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( i )  FATIGUE IN C/Si/Mn STEELS by KENNETH MORTON

ÂBSTRACT

B r i t i s h  Railways i s  a m ajor m a te r ia l  u s e r .  I t  has h igh  m aintenance 
c o s ts  due p a r t ly  to  the prem ature w ithdraw al of components from s e rv ic e  
caused by m eta l f a t ig u e .  The main i n t e r e s t  in  f a t ig u e ,  in  terms of 
g re a te r  component e f f ic ie n c y , l i e s  in  th e  su c c e ss fu l p re d ic t io n  of l i f e  
f o r  d i f f e r e n t ,  v a r ia b le  am plitude lo ad in g  c o n d itio n s . This re q u ire s  
e x ten s iv e  knowledge of bo th  the  s e rv ic e  load  environm ent and the 
response  of m eta ls  to  v a r ia b le  c y c lic  lo a d s . This th e s is  p re se n ts  the  
r e s u l t s  of an in v e s t ig a t io n  in to  the  c y c lic  behav iour of- f e r r i t e -  
p e a r l i t e ,  C/Si/Mn s t e e l s .

An a n a ly t ic a l ,  computer based  method fo r  p re d ic tin g  f a t ig u e  l i f e ,  forms 
the b a s is  of the  approach used* The m a te r ia ls  d a ta  re q u ire d  in  the 
a n a ly s is  i s  o b ta in ed  f o r  a s e r ie s  of s t e e l s  co n ta in in g  a wide range of 
com positions and m ic ro s tru c tu re s . This d a ta  i s  a sse ssed  in  terms of 
more e a s i ly  o b ta in ed  m echanical p ro p e r t ie s  and a lso  in  terms o f the 
m e ta l lu rg ic a l  v a r ia b le s .  C e rta in  assum ptions in  the  model re g a rd in g  
m a te r ia l  behav iour a re  a lso  ev a lu a ted  u s in g  the  d a ta . F in a l ly ,  the  
d a ta  i s  used to  a sse ss  the  im portance o f m a te r ia l  changes in  v a r ia b le  
am plitude f a t ig u e  s i tu a t io n s .

O bservations of su rfa c e  f a t ig u e  damage and f r a c tu r e  su rfa c e s  have a lso  
been c a r r ie d  o u t. This work i s  used to  develop a theo ry  f o r  the 
fo rm ation  and developm ent of c racks in  f e r r i t e - p e a r l i t e  s t r u c tu r e s .

To conclude, the  r e s u l t s  of the  v a rio u s  in v e s t ig a t io n s  a re  used  to  
co n sid e r the fu tu re  developm ent of f a t ig u e  r e s i s t a n t  m a te r ia ls .
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( i i i )  NOMENCLATURE

S = nom inal s t r e s s  am plitude 

AS = nom inal s t r e s s  range

0a = lo c a l  s t r e s s  am plitude

Atr = lo c a l  s t r e s s  range

= mean s t r e s s

°max = maximum s t r e s s

<Ty = monotonic lower y ie ld  s t r e s s

V = c y c lic  y ie ld  s t r e s s

bCy* = Y ie ld  range increm en t

= u lt im a te  t e n s i le  s t r e s s
i

= monotonic tru e  f r a c tu r e  s t r e s s

V = f a t ig u e  s tre n g th  c o e f f ic ie n t

°a = s tre n g th  param eter in  f e r r i t i c  s t e e l

°p = s tre n g th  param eter in  p e a r l i t i c  s t e e l \

°ap = s tre n g th  param eter in  f e r r i t e - p e a r l i t e  s t e e l

P = load

Pf = lo ad  a t  f r a c tu r e

A = C ro s s -s e c t io n a l a re a  o f t e s t  specimen g a rg le  le n g th

^0 = o r ig in a l  c ro s s - s e c t io n a l  a rea^o f t e s t  specimen

Af = f i n a l  c r o s s - s e c t io n a l  a re a  o f t e s t  specimen

e = nom inal s t r a i n  am plitude

Ae = nom inal s t r a in  range

€e = e la s t i c  s t r a in  am plitude

€P = p l a s t i c  s t r a in  am plitude

€t = t o t a l  s t r a in  am plitude

= e la s t i c  s t r a in  range

A€p = p la s t i c  s t r a in  range

AC1 = t o t a l  s t r a in  range



monotonic tru e  f r a c tu r e  s t r a in  

f a t ig u e  d u c t i l i t y  c o e f f ic ie n t  

in s ta n tan e o u s  gauge len g th  

o r ig in a l  gauge le n g th  

Young1s modulus

a c tu a l  s t r e s s  c o n c e n tra tio n  f a c to r

a c tu a l  s t r a in  c o n ce n tra tio n  f a c to r

th e o r e t ic a l  e l a s t i c  s t r e s s  c o n ce n tra tio n  f a c to r

monotonic s tre n g th  c o e f f ic ie n t

monotonic s t r a in  harden ing  exponent
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growth r a t e  of transform ed p roduct 

a u s te n i t i s in g  tem perature  

iso th e rm a l tran sfo rm a tio n  tem peratu re



1. INTRODUCTION

1 .1 . The Problem

F a tig u e  f a i lu r e s  in  m e ta l l ic ' s t ru c tu re s  have been a cause fo r  concern ever 

s in ce  m achinery which su b jec te d  i t s  component p a r ts  to  re p e a te d  lo ad in g  

was produced. In  s p i te  of the ex ten s iv e  re sea rc h  in  f a t ig u e  i t  i s  s t i l l  

re sp o n s ib le  fo r  the m a jo r ity  of s e rv ic e  f a i l u r e s  today ( l ) .  In  a m ajor 

in d u s try  l ik e  B r i t i s h  Railways which uses v a s t  q u a n t i t ie s  o f m a te r ia ls , i t  

i s  in e v i ta b le  th a t  many components f a i l  by  f a t ig u e .  The fo llo w in g  a re  

examples of the  problems found in  nb u lk  ra ilw ay  p ro d u c ts” made from sim ple 

C/Si/Mn s t e e l s .

F i g . l  (a  and b ) i s  aiji example of one of the  m ost dangerous problem s in
/

r a i l s .  The f a i l u r e  (known as s t a r  c rack in g ) i s  i n i t i a t e d  by th e  developm ent 

of a f a t ig u e  c rack  a t  one of the  r a i l  end b o l t  h o le s . B r i t t l e  f r a c tu r e  

r e s u l t s  when the  c r i t i c a l  f a t ig u e  crack  s iz e  i s  reached , ( ty p i c a l ly  2 -3  mm, 

see  f i g . l b ) .

This type of f a i l u r e  i s  p a r t i c u la r ly  dangerous fo r  s e v e ra l  re a so n s ,

a) i f  a s e c tio n  of the r a i l  head becomes detached , as i s  c le a r ly  p o s s ib le , 

th e re  i s  a h igh  p r o b a b i l i ty  of a t r a in  d e ra ilm en t.

b ) the  c r i t i c a l  b o l t  h o le  f a t ig u e  c rack  i s  sh ie ld ed  from view by the
v

f i s h p la te s  connecting  the  a b u ttin g  r a i l s ;  d e te c tio n  i s  th e re fo re  d i f f i c u l t ,  

and c) Only a sm all percen tage  of r a i l  ends develop th e se  d e fe c ts  and the  

a s s o c ia te d  tra c k  c h a r a c te r i s t i c s  a re  d i f f i c u l t  to q u a n tify . I t  i s  th e re fo re  

v i r t u a l l y  im p o ssib le  to  p r e d ic t  the  v u ln e ra b le  r a i l s .

F ig . 2 i s  an example of a f r a c tu re d  w heel. In  th i s  f ig u r e ,  which shows a 

f r a c tu r e  fa c e , i t  can be seen th a t  the  o r ig in  of the  f a i l u r e  i s  a th read ed  

b o l t  h o le  in  the  wheel web (marked A). F a tig u e  c racks have grown from each 

s id e  of the b o l t  h o le  and extend to  the  web c ircum ference in  one d i r e c t io n  

and fo r  about 4 cm in  the  o th e r .



This example ag a in  re p re se n ts  a ve ry  dangerous s i tu a t io n  fo r  s im ila r  

reasons given  f o r  the  s t a r  cracked  r a i l  f a i l u r e .  In  th is  case  the  growing 

f a t ig u e  crack  was a lso  n o t d e te c te d  because i t  was sh ie ld e d  by a cover p la te  

b o lte d  on to  the  wheel web. However, an a d d it io n a l  problem h ig h lig h te d  by 

th is  f a i l u r e  i s  th e  u n p r e d ic ta b i l i ty  of s e rv ic e  lo a d s . Two g e n e ra tio n s  of 

i d e n t i c a l  wheels had p re v io u s ly  perform ed s a t i s f a c t o r i l y  on th e  same f l e e t  

o f v e h ic le s  o p e ra tin g  on th e  same tra c k . T herefo re , in  r e c e n t  y ea rs  an 

unexpected and u n d e tec ted  d e te r io r a t io n  in  the  tra c k  has occu rred  which 

has r e s u l te d  in  th e  a p p lic a t io n  of g r e a te r ,  and fo r  the  f i r s t  tim e, 

f a t ig u e  damaging lo ad s  on the  w heels.

When s tu dy ing  problem s of th is  type i t  i s  worth c o n sid e rin g  some o f the
I

design  p h ilo so p h ie s  beh ind  the p ro d u c tio n  of such components. Hie e a r ly  

f a t ig u e  re se a rc h  workers e s ta b lis h e d  through "s im u la tio n "  t e s t s  a working 

re la t io n s h ip  between the  le v e l  of ap p lie d  load  and the  number of 

r e p e t i t io n s  re q u ire d  to  produce a f a t ig u e  c rack . A d d itio n a lly , a m a te r ia l  

dependent s t r e s s  param eter ( f a t ig u e  l im i t )  was no ted  f o r  i ro n  based  a l lo y s ,  

below which f a t ig u e  c rack s  cou ld  n o t grow (2 -5 ) .  U t i l i s in g  th i s  

in fo rm a tio n , an en g in eerin g  design  approach was conceived b ased  on th e  

com plete p rev en tio n  of f a i l u r e .  This approach re q u ire s  th a t  each lo ad  

b e a r in g  component be  designed  such thatv the o p e ra tin g  s t r e s s e s  a re  a l l  

below the  f a t ig u e  l im i t  o f the m a te r ia l  and hence can be  to le r a te d  

in d e f in i t e ly .  Components designed to th e se  p r in c ip le s  can be e x c e ss iv e ly  

la rg e  and i n e f f i c i e n t  when h igh  f a c to r s  of s a f e ty  a re  employed.

In  many in d u s t r ie s ,  e f f ic ie n c y  has been in c re a se d  by the  ad op tion  of f i n i t e  

l i f e  design  methods which u t i l i s e  techniques fo r  p re d ic t in g  fa t ig u e  l i f e .  

O perating  s t r e s s e s  a re  o c c a s io n a lly  allow ed to  reach  le v e ls  i n  c e r ta in  

c r i t i c a l  re g io n s , where p l a s t i c  deform ation  w i l l  occu r. This w i l l  le a d  to  

a f i n i t e  l i f e  because c y c l ic ,  i r r e v e r s ib le  p l a s t i c i t y  i s  an e s s e n t ia l  f e a tu r e  

in  the  fo rm ation  of f a t ig u e  c ra c k s . I n i t i a l  designs a re  u s u a lly  produced 

by a com bination of p r io r  experience  w ith s im ila r  components, e m p iric a l



ru le s  from design  codes and f a t ig u e  d a ta  from sim ple t e s t s .  In  c e r ta in  

c ircum stances th ese  p re lim in a ry  designs may be m odified  due to  the  r e s u l t s  

of p ro to ty p e  t e s t s .  A t B r i t i s h  R a il f o r  example, developm ent of the  

"Advanced Passenger T rain" (APT) has in c lu d ed  ex ten s iv e  t r i a l s  w ith  

p ro to ty p e  u n i t s .

