
2

A -  coarse  p e a r l i t e _____________=_____ 5800 mms
2

B -  f in e  p e a r l i t e _______________ = 25800 mms
2

C -  sp h e ro id ise d  carb id e______ »______ 800 mms



TABLE 1

CHEMICAL COMPOSITION OF STEELS USED 

IN THE INVESTIGATION 

V/eight °/o

STEEL
A

STEEL
B

STEEL
C

Carbon 0.78 O.78 0 .7 ^

S il ic o n 0.20 0.20 0.21

Manganese 0.70 0.68 0.66

Sulphur 0.039 0.025 0.020

Phosphorus 0.020 0.010 0.010

N ickel OjfO 0 j f 2 0 .37

Chromium 0 . 2*f 0.28 0.22

Copper 0.12 Not j Analysed

Aluminium 0.015 Not j Vnalysed

Lead 0.05 Not .Analysed



TABLE 2

MONOTONIC PROPERTIES OF STEEL C 

AS MEASURED IN A TENSILE TEST

0.2^  P roo f T en s ile rru e  F ra c tu re True
STRUCTURE S tr e s s

N/mm2
S tren g th

N/mra2
S tr e s s

N/mm2
F ra c tu re

S tr a in

Coarse
P e a r l i t e 315 776 9^5 0.28

Fine
P e a r l i t e 780 11^5 1285 0.16

S p h ero id ised
C arbide 392 72*f 1080 0.71

TABLE 3

CYCLIC PROPERTIES OF STEEL C AS 

DETERMINED FROM A CYCLIC STRESS-STRAIN CURVE

STRUCTURE
C yclic
Y ie ld
S tr e s s
N/mm2

C yclic
S tren g th

C o e f f ic ie n t
N/mm2

C y clic
S t r a in

H ardening
Exponent

rV

Coarse
P e a r l i t e 220 1790 0 . 2^5

Fine
P e a r l i t e 273 2620 0.228

S p h ero id ised
Carbide 210 1670 0 . 2^8



O'
CYCLIC HARDENING 

No. OF CYCLES

STRESS RESPONSE HYSTERESIS LOOPS

€

STRAIN CONTROL

No. OF CYCLES

STRESS RESPONSE HYSTERESIS LOOPS

CYCLIC SOFTENING  

No.OF CYCLES

F I G .  1 SCHEMATIC REPRESENTATION OF THE RESPONSE 
O F  METALLIC MATERIALS TO CYCLIC STRAIN q



F ig .  2 Monotonic and C yclic  S t r e s s -

S tr a in  Curves fo r  S te e l  SAE

(Annealed)
7

A fte r  Landraf



COMPARISON OF THE MONOTONIC AMD CYCLIC STRESS 
STRAIN CURVES FOR STEEL SAE 4340 (A N N E A LE D ).

MONOTONIC

CYCLIC

STEEL COMPOSITION SPECIFICATION

0 - 3 8  “  0 - 4 3 %  CARBON

0 - 6 0 -  0 - 8 0 %  M A N G A N E S E

1-65 -  2 - 0 0 %  NICKEL

% CHROMIUM

0 - 2 0 “  0 - 3 0 %  MOLYBDENUM

STRAIN



F ig . 3 Monotonic and C yclic  S tr e s s  

S tr a in  Curves fo r  Man-ten S te e l  

and W aspaloy.
7

A fte r  L andgraf.



STRAIN CURVES

------------------- m o n o t o n i c

------------------  CYCLIC

M A N " T E N  STEEL

0 - 2 8  % CARBON (MAX.)

M O  -  1-60 % MANGANESE.  

0 - 0 4 %  PH OSPHO RU S (MAX.) 

0 0 5 %  SULPHUR (MAX.)

0 -30 % SILICON (MAX.)  

0 - 2 0 %  COPPER (MIN. )

WASPALOY

NICKEL BASE ALLOY CONTAINING

19%  CHROMIUM

U  % COBALT

4 % MOLYBDENUM

SMALL ADDITIONS OF TITANIUM,

IRON, ALUMINIUM AND CARBON.

STRAIN
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Fig* 6 Schem atic v a r ia t io n  o f  the  fa tig u e

s tre n g th  and d u c t i l i t y  exponents, (b and c) 

and th e  tru e  f r a c tu re  s tre n g th  and s t r a in  

( O f  and ) viith th e  c y c lic  s t r a in  

harden ing  exponent, r \ !