Whichever design  ph ilosophy  i s  adopted, a su c c e ss fu l method r e l i e s  on the  

p re c is e  knowledge of the  r e la t io n s h ip  between o p e ra tin g  s t r e s s e s  and 

m a te r ia l  response  to  c y c lic  lo a d s . I t  i s  perhaps s u rp r is in g  th e re fo re  

th a t  d esig n e rs  r a r e ly  o b ta in  an a c c u ra te  p re -a ssessm en t of e i th e r  a sp e c t.

This s i tu a t io n  w i l l  on ly  improve when c u r re n t  re se a rc h  workers produce a 

s a t i s f a c to r y  method of e s tim a tin g  fa t ig u e  l i f e  and when th e  p e r t in e n t  

d a ta  on bo th  s e rv ic e  lo ad in g s  and m a te r ia l  p ro p e r t ie s  a re  a v a i la b le .

1 .2 . P ro .jec t Approach

When i n i t i a t i n g  f a t ig u e  re se a rc h  programmes, the  s e rv ic e  components to 

which the  re se a rc h  i s  aimed needs to  be  c le a r ly  d e fin ed . In  th is  r e s p e c t ,  

the a b i l i t y  of a component to  to le r a t e  f a t ig u e  cracks i s  a m ajor c o n s id e ra tio n  

because th is  s tro n g ly  in f lu e n c e s  the  approach to  be  u sed . In  response  to 

the  d r iv e  f o r  more e f f i c i e n t  d e s ig n s , c rack  to le r a n t  s t r u c tu r e s  have become 

more w idespread. This has r e s u l te d  in  a  m ajor change of emphasis in  the  

study of f a t ig u e .  In  r e c e n t  y ea rs  th e  m a jo rity  of f a t ig u e  re s e a rc h  work 

in  the U.K. has co n cen tra ted  on developing  and app ly ing  the  p r in c ip le s  of 

l in e a r  e l a s t i c  f r a c tu r e  m echanics. This approach assumes th a t  the  

i n i t i a t i o n  of a crack  re p re se n ts  on ly  a sm all f r a c t io n  of l i f e  due to 

in h e re n t c ra c k - l ik e  d e fe c ts  p re s e n t in  some components (w elded s t r u c tu r e s  

fo r  exam ple). Hie r a t e  o f c rack  p ropaga tion  and the a b i l i t y  of a m a te r ia l  

to  to le r a te  cracks ( f r a c tu r e  toughness) have been  adjudged by the  w orkers 

in  the f i e l d  as the  most im p o rtan t f e a tu re s  of the  f r a c tu r e  fo rm ation  

p ro c e ss . The r e la t io n s h ip  between th e se  two p ro p e r t ie s  and e i th e r  s t r e s s  

param eters o r m a te r ia l  v a r ia b le s  has been e x te n s iv e ly  s tu d ie d  fo r  a wide



range of s i tu a t io n s .  Hie approach i s  p a r t i c u la r ly  u s e fu l  when a p p lie d  to 

low s tr e s s e d  components, m anufactured from f r a c tu r e  tough m a te r ia ls  th a t  

c o n ta in  c r a c k - l ik e  d e fe c ts .  I f  supported  by e x ten s iv e  in s p e c tio n  

p rocedures b o th  s a fe  and e f f i c i e n t  components can r e s u l t .

In  the  ra ilw ay  in d u s try  however, the approach has on ly  l im ite d  a p p l ic a b i l i ty  

f o r  the  fo llo w in g  reasons

( i )  many of the  m a te r ia ls  used (h ig h  carbon s t e e l s ,  c a s t  i r o n s )  a re  

r e l a t i v e l y  b r i t t l e  and a re  n o t  a b le  to to le r a te  la rg e  c ra c k s .

( i i )  c r i t i c a l  a re as  in  components a re  n o t u s u a lly  known.

( i i i )  in s p e c tio n  of c r i t i c a l  a reas  i s  u s u a lly  d i f f i c u l t  and in  some 

cases  im p o ssib le , fo r  b o th  te c h n ic a l and economic re a so n s .

( iv )  s e rv ic e  lo ad in g s  a re  n o t  u s u a lly  known and in  any case  a re  

u n p re d ic ta b le  on a long  term b a s i s .

The f a t ig u e  f a i l u r e s  p re v io u s ly  d iscu ssed  h ig h l ig h t  some of th e se  p o in ts .

I t  i s  c le a r  th e re fo re , th a t  many im p o rtan t ra ilw ay  p ro d u c ts  can n o t to le r a te  

fa t ig u e  c racks and hence the  e a r ly  design  ph ilosophy  of t o t a l  p re v e n tio n  

o f f a i l u r e  i s  more p e r t in e n t .  In  o rd e r to  maximise e f f ic ie n c y  w ith  th is  

approach f a t ig u e  re se a rc h  should  c o n ce n tra te  on the  s tu d y  of c rack  

i n i t i a t i o n  phenomena and the  developm ent of methods f o r  p re d ic t in g  th e  

l iv e s  of s h o r t  c ra c k s .

A very  prom ising  method f o r  r e la t in g  m a te r ia ls  d a ta  to  en g in ee rin g  f a t ig u e  

problem s, e sp e c ia l ly  i f  i n i t i a t i o n  o r e a r ly  c rack  growth a re  im p o rtan t, i s  

th e  " lo c a l  s t r e s s - s t r a i n ” approach developed by Morrow and Topper and th e i r  

co-w orkers ( 6 ,7 ) .  This approach has re c e iv e d  a good d e a l of a t t e n t io n  in  

re c e n t  y ea rs  and has been adopted by many workers as the  b a s is  f o r  l i f e  

p re d ic t io n  p ro ced u res .

A m ajor f e a tu r e  of the  " lo c a l  s t r e s s - s t r a i n ” approach to  f a t ig u e  i s  i t ' s  

dependence on the c y c lic  behav iour of m a te r ia ls .  This in c lu d e s  a d e ta i le d  

u n d ers tan d in g  o f the  complex re la t io n s h ip s  between s t r e s s  and s t r a i n  from



the  commencement of lo ad in g  and the e f f e c t  of c y c lic  lo ad s  on l i f e .  The 

developm ent has le d  to  a b e t t e r  a p p re c ia tio n  of the  f a t ig u e  p ro cess  in  

m a te r ia ls  and s e v e ra l  " fa t ig u e  param eters" which encompass th e  e n t i r e  l i f e  

range-have now been proposed . U sefu l m e ta l lu rg ic a l  re se a rc h  i s  th e re fo re  

p o s s ib le  because  the e f f e c t  of com position and m ic ro s tru c tu re  in  f a t ig u e  

can b e  ev a lu a ted  in  terms of such f a t ig u e  p aram ete rs . Hie o b je c t iv e s  of 

the  c u r re n t  re se a rc h  p r o je c t  a re  to  s tu d y  the  c y c lic  deform ation  and fa t ig u e  

behav iou r of C/Si/Mn s te e l s  w ith  f e r r i t e - p e a r l i t e  m ic ro s tru c tu re s . The 

work i s  aimed a t  producing  c y c lic  d a ta  f o r  in c o rp o ra tio n  in to  f a t ig u e  l i f e  

p re d ic t io n  p ro ced u res . In  a d d it io n  the micromechanisms re s p o n s ib le  fo r  

f a t ig u e  c rack  fo rm ation  and the  e f f e c t  of m e ta l lu rg ic a l  v a r ia b le s  in  

v a r ia b le  lo ad in g  s i tu a t io n s  i s  s tu d ie d . Hie d a ta  o b ta in ed  i s  in te n d e d  to 

form the b a s is  of m a te r ia l  s e le c t io n  and fu tu re  m a te r ia l  developm ent 

programmes•



2. LITERATURE REVIEW

2 .1 . P re d ic tio n  of f a t ig u e  l i f e  u s in g  lo c a l  s t r e s s - s t r a i n  approach 

S ince  f a t ig u e  f a i l u r e s  in v a r ia b ly  i n i t i a t e  a t  c r i t i c a l  reg io n s  in  a 

component such as h o le s , no tches and f i l l e t s  i t  i s  obvious th a t  th e  f a t ig u e  

p rocess i s  a h ig h ly  lo c a l is e d  ev en t. A ph ilosophy  which i s  in t im a te ly  

concerned w ith  lo c a l  occurrences i s  th e re fo re  e s s e n t ia l  f o r  th e  b a s is  of

a l i f e  p re d ic t io n  p ro ced u re . In  r e c e n t  years  th e  " lo c a l  s t r e s s - s  t r a in "  

approach has been developed f o r  th is  purpose . The o b je c t iv e  of th is  

ph ilosophy , i s  an a n a ly s is  s u i ta b le  f o r  p re d ic t in g  the  f a t ig u e  behav iou r 

o f a notched  component su b jec te d  to  v a r ia b le  lo a d s . The techn ique r e l a t e s  

th e  behav iour o f a sm all elem ent of m a te r ia l  a t  a c r i t i c a l  lo c a t io n  in  a 

component to  th a t  of sm all, smooth, la b o ra to ry  specim ens.

The procedure combines th e  in fo rm atio n  from th re e  m ajor a r e a s : -

a) The lo ad in g  c h a r a c te r i s t i c s  in  s e rv ic e .

b ) M a te r ia l response  to  c y c lic  lo ad in g .

c) F a tig u e  damage accum ulation .

A b lo ck  diagram , in c o rp o ra tin g  th e  m ajor in d iv id u a l  f e a tu r e s  and o u t l in in g  

the o v e ra l l  approach i s  showri in  f i g . 3«

2 .1 .1 . D esc rip tio n  of S e rv ice  Environment 

S erv ice  s t r a in s  -  lo c a l  c o n d itio n s

In  the  m a jo r ity  of cases  th e  s e rv ic e  lo ad in g  a t  a c r i t i c a l  lo c a t io n  i s  

ex trem ely  complex, u s u a lly  v a r ia b le  in  n a tu re  and r a r e ly  known in  p r a c t ic e .  

U n fo rtu n a te ly  an a c c u ra te  knowledge of lo c a l  s t r e s s - s  t r a in  c o n d itio n s  i s  

e s s e n t ia l  fo r  any r e a l i s t i c  e s tim a te  of serv ice*perfo rm ance. L o ca lised  

s t r e s s - s  t r a in  in fo rm atio n  can b e  o b ta in ed  e i th e r  by measurement o r 

c a lc u la t io n  b u t  in  the  m a jo rity  of cases  i t  i s  b o th  d i f f i c u l t  and expensive. 

The f i r s t  s ta g e  in  o b ta in in g  th is  in fo rm atio n  i s  to  lo c a te  th e  c r i t i c a l  

reg io n s  in  a component. An in d ic a t io n  can be o b ta ined  by th e  u se  of 

b r i t t l e  la c q u e rs . These a re  u s u a lly  sprayed onto components p r io r  to



s t a t i c  lo ad in g  in  a la b o ra to ry  r i g  a lthough  they  can be  used  much more 

p r o f i ta b ly  on components in  s i t u .  Under lo ad in g , c rack s  w i l l  appear in  

the  b r i t t l e  c o a tin g  a t  the  most h ig h ly  s t r e s s e d  reg io n s  which a re  the 

c r i t i c a l  lo c a t io n s  in  most components. The d ir e c t io n  of c rack s  in  the  

b r i t t l e  la cq u e r w i l l  a lso  in d ic a te  the  d i r e c t io n  of maximum s t r a i n  which 

can then be used  to  p o s i t io n  s t r a in  gauges a c c u ra te ly  fo r  subsequent 

measurement of s t r a in s .