F ig . 7 Schem atic diagram o f  s tag e  I  and s tag e  I I  

crack  p ropqgation  in  a  p o ly c ry s ta l .

A fte r  L a ird .



direction of
s t r e s s

F I G . 7



Fig* 8 Schem atic re p re s e n ta t io n  o f  a  

fa tig u e  harden ing  cu rve .

F ig * 9 Schem atic re p re s e n ta t io n  o f  d is lo c a tio n  

s t r u c tu r e s  produced in  s in g le  phase m a te r ia ls  

by c y c lic  s t r e s s in g .
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hardening

50 100 150 200
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F ig . 10 An i l l u s t r a t i o n  o f  tv/o mechanisms 

fo r  sh ear mode crack  grow th.

Type A i s  a s s o c ia te d  w ith  m a te r ia ls  o f 

wavy s l i p  c h a ra c te r  where screiv d is lo c a tio n s  

can r e a d i ly  c ro ss  s l i p .  *^ype B i s  

a s s o c ia te d  w ith  m a te r ia ls  o f  p la n a r  s l i p  

c h a ra c te r .
105A fte r  Kaplan and L a ird .



FIG. 10 A

S t a g e  I crack g r o w t h  by the plastic  
blunting p r o c e s s : ( a ) c o m p r e s s i o n  
( b )  tension (c)  c o m p r e s s io n .

FIG. 10 B

S t a g e  I crack g r o w th  by the uns l ip pin g  • 
a n a lo g  of the plast ic  blunt ing p r o c e s s :
( a ) c o m p r e s s i o n  (b) tension ( c ) c o m p re s s io n .



F ig . 11 The p l a s t i c  b lu n tin g  p ro c e ss .

Drav/ings a t  l e f t  in d ic a te  p o in ts  on the  

c y c lic  h y s te r e s is  loop to  which the  

c ra c k - t ip  geometry a p p l ie s .  The p l a s t i c  

zone s iz e  i s  measured a long  p lan es  o f 

maximum sh e a r .

A fte r  L a ird .



ZERO
S T R E S S

TENSILE
S T R E S S

MAXIMUM
TENSILE
S T R E S S

COM PRESSIVE
S T R E S S

ZERO
STRESS

HYSTERESIS
LOOPS

F I G .  11

fp s  p la s t i c  z o n e  s ize  

£  = crack advance  d i s t a n c e



F ig . 12 Specimen d esig n .

Upper diagram shows dim ensions o f 

f l a t  specimens used fo r  re v e rse  

p lane  bending .

Lower diagram shows round s e c tio n  

specimen dim ensions.

F ig . 13 A pparatus used fo r  e le c tro p o l is h in g  

specim ens.



1 0 - 9 0 $
10-70
CONC
TOL.O-IO

c > o

ICE

STAINLESS STEEL CATHODE

SPECIMEN

FIG. 12

all d im ens ions  in mm.  
u n l e s s  s ta ted .

25-4 RAD(TYP)

SCREWED 7/j6 DIA. B.S.W. 
FORM (EFFECTIVE D!A.
0-390 \
0-385

FIG. 13



T ypical a re a s  o f the  th re e  s t ru c tu re s  
used in  th e  in v e s t ig a t io n  ( in  th e  h e a t 
t r e a te d  co n d itio n )*

Coarse p e a r l i t e

F ine  p e a r l i t e

Mag* x 500

Mag* x 700

S p h ero id ised  carb id e  Mag. x 15000
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CYCLIC TENSION STRESS “ STRAIN CURVES 
(STEEL C)

5 0 0  -

3 0 0  - Monotonic

Cyc l ic

FIG. 16 COARSE FEARLITE

100  -

5 0 0  -

3 0 0  -

FIG. 17 SPHEROSDISED

100 *

•005 •01 •015
STRAIN
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FIG.18 FINE PEARLITE
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FATIGUE DAMAGE IN COARSE PEARLITE
Cycled fo r  2J/o o f l i f e  
Mag. x 2000

Note the  a re a  f re e  o f  damage

Cycled fo r  75$ o f l i f e  

Mag. x 8000
Note damage a t  p e a r l i t e  c e l l  boundaries

b . Mag. x 3000
Note the  r ip p le s  in d ic a te d  by arrov/s





Surface Fatigue Damage in Fine Pearlite

F ig . 2b Cycled fo r  2J/o o f l i f e ,

a .  Mag. x 8000

b . Mag. x 13,000

F ig . 25 Cycled fo r  1%  o f  l i f e  

Mag. x 13,000





Surface Fatigue Damage in Spheroidised Carbide.

F ig . 26 Cycled fo r  2Jfo o f l i f e .  
Mag. x 8000

a .

b .

F ig . 27 Cycled fo r  7%  o f  l i f e  
Mag. x 10,000





The Development o f S urface  F a tig u e  Damage in  the  
same a re a  o f  ^oarse  P e a r l i t e .
Mag. x 500

F ig . 28 c$q o f  l i f e

F ig . 29 %  o f  l i f e

F ig . 30 F in a l  f a i lu r e

P r in c ip a l  S tr e s s  
D ire c tio n

< >
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An E lec tro n  M icroscope Study o f R ep licas  from 
F a tig u e  Damaged S u rface s  in  Coarse P e a r l i t e .

Cycled to  2J/o o f l i f e .

F ig . 31 Mag. x 10,000
The arrow s in d ic a te  cracks w ith in  f e r r i t e  (A) 
and a lso  a t  f e r r i te - c e m e n ti te  in te r f a c e s  (B)

F ig .  32 Mag. x 8000
Note th e  appearance o f  s l ip  bands w ith in  
f e r r i t e  and th e  absence o f  s l i p  in  some a re a s  
o f f e r r i t e .

P r in c ip a l  s t r e s s  d ire c t io n





Fig. 33 Surface, fa tig u e  damage in  
Coarse P e a r l i t e .

F a tig u ed  to  10% o f  l i f e .

Mag. x 1500

P r in c ip a l  S tr e s s  
D ire c tio n

< >





The E f fe c t  o f  Cem entite Lam ellae O rie n ta tio n  on 
lo c a t io n  o f  su rfa ce  damage in  coarse  p e a r l i t e .  
Mag. x 200

F ig . 3^ Area o f  damage -  fa tig u e d  to  J/o l i f e  
( i . e .  28 x 10 cy c les)

Fig* 35^ Same a re a  a f t e r  e le c tro p o l is h in g  damaged 
su rface  to  remove 2 //.m e tres .

F ig . 35h Same a re a  a f te r - ,f a t ig u e  te s t in g  fo r  a 
f u r th e r  28 x 10 c y c le s .
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Taper Sections of Specimens shov/ing Fatigue Damage.
Taper magnification x 5

F ig . 36 Coarse p e a r l i t e  fa tig u e d  to  10$ o f l i f e ,

a .  Mag.x1000

b .  Mag. x 500





Taper Sections of Specimens showing Fatigue damage
Taper magnification x 5

F ig . 37 Coarse p e a r l i t e  fa tig u e d  to  10$ o f  l i f e

a .  Mag. x 1000

b . Mag. x 1000





Taper S e c tio n s  o f S p h ero id ised  Carbide Specimens 
b efo re  and a f t e r  F a tig u e  T e s tin g .

Taper m ag n ific a tio n  x 3 
O p tic a l m ag n ific a tio n  x 600

F ig . 38 a .  N on-fa tigued  co n d itio n

b . A fte r  fa tig u e  te s t in g  to  o f l i f e



Fig. 39

F ig .  kO

Taper S ec tio n  o f  Coarse P e a r l i t e  a f t e r  
F a tigue  T estin g  to  f a i lu r e  in  2000 c y c le s .  
Taper m ag n ific a tio n  x 3 
O p tic a l m a g n ific a tio n  x 200

An E le c tro n  M icrograph o f  Coarse P e a r l i t e  
a f t e r  T e n s ile  F ra c tu re  
Mag. x 26,000







F ig . kit E le c tro n  M icrographs o f  Coarse P e a r l i t e .

a .  F a tig u ed  to  2%  o f  l i f e .  
Mag. x 12,000

b . F a tig u ed  to  l̂ P/o o f l i f e .  
Mag. x 100,000

c . Not fa tig u e d  
Mag. x 30 f000





F ig . k2 E lec tro n  M icrographs o f Coarse P e a r l i t e
fa tig u e d  to  7 o f l i f e .

a .  Mag. x 60,000

b . Mag. x 100,000





Electron Micrographs of Fine Pearlite

Fig. 43 Fatigued to 75$ of life,
a. Mag. x 30*000

b. Mag. x 56,000

Fig. 44 Fatigued to 25$ of life.

a. Mag. x 30,000

b. Mag. x 30,000



a



E le c tro n  M icrographs o f F ine P e a r l i t e .  
F a tig u ed  to  2 o f l i f e .