The use of s t r a in  gauges i s  now a w e ll e s ta b lis h e d  s t r a i n  e v a lu a tio n  

technique f o r  many s e rv ic e  s i tu a t io n s .  In  most cases th e  s ig n a ls  a re  

"cap tu red" and s to re d  on m agnetic tapes f o r  subsequent i n te r p r e ta t io n  and 

a n a ly s is .  U n fo rtu n a te ly  in  some s e rv ic e  s i tu a t io n s  the  lo c a l  s t r a in s  

canno t be  m easured. This i s  u s u a lly  due to  the  p h y s ic a l i n a b i l i t y  of 

g e t t in g  le ad s  to  and from the  s t r a in  gauges o r because the  c r i t i c a l  lo c a t io n  

i s  betw een c o n ta c tin g  su rfa ce s  (w heels on r a i l s  fo r  exam ple). F or many 

such cases  i t  i s  p o s s ib le  to  u se  a  com bination of nom inal s t r a i n  measurements 

and f i n i t e  elem ent a n a ly s is  to  c a lc u la te  the  lo c a l  c o n d itio n s .

I f  lo c a l  s t r a in s  canno t be  measured d i r e c t ly ,  then assessm en ts should  be 

made as c lo se  as p o s s ib le  to  th e  c r i t i c a l  lo c a t io n .  From th i s  in fo rm a tio n  

(nom inal) i t  i s  p o s s ib le  to c a lc u la te  the  lo c a l  co n d itio n s  from a knowledge 

of the  s t r e s s  c o n c e n tra tio n  f a c to r .  An a n a ly s is  used to  r e l a t e  nom inal 

and lo c a l  c o n d itio n s  was proposed by  Neuber ( 8) .  He showed t h a t : -

K,2 = K„ . Ke ( 1)

where Kf = th e o r e t ic a l  e l a s t i c  s t r e s s  c o n c e n tra tio n  f a c to r

= a c tu a l  s t r e s s  c o n c e n tra tio n  f a c to r  

K€ = a c tu a l  s t r a i n  c o n ce n tra tio n  f a c to r

This r e la t io n s h ip  was o r ig in a l ly  de riv ed  fo r  a shear s t r a in e d  p r ism a tic  

body w ith  a s p e c if ic  s t r e s s - s t r a i n  r e la t io n s h ip  b u t  i t  was extended to 

d i r e c t  s t r e s s  s i tu a t io n s  in  many m a te r ia ls  ( 9 , 10) .



E quation ( l )  has been in te r p r e te d  and developed by Topper e t  a l  ( l l )  

and w r it te n  in  th e  fo llo w in g  fo rm s:-

( 2)

or
(3)

where AS = nom inal s t r e s s  range

Ae = nom inal s t r a in  range

A<r =. lo c a l  s t r e s s  range

Ac lo c a l  t o t a l  s t r a in  range

In  most cases th e  nom inal c o n d itio n s  a re  e l a s t i c ,  so t h a t : -

Kt . A S  =  ( 4 » i e l 0 Vs (4)

or
Kt . A e  =  (A<r A e j ' V  E1'2 

E = Young1s modulus

(5)

These equations d e fin e  the  unknown terms ( lo c a l )  w ith  r e s p e c t  to  the 

known terms (nom inal). The th e o r e t ic a l  e l a s t i c  s t r e s s  c o n c e n tra tio n  

f a c to r  K t can u s u a lly  be  o b ta in ed  fo r  s p e c if ic  geom etries from s tan d a rd

te x ts  such as th a t  p rep ared  by P e te rso n  ( 12) .

2 .1 .2 . Cycle Counting

In  o rd er to  u t i l i s e  the  in fo rm atio n  o b ta in ed  from s e rv ic e  s t r a i n  measurements 

o r c a lc u la t io n , th e  load  o r s t r a i n  h is to r y  o b ta in ed  needs to  be  combined 

w ith  m a te r ia l  response  in fo rm a tio n . This i s  u s u a lly  in  th e  form of s t r e s s  

o r s t r a i n - l i f e  curves which have been produced from c o n s ta n t am plitude 

t e s t s .  The method of com bination re q u ire s  the v a r ia b le  s e rv ic e  s ig n a l  to  

be  reduced to the  in d iv id u a l  c y c le s  w ith  th e i r  re s p e c tiv e  range and mean 

le v e l .  This p ro cess  i s  r e f e r r e d  to  as c y c le  co u n tin g .

There a re  two main cy c le  coun ting  methods used a t  p re s e n t ,  range-m ean

a n a ly s is  and ra in flo w  a n a ly s is .  Dab e l l  and Watson (13) have shown th a t  the  

range-mean a n a ly s is  i s  very  s e n s i t iv e  to sm all cy c le s  w ith in  the  s ig n a l
8.



which tend  to  reduce th e  damaging e f f e c t  of the la rg e  r e v e r s a ls .  As a 

r e s u l t  o f th i s  work s p e c if ic  g u id e lin e s  have been suggested  f o r  u se  w ith 

th is  method. This in v o lv e s  re p e a tin g  the  a n a ly s is  s e v e ra l  tim es u s in g  

d i f f e r e n t  g a te  l e v e l s .  An a l te r n a t iv e  approach i s  the  ra in f lo w  

co u n ting  method developed by M atsu ish i and Endo s p e c i f ic a l ly  f o r  the 

purpose of co n sid e rin g  f a t ig u e  damage ( 14) .  This method needs no g a tin g  

and every range i s  in c lu d e d . I t  i s  now g e n e ra lly  co n sid e red  to  be  the 

most s u i ta b le  method o f c y c le  coun ting  (13) • The main f e a tu re s  of Hie 

method a re  as fo llow s

C onsider th e  v a r ia b le  s t r a in - t im e  h is to r y  shown in  f i g . 4 w ith  th e  tim e 

a x is  in  th e  v e r t i c a l  d i r e c t io n .  C onsider ra in d ro p s  b eg in n in g  to  flow  

from p o s i t io n  A; the  s t a r t  o f the  re c o rd . The r a in  w i l l  flow  down the  

" ro o f"  u n t i l  i t  reach es  the edge (B ); i t  w i l l  then d r ip  down u n t i l  i t  

reach es  the la r g e r  ro o f (C) when i t  w i l l  again  flow  away from th e  zero 

time p o s i t io n .  This w i l l  co n tin u e  u n t i l  the  la r g e s t  ro o f has been 

c ro ssed  excep t f o r  two co n d itio n s

( i )  The r a in  w i l l  s top  when i t  m eets an o th er flow  of r a in .

An example of th is  i s  from 1 to B7.

and ( i i )  The r a in  s to p s  when i t  comes o p p o s ite  a maximum more p o s i t iv e  

than th e  maximum from which i t  s t a r te d  (o r  a minimum more n e g a tiv e  than 

the  minimum from which i t  s t a r t e d ) .  In  th e  diagram , th e  minimum a t  (2) 

i s  more n e g a tiv e  than the  i n i t i a l  minimum a t  A, thus the  o r ig in a l  flow  

i s  h a l te d  o p p o s ite  ( 2) .

Each new flow  of r a in  s t a r t s  from th e  in s id e  o f-a  peak. For example, 

th e  second flow  w i l l  o r ig in a te  from the  in s id e  of the  second peak ( b) 

and proceed  to  ( l ) .  I t  w i l l  b e  h a l te d  when i t  i s  o p p o s ite  th e  n e x t 

maximum (C ).

Using th is  s e t  of ru le s  a v a r ia b le  am plitude s ig n a l  can be  reduced  to  a 

s e r ie s  of re v e r s a ls  whose maximum and minimum va lu es  and hence range and



mean le v e ls  a re  o b ta in ed . The complex p rocess i s  u s u a lly  c a r r ie d  o u t 

b y  a com puter. An im p o rtan t f e a tu re  of ra in flo w  c y c le  co u n tin g  i s  th a t  

th e  r e s u l t s  r e p re s e n t  a c tu a l  m a te r ia l  b eh av io u r. Hie s t r e s s - s t r a i n  

h y s te r e s is  loops shown i n  f i g .4 correspond  to  the ra in f lo w  c y c le  coun ting  

o u tp u t fo r  the  s ig n a l  above and a lso  to  m a te r ia l  response  to th a t  s ig n a l .

2 .1 .3 . D esc rip tio n  of M a te r ia l Response to  lo ad in g  

Monotonic s t r e s s - s t r a i n  r e la t io n s h ip  

When a m a te r ia l  i s  loaded  in  e i th e r  ten s io n  o r com pression th e re  a re  two 

d i s t i n c t  c h a r a c te r i s t i c s  f o r  the  r e la t io n s h ip  betw een t ru e  s t r e s s  and 

tru e  s t r a i n : -
i

(1) Up to  the  y ie ld  s t r e s s ,  s t r e s s  am plitude (aa ) i s  l in e a r ly  

r e la te d  to  e la s t ic  s t r a in  ( ) ,  (H ooke's Law)

fra =  et.E ( 6 )

(2 ) Beyond the y ie ld  s t r e s s ,  th e  s t r e s s - s t r a i n  r e la t io n s h ip  

u s u a lly  obeys a lo g a rith m ic  law ,

fra = K.(<p)n (7)

where ep =  p l a s t i c  s t r a in

K = mono to n ic  s tre n g th  c o e f f ic ie n t  •

n = monotonic s t r a in  harden ing  exponent.

This i s  r e f e r r e d  to  as the  Ludwig (15) o r Ramberg-Osgood (16) ex p re ss io n .

For m eta l f a t ig u e  to  occur, a p p lic a t io n s  of lo ad  th a t  take  th e  m a te r ia l  

beyond the c y c lic  y ie ld  s t r e s s  a re  needed, i e ,  c y c lic  p l a s t i c i t y  i s  a 

p r e - r e q u is i t e  f o r  m eta l f a t ig u e .  The r e la t io n s h ip  betw een s t r e s s  and 

s t r a in  under c y c lic  c o n d itio n s  i s  o f te n  d i f f e r e n t  to the  mono to n ic  

r e la t io n s h ip  and i s  obv iously  more p e r t in e n t  to  f a t ig u e  s tu d ie s .



C yclic  s t r e s s - s  t r a in  r e la t io n s h ip  

This curve can ag a in  be sep a ra te d  in to  two d i s t i n c t  reg io n s

(1) ca = €e.E  UP to  y ie ld  ( 8)

and ( 2) ^  -  |< ' ( €p ) °  beyond y ie ld  ( 9 )

where K ' — c y c lic  s tre n g th  c o e f f ic ie n t

n ' — c y c lic  s t r a in  harden ing  exponent.

Hie c y c lic  s t r a i n  hardening, exponent ( n ' ) i s  the  s lo p e  of a  graph 

between lo g  c y c lic  s t r e s s  am plitude and lo g  c y c lic  p l a s t i c  s t r a in  

am plitude . I t  i s  analogous to  th e  s t r a in  harden ing  exponent o b ta in e d "  

from the  mono to n ic  ^ t r e s s - s  t r a in  cu rve .

A c y c lic  s t r e s s - s  t r a in  curve can b e  produced in  a number o f ways; th e  

two most common methods b e in g  th e  m u ltip le  specimen method and the 

In c rem en ta l S tep T est method (1 7 ) . The curve i t s e l f  i s  d e fin ed  as the  

lo cu s of the t ip s  of s ta b le  c y c lic  s t r e s s - s t r a i n  h y s te r e s is  loops 

produced a t  v a rio u s  s t r a i n  am p litudes. The f i r s t  method re q u ire s  

s e v e ra l  specimens to  be  te s te d  a t  d i f f e r e n t ,  c o n s ta n t am plitude s t r a in  

l e v e l s .  However, an Inc rem en ta l S tep  T est can be  used  to  produce the  

curve from j u s t  one specim en. In  th is  t e s t  a specimen i s  su b je c te d  to 

a v a r ia b le  s t r a i n  in p u t o f g ra d u a lly  d ecreasin g  and then in c re a s in g  

s t r a in  am plitudes, as shown in  f i g . 5* The m a te r ia l  responds to  th is  

in p u t ,  s t a b i l i s e s ,  and then re p e a ta b le  s t r e s s - s t r a i n  d a ta  i s  produced. 

From th is  d a ta  ( s t r e s s  and s t r a in  h y s te r e s is  loop maxima and minima) 

the  c y c lic  s t r e s s - s t r a i n  curve can b e  o b ta in ed . This i s  a ls o  shown in  

f i g . 5.

T ran s ien t m a te r ia l  b eh av io u r, i e ,  the  changes th a t  occur in  going from 

the mono to n ic  to  the  c y c l i c a l ly  s t a b i l i s e d  s t a t e ,  can be a f fe c te d  by 

such v a r ia b le s  as p r io r  h i s to r y ,  tem pera tu re , frequency  of c y c lin g  and 

waveform. The most im p o rtan t c o n s id e ra tio n  however i s  th e  i n i t i a l



c o n d itio n  of the m a te r ia l  (an n ea led , hardened, co ld  worked e t c ) .  As a 

g e n e ra l r u le  hardened m a te r ia ls  tend to  c y c l i c a l ly  s o f te n  whereas 

annealed  m a te r ia l  u s u a lly  harden . Hie terms "cy c lic  so f te n in g  and 

harden ing" r e f e r  to  the  s t r e s s  response  of a m a te r ia l  which i s  su b jec te d  

to  c o n s ta n t am plitude s t r a i n  c y c lin g . I f  th e  s t r e s s  maxima a t  a 

h y s te r e s is  loop t ip  d ecreases  du ring  cy c lin g  then the  m a te r ia l  i s  s a id  

to  have "so ften ed "  and v is a - v e r s a .  Hie o v e ra l l  e f f e c t  can le ad  to  such 

phenomena as c y c lic  mean s t r e s s  r e la x a t io n  and c y c lic  c reep  ( 18) .

S t r e s s - S tr a in  H y s te re s is  

When a m a te r ia l  i s  su b jec te d  to  c y c lic  loads the  r e la t io n s h ip  betw een 

s t r e s s  and s t r a i n  u s u a lly  takes th e  form of a h y s te r e s is  lo o p . These 

loops u s u a lly  e x h ib it  the  fo llo w in g  m ajor f e a tu r e s : -

1. Both the  lo ad in g  and un load ing  p a r t  of the  loop b eg in s  w ith  a l in e a r  

r e la t io n s h ip  betw een s t r e s s  and s t r a i n .  The c o n s ta n t in  th e  

r e la t io n s h ip  i s  approx im ately  equal to  Young's modulus a lth o u g h  th e re  i s  

evidence to  su g g est th a t  th e  modulus i s  a f fe c te d  by s t r a in  am plitude  ( 19) .  

D ev iation  from l i n e a r i t y  occurs a t  a l e v e l  low er than th a t  a n t ic ip a te d  

from the  monotonic y ie ld  s t r e s s ,  and i s  dependent in  some m a te r ia ls  on 

the  p rev ious h is to r y  ( 18, 19, 20) .

2. The i n e l a s t i c  p o r tio n  of the  cu rves a re  r e la te d  by a lo g a rith m ic  

r e la t io n s h ip  s im ila r  to  the  Ramberg-Osgood ex p re ss io n .

3. In  most m a te r ia ls  th e  s t r e s s - s t r a i n  curves can be co n sid ered  

sym m etrical in  te n s io n  and com pression.

Masing (21) h y p o th esised  th a t  th e  shape of th e  two s id e s  of a s ta b le  

h y s te r e s is  loop was equal to  th a t  of a mono to n ic  s t r e s s - s t r a i n  cu rve  

m u lt ip l ie d  by two. Morrow and H alfo rd  (22 ,23) have improved th is  

approxim ation f o r  many m a te r ia ls  by re p la c in g  th e  mono t i c  cu rve  in  th is



h y p o th e s is , by  th e  c y c lic  <r-€ cu rv e . This approxim ation should  be  

used w ith  c a u tio n  however, f o r  n o t a l l  m a te r ia ls  e x h ib i t  th ese  

c h a r a c te r i s t i c s  as h ig h lig h te d  re c e n t ly  by  Jh an sa le  ( l8 ,1 9 ) .  M a te ria ls  

which do show th is  c o r r e la t io n  between h y s te r e s is  loop shape and the 

c y c lic  (T—€ cu rv e , a re  r e f e r r e d  to  as Masing m a te r ia ls  and co n v erse ly  

non-M asing m a te r ia ls  do n o t  show the r e la t io n s h ip .

For m a te r ia ls  th a t  have sym m etrical loops the  g en era l r e la t io n s h ip  

between s t r e s s  and s t r a in  f o r  each s id e  i s  given b y :-

Under v a r ia b le  am plitude lo ad in g  th e  s t r e s s - s t r a i n  r e la t io n s h ip  f o r  

each r e v e r s a l  of lo ad  w i l l  fo llo w  th e  s ta b le  h y s te r e s is  loop  shape, 

b u t  a f e a tu r e  r e f e r r e d  to  as m a te r ia l  "memory” can a l t e r  the  

a n t ic ip a te d  loop shape. This i s  i l l u s t r a t e d  i n  f i g . 6 . On re - lo a d in g  

from p o in t  "A” to  ”B” the  m a te r ia l  i s  su b jec te d  to  a sm all r e v e r s a l  ”CD” . 

On re - lo a d in g  from ”D” the  m a te r ia l  does n o t  take  the p a th  of the 

h y s te r e s is  loop (d o tte d  l in e )  b u t  r e v e r ts  to  i t s  o r ig in a l  p a th  a t  

p o in t  "C” . This i s  an extrem ely  s ig n i f ic a n t  m a te r ia l  c h a r a c te r i s t i c  

which must be con sid e red  in  any m a te r ia l  model th a t  i s  adopted  f o r  a 

f a t ig u e  l i f e  p re d ic t io n  p rocedure .

2 .1 .4 . F a tig u e  l i f e  curves

Engineers and m e ta l lu rg is ts  Have been  p ro d u c in g "fa tig u e  l i f e  cu rves f o r  ' 

w e ll over a c en tu ry  s t a r t i n g  w ith  th e  famous work by Wohler (2 - 5 ) .  The 

e a r ly  curves were u s u a lly  p lo ts  of a p p lie d  nom inal s t r e s s  a g a in s t  

cy c le s  to  f a i l u r e  b u t  s e v e ra l  in v e s t ig a to r s  were a lso  in t e r e s t e d  in  th e  

s t r a in  response  d u ring  cyclirig  ( 24, 25) .

( 10)

where A<r = s t r e s s  range

e l a s t i c  s t r a i n  am plitude



The f i r s t  m athem atica l d e s c r ip t io n  of f a t ig u e  l i f e  c h a r a c te r i s t i c s  was 

produced by Basquin in  1910 (2 6 ) . He no ted  th a t  the lo g a rith m  of a p p lie d  

nom inal s t r e s s  was l i n e a r ly  r e la te d  to  the  log arith m  of c y c le s  to 

f a i l u r e .

M athem atically  th is  can be  expressed  b y :-

<ra = c o n s ta n t .  ( N f )  ( 11)

where th e  c o n s ta n t and "b” a re  the in te r c e p t  and s lo p e  o f the  graph 

r e s p e c t iv e ly .  This r e la t io n s h ip  forms the  b a s is  of many modern 

en g in eerin g  design  codes.

In  th e  1940s, Hanstpck a ttem pted  to  r e l a t e  f a t ig u e  l i f e  to  damping 

c a p a c ity  which he d e fin ed  as the  c a p a c ity  o f a s o l id  to  c o n v ert 

v ib ra t io n a l  energy to some o th e r form (2 7 ) . This he reg ard ed  as the  

r a t i o  of the t o t a l  p l a s t i c  s t r a i n  p e r c y c le  to  the  maximum e l a s t i c  

s t r a i n .  Working w ith  two Aluminium -  Magnesium a llo y s  he d e riv e d  the  

fo llo w in g  equation

(  A€p -  B ) .N f “  C onstant.(A ) ( 12)

where B — slo p e  of N f.A ep -  Nf p lo t

A — in te r c e p t  of Nf. Aep -  *Nf p l o t

This r e la t io n s h ip  was n o t s u b s ta n tia te d  by o th e r  workers b u t  i t  le a d  

the way to  the  developm ent o f r e la t io n s h ip s  between p l a s t i c  s t r a i n  and 

f a t ig u e  l i f e .

In  the  e a r ly  1950! s two in v estig a to rs(M an so n  and C o ff in )e s ta b lis h e d  

th a t  f a t ig u e  l i f e  was dependent on p l a s t i c  s t r a in  in  th e  fo llo w in g  w ay:-

Acp = c o n s ta n t.(2 N f)c (13)

where the  c o n s ta n t and 1fc n a re  Hie in t e r c e p t  and s lo p e  r e s p e c t iv e ly  

of a p lo t  of lo g  p la s t i c  s t r a in  and lo g  cy c le s  to f a i l u r e .



Manson ( 28) was sea rch in g  fo r  an equation  th a t  he cou ld  use  to  compare 

m a te r ia ls  su b je c te d  to  therm al s t r e s s e s .  He e v en tu a lly  o b ta in ed  Hie 

above r e la t io n s h ip  by re -a n a ly s in g  d a ta  produced by Sachs e t  a l  (29) 

working wiHi 24S-T Aluminium a l lo y .  This was one of Hie few s tu d ie s  

made a t  the  tim e,w hich had measured p l a s t i c  s t r a in  in  t e s t s  H iat were 

c a r r ie d  o u t under c o n s ta n t t o t a l  s t r a in  range c o n tro l .  C o ffin  was a lso  

s tu d y in g  the  e f f e c t  of therm al s t r e s s e s  on fa t ig u e  l i f e  b u t  in  h is  

case  he was concerned w ith  the  developm ent o f s ta in le s s  s t e e l s  f o r  

n u c le a r  r e a c to r  components (3 0 ) . Based on h is  own p re c is e  ex p erim en ta l 

d a ta  he no ted  an e x c e lle n t  r e la t io n s h ip  between t o t a l  p l a s t i c  s t r a in  

and c y c le s  to  f a i l t f r e  and he a lso  suggested  th a t  th e  c o n s ta n t was 

e q u iv a len t to the  tru e  f r a c tu r e  d u c t i l i t y  in  sim ple te n s io n .

The Coffin/M anson equation  has now been  v e r i f i e d  f o r  many m a te r ia ls  

and th e re fo re  has become a w e ll e s ta b lis h e d  meHiod o f p re s e n tin g  f a t ig u e  

d a ta . S ince i t s  in c e p tio n  c o n s id e ra b le  e f f o r t  has been expended in  

try in g  to  q u a n tify  and u n d erstand  the  two c o n s ta n ts  in  th e  ex p re ss io n . 