Mag. x 30*000

Mag. x  30,000

E le c tro n  M icrographs o f  S p h ero id ised  
C arb ide .

F a tig u ed  to  23^ o f  l i f e .  
Mag. x 28,000

F a tig u ed  to  7%  o f l i f e .  
Mag. x 56,000
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Fig. k7 Scanning E le c tro n  M icrograph. 
Coarse P e a r l i t e  F a tig u ed  to  
2y/o o f  l i f e .  .
Mag. x 2000

P r in c ip a l  S tr e s s  
D ire c tio n

<  >





Crack I n i t i a t i o n  S i t e s  in  Coarse P e a r l i t e  
Specimens fa tig u e d  to  2J/o o f  l i f e  then  
e le c tro -p o lis h e d  to  remove 2 ti.m e tres .
Mag. x 1000

F ig . ^8

F ig . ^9

P r in c ip a l  S tr e s s  
D ire c tio n  

< >





Crack I n i t i a t i o n  S i t e s  in  F ine P e a r l i t e .  
F a tig u ed  to  7J/o o f  l i f e .
S u rface  r e p l ic a  -  Mag. x 15000

Crack Growth in  Coarse P e a r l i t e .  
Specimens F a tig u ed  to  o f  l i f e .
S c a n n i n g  E l e c t r o n  f^ l i cr o g r a .p h s .

Mag. x 1500

Mag. x 1500

Principal Stress
Direction
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Fig. 52 Crack Growth Development in one area
of a Coarse Pearlite during fatigue.

a .  F a tig u ed  to  %f/o o f  l i f e .  
Mag. x *f00

b . Same a re a  a f t e r  fa tig u e  f a i l u r e .  
Mag. x 1000

Principal Stress
Direction





Fig. 53

a

Crack Growth in Coarse Pearlite
during fatigue.
S c a n n in g  E lectron. Micro^g rap In £>.

Mag. x 2500

Mag. 1000

Principal Stress
Direction
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Fatigue Fracture Surfaces in Coarse Pearlite.
Scanning Electron crogrcxphs.

F ig . 5^ Mag. x 600

F ig . 55 Mag. x1500





Fatigue Fracture Surface in Coarse Pearlite.

F ig . 56 Mag. x 1000

S t a n n i  ng E l e c t  ron M ic r o g r a p h .





Fig. 57

a

Crack Growth in  S p h ero id ised  C arbide 
during fa t ig u e
(Scanning e le c tro n  m icrographs)

Mag. x 10,000

b . Mag. x 20,000





Fatigue Fracture Surface in Spheroidised Carbide

Fig* 58 Scanning E le c tro n  m icrograph 
Mag* x 625

E ig . 59 S in g le  s tag e  r e p l ic a  
Mag* x 5000





Fatigue Fracture Surface in Fine Pearlite
Scanning Electron Micrographs Mag. x 600

F ig . 60

F ig . 61

Note th e  s in g le  i n i t i a t i o n  s i t e .  
Specimen s tag e  i s  t i l t e d  a t  
to  e le c tro n  beam.

Shows one i n i t i a t i o n  s i t e .  
Specimen s tag e  i s  a t  0 .





Fatigue Fracture Surface in Fine Pearlite.
Scanning Electron Micrographs

F ig . 62

F ig .  63

Mag. x 600
Note th e  a re a s  o f  in te rg ra n u la r  
crack  grow th.

Specimen s tag e  t i l t  ang le  -  45°

Mag. x 450
Shows more ex ten s iv e  in te rg ra n u la r  
crack  grow th.

Specimen s tag e  t i l t  ang le  -  k^°





Fatigue Fracture Surface in Fine Pearlite.
Scanning Electron Micrographs

F ig . 6k

F ig . 65

Mag. x 200
Shows t r a n s i t io n  between fa tig u e  
and r a p id ' f r a c tu re  zones.

Mag. x 2000
Shows fa tig u e  f r a c tu re  a c ro ss  
cem entite  la m e lla e .





Fig. 66 F a tig u e  F ra c tu re  Surface in  F ine P e a r l i t e  
-  S in g le  S tage R ep lica .

Mag* ~x 5000