I n i t i a l l y  the  c o e f f ic ie n t  was s tu d ie d  in  g re a t  d e t a i l ,  wiHi m ost w orkers 

tak in g  the  C offin  approach il l  t ry in g  to  r e l a t e  i t  to  the  energy re q u ire d  

to cause f r a c tu r e  in  a t e n s i le  t e s t  (3 1 -3 5 ). This has r e s u l te d  in  

s e v e ra l  d i f f e r e n t  exp ress io n s fo r  the  c o e f f ic ie n t  in  term s o f Hie mono to n ic  

f r a c tu r e  d u c t i l i t y .  These w i l l  be  d iscu ssed  in  a l a t e r  s e c t io n  of the  

work. The exponent (c )  on th e  o th e r  hand has u s u a lly  been s tu d ie d  w ith  

r e s p e c t  to  the c y c lic  s t r a in  harden ing  exponent ( n ' ) .  Morrow (3 6 ,3 7 ) 

has shown through an energy argument th a t  c i s  r e la te d  to  n ' by the 

fo llo w in g  ex p re ss io n :-

In  th is  work Morrow p o in ted  o u t th a t  th e re  i s  a p re c is e  r e la t io n s h ip  

betw een c , n ' and b ( th e  Basquin exponent from Hie s t r e s s - l i f e  cu rve) i f



i t  i s  assumed th a t  K and n' a re  c o n s ta n t up to  th e  f r a c tu r e  s t r a in .  

This r e la t io n s h ip  i s : -

' = (IS)n = c

This le ad s  t o : -

b = ( 16)

Summarising th e  p rev io u s  work and c o n sid e rin g  fa t ig u e  l i f e  in  terms of 

t o t a l  s t r a i n ,  Morrow p re sen te d  the  fo llo w in g  equation  and in tro d u ce d  

the  " fa tig u e  param eter" concep t.

Aet / 2 = A€e/2 + Aep/2 = <r,'/E.(2Nf) +<=,'(2Nf)b • c (17)

w here:-

ef'  =  F a tig u e  d u c t i l i t y  c o e f f ic ie n t  ) From C o ffin /

c =  F a tig u e  d u c t i l i t y  exponent ) Manson eX pression

<r/ = F a tig u e  s tre n g th  c o e f f ic ie n t  ) „1 ( From Basquin
b =  F a tig u e  s tre n g th  exponent ) exPr e s s -̂on

F ig .7 i s  an i l l u s t r a t i o n  of th is  r e la t io n s h ip  from which i t  can be 

seen th a t  f a t ig u e  d a ta  can be  p re se n te d  in  the  form of t o t a l  s t r a i n  -  

l i f e  curves which a re  a com bination of the  Coffin/M anson and Basquin 

r e la t io n s h ip s .  This method o f p re s e n ta t io n  i s  now p re fe r re d  f o r  r e s u l t s  

produced from te s t s  in  which the  s t r a in  range was the  c o n tro l le d  p a ram ete r.

The t o t a l  s t r a i n - l i f e  ex p ressio n  quoted, on ly  a p p lie s  to  f u l l y  re v e rse d  

lo ad in g  s i tu a t io n s  in  which mean s t r e s s  i s  ze ro . For r e a l i s t i c  f a t ig u e  

l i f e  p re d ic t io n s  some m o d if ic a tio n  i s  n e ce ssa ry .

Mean s t r e s s  c o n s id e ra tio n s  

I t  has been known fo r  many years  th a t  a t e n s i l e  mean s t r e s s  w i l l  cause 

a re d u c tio n  in  l i f e  and a com pressive mean s t r e s s  w i l l  reduce  f a t ig u e  

damage and hence pro long  l i f e .  G erber in  1874 (38) and Goodman in  1899 (39) 

were the f i r s t  to  e s ta b l is h  em p irica l methods f o r  p re d ic t in g  th e  e f f e c t

16.



of mean s t r e s s .  Both th e se  workers s tu d ie d  on ly  the e f f e c t  o f t e n s i le  

mean s t r e s s  on the f a t ig u e  l im i t .

Morrow has shorn th a t  mean s t r e s s  e f f e c ts  can b e  r e a d i ly  a sse sse d  w ith in  

the  t o t a l  s t r a in  approach ( 37) .

More re c e n t ly  Sm ith, Watson and Topper ( 40) have dem onstrated  th a t  a 

combined s t r e s s - s t r a i n  damage param eter can account fo r  mean s t r e s s

a r e v e r s a l  ( am ax) and the s t r a in  am plitude , has been shown to  app ly  to 

a wide range of m a te r ia ls  (4 1 ,4 2 ) . The f a t ig u e  l i f e  r e l a t i o n  can be 

w r it te n :  -

This r e la t io n s h ip  i s  s im ila r  in  form to  th a t  between et and 2Nf.

A lo g - lo g  p l o t  of -  2Nf can be  c o n s tru c te d  fo r  any m a te r ia l

from th e  s t r a i n - l i f e  curve o r more p re c is e ly  from a knowledge of

in  a s s o c ia t io n  w ith  the  Palmgren-M iner r u le  to c a lc u la te  f a t ig u e  damage 

f o r  the  v a r ia b le  am plitude, v a r ia b le  mean s t r e s s  s ig n a ls  which a re  

norm al in  many s e rv ic e  s i tu a t io n s .

Another im p o rtan t f a c to r  to  be co n sid e red  when c a lc u la t in g  f a t ig u e  l i f e  

i s  the  e f f e c t  of p e r io d ic  or i n i t i a l  o v erlo ad s...

O verload c o n s id e ra tio n s  

In  th e  p a s t  th e re  has been c o n s id e ra b le  re se a rc h  e f f o r t  aimed a t  

u nd ers tan d in g  the e f f e c t s  of overloads on f a t ig u e  b eh av io u r. Workers 

have re p o rte d  b o th  b e n e f ic ia l  ( 43, 44) and d e tr im e n ta l e f f e c t s  ( 45- 48) .

( 18)

where mean s t r e s s

e f f e c t s .  The param eter, which i s  the  p ro d u c t o f the maximum s t r e s s  in

(19)

at e t' b and c Hie r e s u l t a n t  curve can be  used

17.



Much of the co n fu sio n , p a r t i c u la r ly  in  b lo ck  programme or s te p  t e s t s ,  

p robab ly  r e s u l t s  from the  d i f f e r e n t  mean s t r e s s e s  th a t  can e x i s t  due to  

t r a n s f e r  e f f e c ts  in  h igh-low  lo ad in g  sequences. I f  the low s t r a i n  l e v e l  

i s  e s ta b lis h e d  fo llo w in g  the  maximum h ig h  s t r e s s  le v e l  in  com pression 

then a t e n s i le  mean s t r e s s  w i l l  r e s u l t .  However, i f  the  low s t r a in  

fo llo w s a t e n s i l e  s t r e s s  then a com pressive mean s t r e s s  i s  produced.

For ap p a ren tly  id e n t i c a l  lo ad in g  c o n d itio n s , the l a t t e r  c ase  w i l l  g iv e  a 

lo n g e r l i f e .

Watson e t  a l  (49) s tu d ie d  the  e f f e c t  of p e r io d ic  overloads produced in  

ra ilw a y  tra c k  v e h ic le s  t r a v e l l in g  over p o in ts  and c ro s s in g s . This s tu d y
I

concluded, th a t  in  the  absence of r e s id u a l  s t r e s s e s ,  p e r io d ic  overloads 

made a s ig n i f ic a n t  c o n tr ib u tio n  to  f a t ig u e  damage. Hie d ecrease  in  

f a t ig u e  l i f e  was due m ainly to  a d ecrease  i n  th e  number of c y c le s  

re q u ire d  to  produce a sm all c rack . The o v e ra l l  e f f e c t  i s  g re a te r  in  

the  long l i f e  regim e than in  th e  low cy c le  re g io n , which i s  to be  

expected  i f  the  developm ent of a sm all c rack  i s  a c c e le ra te d .

To account f o r  th is  e f f e c t  in  a l i f e  p re d ic t io n  model, a  f a t ig u e  l i f e  

curve i s  re q u ire d  th a t  has been s u i ta b ly  m od ified . This can be  produced 

by  s u b je c tin g  a l l  t e s t  specimens to  overloads p r io r  to  th e  o n se t of 

te s t in g  a t  the  re q u ire d  lower le v e l  ( 47) .

2 .1 .5 . F a tig u e  Damage C a lcu la tio n s

F a tig u e  damage caused by re p e a te d  p l a s t i c  s t r a in in g  of a m a te r ia l  i s  

u s u a lly  p re d ic te d  by u s in g  a cum ulative damage summation r u l e .  The r u le  

f i r s t  proposed by Palmgren (50) and l a t e r  adopted by  Miner (51) d e f in e s  

damage p e r cy c le  as the  in v e rse  of the number o f cy c le s  to  f a i l u r e  a t  

any given s t r e s s  l e v e l .  Damage accum ulates on a l in e a r  b a s is  and 

f a i l u r e  of the specimen i s  norm ally  taken when the  summation i s  equal to 

u n ity , i e ,
-  D = 1 a t  f a i l u r e ( 20)
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where nj =  number of cy c le s  a t  a  given s t r e s s  l e v e l

Nfi = number of c y c le s  to f a i l u r e  a t  the  same 
s t r e s s  le v e l .

D = Damage.

In  th e  absence of a b e t t e r  method of a sse ss in g  the accum ulation of 

f a t ig u e  damage and f i n a l  f a i lu r e ,  th is  approach i s  u s u a lly  adopted in  

l i f e  p re d ic t io n  p ro ced u res .

2 .2 . M e ta llu rg ic a l a sp e c ts  of f a t ig u e  

In tro d u c tio n

The aim of th is  p a r t  of the  review  i s  to  ga in  an a p p re c ia tio n  of the
I

im p o rtan t m e ta l lu rg ic a l  f a c to f s  th a t  in f lu e n c e  the  fo rm ation  of an 

en g in ee rin g  f a t ig u e  c rack  ( ty p ic a l ly  1 mm lo n g ) . The fo llo w in g  to p ic s  

a re  in c lu d ed  w ith  p a r t i c u la r  emphasis on s t e e l s : -

( i )  Micros t r u e tu r a l  a sp e c ts  of c y c lic  deform ation .

( i i )  M e ta llu rg ic a l a sp e c ts  of c rack  i n i t i a t i o n  and p ro p a g a tio n .

( i i i )  Com position, m ic ro s tru c tu re  -  p ro p e rty  r e la t io n s h ip s .

2 .2 .1 . M ic ro s tru e tu ra l C h a r a c te r is t ic s  of c y c lic  deform ation  

T ran s ie n t Behaviour 

The c h a r a c te r i s t i c s  of c y c lic  deform ation  have been s tu d ie d  f o r  a very  

long  tim e. B auschinger, as long  ago as 1886 (52) d isco v ered  th a t  the  

y ie ld  s t r e s s  du ring  the  re v e rse  flow  of deformed s t e e l  was low er than 

the  flow  s t r e s s  in  th e  o r ig in a l  deform ation  d ir e c t io n .  More r e c e n t ly ,  

the  t r a n s ie n t  phenomena, c y c lic  so f te n in g  and c y c lic  ha rd en in g  have been 

id e n t i f i e d .  These c h a r a c te r i s t i c s  r e l a t e  to  thb p ro g re s s iv e  change in  

m a te r ia l  behav iour th a t  occurs during  c y c lin g . Depending on th e  i n i t i a l  

m a te r ia l  c o n d itio n , p r io r  lo ad in g  h is to r y  and s t r a in  am p litude , a m eta l 

can e i th e r  harden or s o f te n . For c o n s ta n t s t r a in  am plitude t e s t s ,  th e  

maximum s t r e s s  le v e l  in  each cy c le  can e i th e r  in c re a s e  ( c y c l ic  harden ing )



or d ecrease  (c y c lic  so fte n in g )  during  a t e s t .  A p lo t  o f s t r e s s  am plitude 

a g a in s t  cy c le s  shows th a t  in  many m eta ls  the  change in  s t r e s s  i s  most 

marked during  th e  f i r s t  few p e rc e n t of l i f e  and then reaches a c o n s ta n t 

v a lu e  which i s  in d ic a t iv e  of s t a b i l i t y  in  th e  m a te r ia l .  S e v e ra l workers 

have shown th a t  ra p id  m a te r ia l  s t a b i l i t y  occurs in  s te e l s  s im ila r  to  the  

ones used  in  th is  in v e s t ig a t io n  (53*54 ,55). The m ajor i ro n  based  a llo y s  

which do n o t e x h ib i t  th ese  c h a r a c te r i s t i c s  a re  a u s te n i t ic  s t e e l s  which 

tend to  work harden throughout a f a t ig u e  t e s t .

In  o rd e r to  a p p re c ia te  the  d is lo c a t io n  mechanisms re sp o n s ib le  f o r  th e se  

c y c lic  c h a r a c te r i s t i c s  in  s t e e l s ,  the  d is lo c a tio n  p a t te rn s  produced
I

du rin g  monotonic lo ad in g  must f i r s t  be  co n sid e red . In  p o ly c r y s ta l l in e  

i ro n  th a t  co n ta in s  a d isp e rs io n  of second phase p a r t i c l e s  ( f e r r i t e -  

p e a r l i t e  s t e e l s ) ,  g ra in  boundaries  and cem en tite  p a r t i c l e s  w i l l  a c t  as 

b a r r i e r s  to  d is lo c a t io n  m otion. New d is lo c a t io n s ,  g en era ted  from s e s s i l e  

sources (Frank-Read type fo r  exam ple), p ile -u p  beh ind  each o th e r  a t  a 

b a r r i e r  p roducing  back s t r e s s e s .  These m icroscop ic , i n t e r n a l  back 

s t r e s s e s  reduce the e f f ic ie n c y  of d is lo c a tio n  g en e ra tio n  from a source  

and hence a g re a te r  a p p lie d  s t r e s s  i s  re q u ire d  to m ain ta in  d e fo rm ation .

This i s  th e  d is lo c a t io n  mechanism re sp o n s ib le  f o r  w ork-hardening in  th e se  

s t e e l s .  I t  a lso  in d ic a te s  th a t  param eters such as y ie ld  s t r e s s  a re  

m ic ro s tru c tu re  dependent, i e ,  the sm a lle r the  i n t e r b a r r i e r  sp ac ing  the  

g re a te r  the  a p p lie d  s t r e s s  re q u ire d  fo r  deform ation .

However, when a lo ad  r e v e r s a l  o ccu rs, the  back s t r e s s  developed as a 

r e s u l t  of d is lo c a t io n  p ile -u p s  w i l l  a id  the  movement of d is lo c a t io n s  in  

the  o p p o site  d i r e c t io n .  In  a d d itio n , d is lo c a tio n s  of o p p o s ite  s ig n  

w i l l  be c re a te d  from the  so u rce . S ince screw d is lo c a tio n s  of o p p o s ite  

s ig n  a t t r a c t  and a n n ih i la te  each o th e r , the  n e t  e f f e c t  w i l l  be  a 

re d u c tio n  in  the  d is lo c a t io n  d e n s ity  and hence a so f te n in g  in  th e  l a t t i c e .  

Thus a low er s t r e s s  w i l l  be re q u ire d  to  produce y ie ld  in  th e  re v e rse d  lo a d in g  

d i r e c t io n  (B auschinger e f f e c t )
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The e f f e c t  o f subsequent c y c le s  i s  dependent on th e  i n i t i a l  m a te r ia l  

c o n d itio n . H eavily  co ld  worked m a te r ia ls  u s u a lly  so f te n  w ith  c y c lin g  

whereas annealed  m eta ls  tend  to  harden (3 7 ) . In  the f i r s t  c a se , the  

p r io r  deform ation  produces a h igh  d is lo c a t io n  d e n s ity , which w i l l  be  in  

a c e l l u l a r  c o n f ig u ra tio n  fo r  higji s ta c k in g  f a u l t  energy m eta ls  ( 56) .

On c y c lin g , the  d is lo c a tio n  s t r u c tu r e  w i l l  be  m odified  by a s e r ie s  of 

p ro cesses  which in c lu d e  the  i n i t i a l  unpinning  of trapped  d is lo c a t io n s ,  

fo llow ed  by p a r t i a l  a n n ih i la t io n  of screw  d is lo c a t io n s .  (These p ro cesses  

a re  d iscu ssed  more f u l l y  in  the  n e x t s e c t io n ) .  Hence so f te n in g  w i l l  

r e s u l t .  In  th e  second ca se , th e  d is lo c a t io n  d e n s ity  w i l l  in c re a s e  w ith  

deform ation  u n t i l  the* s t a b i l i s e d  p a t te rn  c h a r a c te r i s t i c  of th e  s t r a in  

am plitude , has been a t ta in e d .  T herefo re , harden ing  w i l l  occu r,

Whichever mechanism i s  p re v a le n t in  a m a te r ia l ,  the  changes a re  u s u a lly  

p ro g re s s iv e . James and Sleeswyk (57) have s tu d ie d  the  m icroscopic  

behav iour th a t  occurs in  a number of m a te r ia ls ;  aluminium, copper, n ic k e l ,  

a - b r a s s  and some s ta in le s s  s t e e l s .  They found th a t  the o r ig in a l  

d is lo c a tio n  p a t te rn  never com pletely  b roke  down in  any of th e se  m a te r ia ls  

fo llo w in g  a s in g le  lo ad  r e v e r s a l .

Form ation of s ta b le  s t ru c tu re s

( i )  S in g le  C ry s ta ls  and s in g le  phase p o ly c ry s ta ls

The s ta b le  d is lo c a t io n  s t ru c tu re  produced du rin g  cy c lin g  i s  s tro n g ly

dependent on s t r a in  am plitude and s ta c k in g  f a u l t  energy ( 58- 62) .  For a

h igh  s ta c k in g  f a u l t  energy m a te r ia l  the  s t r u c tu r e  a t  low s t r a i n  am plitudes

i s  c h a ra c te r is e d  by c lu s t e r s  of d ip o le s  and d is lo c a tio n  loops which a re

produced by random encounters between d is lo c a t io n s .  I t  has been found

th a t  a h igh  p ro p o rtio n  of the  o r ig in a l  d is lo c a tio n s  do n o t  l i e  on s l i p

p lanes ( s e s s i l e  d is lo c a tio n s )  and th ese  qu ick ly  tra p  the  few g lid e

d is lo c a t io n s .  As the  s t r e s s  i s  in c re a se d , th ese  s e s s i l e  d is lo c a t io n s  can

a c t  as sources which re a d i ly  g en era te  new d is lo c a t io n s .  During

deform ation , screw d is lo c a tio n s  can m u tua lly  a n n ih i la te  through c r o s s - s l ip
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and edge d is lo c a tio n s  form very  s ta b le  d ip o la r  groupings which 

p r e f e r e n t ia l ly  form on p lan es  p e rp e n d icu la r  to  the  prim ary s l i p  d i r e c t io n .  

The c lu s te r s  of d is lo c a t io n  loops a re  u s u a lly  sep a ra ted  by channels and

the  com bination tak es  on a veined  appearance.

A t h ig h e r s t r a in  le v e ls  in te n s e  bands can form which a re  now commonly 

r e f e r r e d  to  as p e r s i s t e n t  s l i p  bands. These a re  o f te n  s o f t e r  than  the  

surrounding  m a te r ia l  and u s u a lly  co n ta in  a c e l l u l a r  d is lo c a t io n  

s u b s tru c tu re . The fo rm ation  of the c e l l u l a r  s t r u c tu r e  b eg in s  w ith  a

lo c a l  breakdown of a v e in  which r e s u l t s  in  th e  ra p id  fo rm ation  o f new

g lid e  d is lo c a t io n s .  Screw d is lo c a tio n s  w i l l  again  m u tua lly  a n n ih i la te  

each o th e r whereas tfye edge d is lo c a t io n  components w i l l  produce t i l t  w alls  

by  th e  p o ly g o n isa tio n  p ro c e ss . The phenomenon i s  th e  r e s u l t  o f 

encounters between edge d is lo c a tio n s  having  the  same b u rg e rs  v e c to r , moving 

on p a r a l l e l  s l i p  p la n e s . This s i tu a t io n  u s u a lly  produces re p u ls io n  

betw een the two d is lo c a t io n s ,  b u t  i f  one becomes trapped  a t  an o b s ta c le , 

they  may be fo rce d  to  pass  n ea r to  each o th e r . This r e s u l t s  in  th e  two 

d is lo c a tio n s  tak in g  up v e ry  s ta b le  p o s i t io n s  a lm ost on top of each o th e r .  

Large long  range s t r e s s e s  accompany the  d is lo c a t io n  couple which r e s t r i c t s  

the  movement of d is lo c a tio n s  on ne ighbouring  p lan es  and le a d s  to  a b u i ld  

up of edge d is lo c a t io n  a rra y s  ( t i l t  w a l ls ) .

The f i n a l  s ta g e  in  the  e v o lu tio n  of d is lo c a tio n  s t ru c tu re s  in  h ig h  s ta c k in g  

f a u l t  energy m a te r ia ls ,  i s  th a t  o f homogeneous c e l l  fo rm ation  which occurs 

a t  h igh  s t r a i n  am p litu d es. C e ll fo rm ation  i s  tr ig g e re d  by the  o n se t of 

m u ltip le  g l id e  which re q u ire s  th e  p resence  of a s u f f i c i e n t ly  s tro n g  lo c a l  

su rp lu s  of d is lo c a tio n s  of one type and s ig n . S u f f ic ie n t ly  la rg e  

q u a n t i t ie s  of edge d is lo c a tio n s  in  th e  c e l l  w a lls  of the  p e r s i s t e n t  s l i p  

bands or screw d is lo c a tio n s  in  the  ch an n e ls , w i l l  produce non-prim ary  

s l i p  which le ad s  to c e l l  fo rm ation  ( 62) .



Accommodation of S tr a in  A fte r  S ta b i l i s a t io n  

The accommodation of s t r a in  a f t e r  s t a b i l i s a t i o n  has n o t re c e iv e d  much 

a t te n t io n .  However, L a ird  (60) has r e c e n t ly  d iscu ssed  some work of 

F inney  ( 63) who s tu d ie d  the ro le  of p e r s i s t e n t  s l i p  bands in  the  c y c lic  

deform ation  of copper s in g le  c r y s ta l s .  He e s ta b lis h e d  th a t  in  p l a s t i c  

s t r a in  c o n tro l le d  t e s t s  the  s t r a in  i s  always co n cen tra ted  in  th e  s l ip  

bands (se e  a lso  64, 65) and d u ring  a f a t ig u e  t e s t  the number o f s l i p  

bands in c re a s e . Fox ( 66) o b ta in ed  s im ila r  r e s u l t s  when s tu d y in g  the  

.s u r fa c e  damage c h a r a c te r i s t i c s  of low carbon s te e l s  te s te d  under load  

c o n tro l le d  c o n d itio n s , ( l iv e s  10^) c y c le s . However, a t  low er loads 

the  a re a  of su rfa c e  th a t  was damaged d id  n o t in c re a s e  du rin g  the  t e s t .

C yclic  deform ation w i l l  i n i t i a l l y  occur in  those  g ra in s  m ost fa v o u rab ly  

o r ie n te d  fo r  s l i p  and l e a s t  c o n s tra in e d  by the  surrounding  g ra in s .  A t 

s t r e s s  le v e ls  th a t  produce a s ta b le  s t r u c tu r e  c o n s is tin g  o f v e in s  of 

d is lo c a t io n  d ip o le s , the  imposed s t r a in  i s  accommodated i n  th e  channels 

betw een the  v e in s . No sp read  of deform ation  i s  re q u ire d  and an 

e q u ilib riu m  s i tu a t io n  develops.

A t h ig h e r s t r e s s e s ,  fav o u rab ly  o r ie n te d  g ra in s  c y c l i c a l ly  harden  u n t i l  

the s tag e  i s  reached  when d is lo c a t io n  movement becomes e a s ie r  in  a d ja c e n t 

g ra in s .  Some of the  s t r a in  i s  th e re fo re  tra n s fe r re d  and e v e n tu a lly  

many g ra in s  may b e  invo lved  in  accommodating the  imposed s t r a i n .  In  the  

g ra in s  th a t  co n ta in  p e r s i s t e n t  s l i p  bands o r a com plete c e l l u l a r  netw ork, 

deform ation  i s  achieved  by the  movement of d is lo c a tio n s  from one c e l l  

boundary to  an o th e r . A b a lan ce  i s  reached between the  number o f 

d is lo c a tio n s  re le a se d  from one s id e  of the c e l l  in  p a r t  of the  lo a d in g  

c y c le , to  the number d ep o sited  on the  o p p o s ite  c e l l  w all fo llo w in g  a load  

r e v e r s a l  ( 62) .

The ease by  which m a te r ia ls  a re  ab le  to  t r a n s fe r  s t r a in  to  o th e r  g ra in s

i s  an im p o rtan t m a te r ia l  c h a r a c te r i s t i c  because such d e - lo c a l i s a t io n
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w il l  r e s u l t  in  a le s s  severe  no tch -peak  topography a t  the su r fa c e .

Another in t e r e s t in g  o b se rv a tio n  i s  th a t  the imposed s t r a in  i s  accommodated 

by a c o n tin u a lly  in c re a s in g  niimber of g ra in s ,  even a f t e r  s t a b i l i s a t i o n .

This i s  an in d ic a t io n  of the degree of s l i p  i r r e v e r s i b i l i t y  th a t  occurs 

p a r t i c u la r ly  a t  the  specimen su rfa c e  ( 62) .

E f f e c t  of S tack in g  F a u l t  Energy 

In  most a l lo y  system s an in c re a s e  in  th e  a l lo y  c o n ten t w i l l  cause a 

re d u c tio n  in  s ta c k in g  f a u l t  energy. One of the e f f e c t s  r e s u l t in g  from 

such changes i s  th a t  tiie m a te r ia l  w i l l  have a reduced tendency to  c ro ss 

s l i p .  An a s s o c ia te d  e f f e c t  i s  th a t  the  flow  s t r e s s  of the  m a te r ia l  w i l l
I

b e  in c re a se d  (5 8 ) .

Much work has been c a r r ie d  o u t to e s ta b l is h  s tac k in g  f a u l t  energy -  c ro ss 

s l i p  -  f a t ig u e  l i f e  c h a r a c te r i s t i c s  in  many m a te r ia ls  (6 7 ,6 8 ) . However, 

th is  has been d i f f i c u l t  to ach ieve  due to  the in se p e ra b le  e f f e c t s  

r e s u l t in g  from changes in  some of the  o th e r  m echanical p r o p e r t ie s .  

Plunibridge and Ryder (58) however have quoted work on copper a llo y e d  

w ith  e i th e r  aluminium or n ic k e l  ( 69)0 Both th e se  elem ents produce s im ila r  

changes in  most m echanical p ro p e r t ie s  b u t  aluminium has th e  g r e a te s t  

e f f e c t  on s ta c k in g  f a u l t  energy. I t  was found th a t  the copper-alum inium  

a l lo y  had su p e r io r  f a t ig u e  p ro p e r t ie s  to  th e  c o p p e r-n ic k e l a l lo y ,  

in d ic a t in g  the  b e n e f ic ia l  e f f e c ts  r e s u l t in g  from a su p re ss io n  of a 

m a te r ia l 's  a b i l i t y  to  c r o s s - s l ip .

From a m icros tru e  t u r a l  v iew po in t, i t  has been  found th a t  as s ta c k in g  f a u l t  

energy i s  decreased , the c y c lic  deform ation  c h a ra c te r  changes from wavy 

to  p la n a r s l i p .  D is lo c a tio n  su b s tru c tu re s  a lso  r e f l e c t  th i s  change i n  

s l i p  c h a ra c te r , p la n a r  a rra y s  of d is lo c a tio n s  b e in g  observed r a th e r  than 

the  c e l l  o r v e in  s t ru c tu re  ( 6 i ) .



C yclic  Deform ation C h a r a c te r is t ic s  in  Iro n  

Pure i ro n  has a h igh  s tac k in g  f a u l t  energy and th e re fo re  deform ation  i s  

u s u a lly  c h a ra c te r is e d  by wavy s l i p  p a t te rn s  as s l i p  norm ally  occurs 

on the  (1 1 0 ), (112), and (123) p la n e s . Hie s t a b i l i s e d  d is lo c a t io n  

s t r u c tu r e  i s  dependent on th e  a p p lie d  s t r a in  range in  a s im ila r  way to 

most o th e r  m e ta ls . A t h igh  s t r a in s  the f a m il ia r  c e l l u l a r  s t r u c tu r e  i s  

produced ( 67, 70) whereas a t  lower le v e ls  workers have observed v e in s  

c o n ta in in g  d ip o le s  and m u ltip o les  ( 65) .

F e l tn e r  and L a ird  ( 6 l)  have dem onstrated  th a t  th e  s t a b i l i s e d  c y c l ic  s t r e s s -  

s t r a in  curve f o r  i ro n  i s  un ique , b e in g  independent of p rev io u s s t r a i n
t

h is to r y .  Abdel-Raouf and Plum tree ( 56) extended th is  work by  seek ing  

th e  a c tu a l  p r io r  s t r a in  c o n d itio n  whereby no change in  the  m echanical 

p ro p e r t ie s  tak es  p la c e  on subsequent c y c lin g . They found th a t  c y c lin g  

b o th  annealed and h e a v ily  co ld  worked i ro n  a t  a s t r a in  am plitude of 

0 .015 produced a c e l l u la r  d is lo c a t io n  s t r u c tu r e  w ith  an average c e l l  

d iam eter of 1 .5  M m etres. Specimens loaded in  ten s io n  to  an e q u iv a le n t 

s t r a in  ( 12$) a lso  co n ta in ed  a c e l l  s iz e  of 1 .5  M metres which rem ained 

u n a lte re d  by c y c lin g .

C yclic  D eform ation C h a r a c te r is t ic s  in  Iro n  c o n ta in in g  S o lu te  Elem ents 

In  most a l lo y  system s the  a d d itio n  of a s o lu te  elem ent to  a m e ta l produces 

an in c re a s e  in  s t re n g th . S o lid  s o lu tio n  s tre n g th en in g  occurs i f  the  

i n i t i a l  movement of g l id e  d is lo c a tio n s  i s  a f fe c te d  by the s o lu te  atoms 

o r i f  the  m o b ility  i s  made more d i f f i c u l t  as a r e s u l t  o f h ig h e r  f r i c t i o n  

on the  g lid e  p la n e s . During the  l a s t  tw enty f iv e  y ears  many th e o r ie s  

have been  p u b lish ed  on b o th  " d is lo c a tio n  lock ing" mechanisms and the 

f r i c t i o n  a s s o c ia te d  w ith  deform ation  p ro cesses  in  a llo y s  (7 1 -7 9 ). The 

d i f f i c u l t y  now i s  to  e s ta b l is h  which th e o r ie s  (mechanisms) a re  im p o rtan t 

i n  any given a l lo y  system . In  the  c u r re n t  work a knowledge of the 

p re c is e  mechanism i s  n o t con sid ered  to  be im p o rtan t. I t  i s  w e ll e s ta b lis h e d
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th a t  b o th  s i l i c o n  and manganese produce an in c re a s e  in  s tre n g th  when 

a llo y e d  to i r o n .  The atom ic s iz e  d if fe re n c e  between th e se  two elem ents 

and i ro n  i s  s im ila r  and the magnitude of the  e f f e c ts  tend to  be s im ila r .  

This i s  d e sp ite  th e  f a c t  th a t  manganese a d d itio n s  s l i g h t ly  in c re a s e  the 

i ro n  l a t t i c e  spacing  whereas S il ic o n  a d d itio n s  reduce i t .

The e f f e c t  of a llo y in g  on the  su rfa c e  s l i p  c h a r a c te r i s t i c s  has on ly  been 

s tu d ie d  e x te n s iv e ly  in  one of th ese  system s; F e -S i. One of th e  e a r l i e s t  

s tu d ie s  to  show the  marked e f f e c t  of s i l i c o n  a d d itio n s  on deform ation  

behav iou r was th a t  o f B arre tt*  A nsel and Mehl (8 0 ) . They showed th a t  

a l lo y in g  p ro g re s s iv e ly  reduced the wavy n a tu re  of the s l i p  l i n e s .  This 

i s  due to  th e  reduced s ta c k in g  f a u l t  energy in  s i l ic o n  iro n s  which 

su p resses  c r o s s - s l ip  a c t i v i t y  and changes th e  s l i p  c h a r a c te r i s t i c s  from 

wavy to  p la n a r .

B o ettn er and McEvily ( 67) made a d e ta i le d  study  and com parison of f a t ig u e  

s l i p  bands in  i ro n  and i r o n - s i l i c o n  a llo y s  produced as s in g le  c r y s t a l s .

In  pure  iro n  the  s l ip  bands were i l l - d e f in e d ,  had a ve ry  i r r e g u la r  n o tc h -  

peak topography and in  on ly  a few g ra in s  were r ib b o n - l ik e  e x tru s io n s  

observed . With in c re a s e s  in  s i l i c o n  c o n te n t the s l i p  bands became more 

re g u la r ,  homogeneous and in  a l l  cases  a lig n e d  to  the (110) p la n e . A very  

uniform  no tch-peak  topography was observed in  th e se  m a te r ia ls .  They a lso  

found th a t  f a t ig u e  c racks in  th e  s i l i c o n  iro n s  were u s u a lly  n u c le a te d  

a t  p i t s  o r n o n -m e ta llic  in c lu s io n s  lo c a te d  a t  th e  b a se  of the  r e - e n t r a n t  

ang les of the  su rfa c e  e x tru s io n s .

G olland and James (8 l)  c a r r ie d  o u t a s im ila r  e x e rc ise  on i ro n  and i r o n -

s i l i c o n  a l lo y s .  Their work on the  s i l i c o n  iro n s  supported  th a t  of

McEvily and B o e ttn e r , b u t  they  a lso  e s ta b lis h e d  th a t  the  s l i p  band depth

was much g re a te r  in  th ese  m a te r ia ls  and th e re fo re  more l i k e l y  to  develop

in to  cracks than th e  d i f f u s e ,  shallow  s l i p  bands found in  pu re  i r o n .

This th eo ry  however, i s  n o t borne o u t by  th e i r  f a t ig u e  r e s u l t s ,  which

in d ic a te  a s u p e r io r i ty  in  th e i r o n - s i l ic o n  a l lo y s .
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( i i )  C h a r a c te r is t ic s  in  M ultiphase M a te ria ls  

G eneral Comments 

M ultiphase m a te r ia ls  can be d iv id ed  in to  two p r in c ip a l  c l a s s e s : -

a) Those in  which phases a re  in te n t io n a l ly  in tro d u ced  f o r  s tre n g th e n in g  

pu rp o ses. These in c lu d e  p r e c ip i ta t io n  hardened, d is p e rs io n  

s tren g th en ed  and e u te c t ic  a l lo y s .

b ) Those i n  which im p u rity  phases a re  p re s e n t as a b y -p ro d u c t from 

the  m a te r ia l  p ro c e ss in g . The m ajor im p u r it ie s  th a t  have a 

s ig n i f i c a n t  e f f e c t  on fa t ig u e  l i f e  a re  the  numerous n o n -m e ta llic  

in c lu s io n s  th a t  a re  in h e re n t  in  com m ercially produced m e ta ls .

The s te e l s  s tu d ie d  in  th is  p r o je c t  f a l l  in to  b o th  th ese  c a te g o r ie s .

They a re  d isp e rs io n  s tren g th en ed  s te e l s  w ith  cem en tite  p a r t i c l e s  p re s e n t  

in  the m ic ro s tru e tu re , and they  c o n ta in  n o n -m e ta llic  in c lu s io n s .

Iro n  C ontain ing  Cem entite 

A dditions of carbon to  i ro n  produce cem en tite  (Fe^C) as a second phase 

which can e x i s t  in  many d i f f e r e n t  forms,, The com m ercially im p o rtan t 

range o f f e r r i t e - p e a r l i t e  m ic ro s tru c tu re s  a re  o f i n t e r e s t  in  th i s  s tu d y . 

Deform ation c h a r a c te r i s t i c s  in  a llo y s  c o n ta in in g  p e a r l i t e  were s tu d ie d  

by Jenk ins e t  a l  in  1942 (8 2 ) . S te e ls  v a ry in g  in  carbon from 0 .40  to  

1.14% were examined and they e s ta b lis h e d  th a t  s l i p  was co n fin ed  to  the  

f e r r i t e  reg io n s  in  th e  p e a r l i t e  c o lo n ie s . I t  was a lso  favou red  in  those  

co lo n ie s  c o n ta in in g  cem en tite  p la te s  o r ie n te d  in  a d i r e c t io n  p a r a l l e l  to 

the maximum sh ear s t r e s s .

McGrath and B ra tin a  (83) c a r r ie d  o u t a d e ta i le d  e le c tro n  m icroscopy study  

of s te e l s  c o n ta in in g  a s ig n i f ic a n t  p e a r l i t e  c o n ten t (~ 1 0 % ). In  th i s  

grade of s t e e l  they  e s ta b lis h e d  th a t  s l i p  was favoured  in  th e  po lygonal 

g ra in s  of f e r r i t e  and only  a l im ite d  number of c lu s te r s  of tan g led  

d is lo c a tio n s  were formed a t  the  f e r r i te /c e m e n t i te  in te r f a c e s .  C ycling ,



even a t  h igh  s t r e s s e s ,  produced on ly  minor m o d ifica tio n s  to  the 

d is lo c a t io n  s t r u c tu r e  in  the  p e a r l i t i c  f e r r i t e .  Hie d is lo c a t io n  

s t ru c tu re s  genera ted  in  the  po lygonal g ra in s  of f e r r i t e  had many 

s i m i l a r i t i e s  to those found p re v io u s ly  in  pure  iro n  specim ens, i e .  v e in s , 

p e r s i s t e n t  s l i p  bands or a c e l l u l a r  netw ork were observed, depending on 

th e  l e v e l  of a p p lie d  s t r e s s .  This was a lso  found by  K le s n il  e t  a l  (70) 

working w ith  a 0.11% carbon s t e e l .

Taylor ( 84) has r e c e n t ly  com pleted an ex ten s iv e  m e ta llo g rap h ic  s tu d y  

of the  c y c lic  deform ation  c h a r a c te r i s t i c s  i n  f u l l y  p e a r l i t i c  s t e e l s .

He supported  the e a r l i e r  work of Jenk ins e t  a l  re g a rd in g  the  lo c a t io n
1

and o r ie n ta t io n  dependency of s l i p  in  la m e lla r  s t r u c tu r e s .  T ransm ission 

e le c tro n  m icroscopy of specimens te s te d  a t  low s t r a in s  re v e a le d  p a tch es  

of h igh  d is lo c a t io n  d e n s ity  in  the  f e r r i t e ,  which in c re a se d  in  s iz e  

du rin g  c y c lin g . The f e r r i t e  /cem en tite  in te r f a c e  was co n sid e red  to  be  

the  source of the d is lo c a tio n s  and th e i r  movement was favou red  in  the  

f e r r i t e  phase . Hie cem en tite  la m e llae  had l i t t l e  e f f e c t  on the  growth 

c h a r a c te r i s t i c s  of the  p a tc h e s .

These o b serv a tio n s  su p p o rt the  th eo ry  of Ashby ( 85) f o r  th e  e x is te n c e  of 

" g e o m e tric a lly  necessary'* d is lo c a t io n s  a t  such in te r f a c e s .  Ashby 

proposed th a t  when s tro n g  hard  p a r t i c l e s  a re  d is t r ib u te d  in  a s o f t  m a trix  

th e  deform ation  i s  n o n - lin e a r  w ith  no s l i p  o ccu rrin g  in  th e  second phase 

p a r t i c l e s .  Such p a r t i c l e s  th e re fo re , in tro d u c e  m icroscopic  s t r a i n  

g ra d ie n ts  throughout the  s t r u c tu r e .  Ashby c a lc u la te d  the  d isp lacem en ts  

to  produce com patib le  deform ation  which a re  re q u ire d  to  m a in ta in  m a te r ia l  

i n t e g r i t y  and argued g e o m etric a lly  th a t  d is lo c a tio n s  a re  n e c e ssa ry  a t  the  

in te r f a c e s ,  to  produce th e se  d isp lacem en ts .

C alabrese  and L a ird  (86) have observed th a t  in  " la m e lla r"  m ic ro s tru c tu re s  

•v ir tu a lly  no su rfa c e  s l i p  band s t r u c tu r e  i s  formed. This was confirm ed



by Taylor*s work ( 84) on th re e  e u c te c to id  s t e e l s  w ith  d i f f e r e n t  cem en tite  

m orphologies. He found th a t  the  maximum h e ig h t of " e x tru s io n s"  in  a 

co arse  la m e lla r  p e a r l i t e  and a s t e e l  w ith  sp h e ro id a l cem en tite  p a r t i c l e s  

was about 0 .5  M m etres. In  a f in e  la m e lla r  p e a r l i te ,n o  d is t in g u is h a b le  

no tch-peak  topography was observed in  f a t ig u e  specimens te s te d  a t  a  f u l l  

range of s t r a in  am p litudes. C alabrese  and L a ird  p o s tu la te d  th a t  in  such 

s t r u c tu r e s ,  the s l i p  d is ta n c e  was so s h o r t  and the d is lo c a t io n  m otion so 

r e v e r s ib le  th a t  no s ig n i f ic a n t  s l i p  o f f s e t  was produced.

Iron Containing Non-M etallic In clusion s  

I t  has been known fo r  many years th at non -m etallic  in c lu s io n s  are a sso c ia ted
1

w ith fa t ig u e  mechanisms in  s t e e l .  I t  i s  now g e n e ra lly  accep ted  th a t  th e  

fa t ig u e  l im i t  i s  reduced as the  t o t a l  volume f r a c t io n  o f oxide in c lu s io n s  

in c re a s e s .  I t  i s  in t e r e s t in g  to  n o te  th a t  manganese su lp h id e  in c lu s io n s  

a re  never a s s o c ia te d  w ith  c rack  i n i t i a t i o n  (87-93)* The o b se rv a tio n s  

r e la te d  to  oxides has been exp la ined  in  s t a t i s t i c a l  term s, i e . ,  as th e  

in c lu s io n  c o n ten t in c re a se s  th e re  i s  a h ig h e r p ro b a b i l i ty  of one e x is t in g  

a t  the  c r i t i c a l l y  s t r e s s e d  lo c a t io n  in  th e  specimen (93) • This su g g ests  

th a t  the main e f f e c t  of n o n -m e ta llic  in c lu s io n s  i s  to  a c c e le r a te  the 

crack  i n i t i a t i o n  p rocess  by a c tin g  as a geom etric s t r e s s  r a i s e r .

Lankford (94) r e c e n t ly  c a r r ie d  o u t a m ic ro s tru e tu ra l  in v e s t ig a t io n  to  

c h a r a c te r is e  the  i n i t i a t i o n  and very  e a r ly  s tag e s  of c rack  growth in  

A1S1 4340 s t e e l .  This i s  a 0.4% carbon, low a l lo y  s t e e l  which was 

te s te d  in  th e  o i l  quenched and tempered c o n d itio n . In  such a s t e e l ,  

tempered to  produce a y ie ld  s t r e s s  of 890 N/mm ,„ h e  made some ve ry -  

i n t e r e s t i n g  o b se rv a tio n s  of the in c lu s io n  r e la te d  crack  i n i t i a t i o n  

p ro c e ss . He found th a t  many oxide in c lu s io n s  had debonded a f t e r  the  

f i r s t  lo ad in g  cy c le  even a t  loads below the  f a t ig u e  l i m i t  and m icrocracks 

had formed in  s l i p  bands on e i th e r  s id e  of the in c lu s io n s .  With 

subsequent c y c lin g  the c racks i n i t i a l l y  grew around the in c lu s io n  p r io r
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to  growing along th e  su rfa c e  to  e v e n tu a lly  l in k  w ith o th e r  growing 

c ra ck s . In  specimens w ith  l iv e s  le s s  than 10^ c y c le s , in c lu s io n  

debonding and crack  i n i t i a t i o n  occurred  w ith in  a few thousand cy c le s  of 

each o th e r , b u t  the  crack  con tinued  to be in flu en c ed  by  the in c lu s io n  

u n t i l  a m ajor p o r tio n  of the  l i f e t im e  was com pleted.

F a tig u e  l i f e  i s  a f fe c te d  by th e  s t r e s s - s t r a i n  f i e l d  in  the m eta l m a trix  

around the  in c lu s io n .  This lo c a l  s t r e s s  c o n c e n tra tio n  i s  due t o : -

a) The c re a t io n  of te s s e la te d  s t r e s s e s  due to  the v a r ia t io n  in  

therm al c h a r a c te r i s t i c s  of the  in c lu s io n  and the m e ta l. These 

a re  u s u a lly  t e n s i l e  f o r  most oxide in c lu s io n s  ( 95*96) ,
i

and

b ) Tlie c re a t io n  o f inhomogeneous s t r a in s  due to  v a r ia t io n s  in  th e  

s t r e s s - s t r a i n  r e la t io n s h ip s  o f the  in c lu s io n  and m e ta l (95 ,99*100).

The o b serv a tio n s  su g g est th a t  n o n -m e ta llic  in c lu s io n s  a re  a dom inant 

m ic ro s tru e tu ra l  f e a tu re  in  most c rack  i n i t i a t i o n  p ro c e sse s . The e f f e c t  

i s  dependent on some of th e i r  p h y s ic a l and m echanical p r o p e r t ie s .  Hie 

most im p o rtan t f a c to r s  in  a ss e ss in g  the  in f lu e n c e  of in c lu s io n s  on c rack  

i n i t i a t i o n  i s  th e i r  ch em istry , s iz e ,  lo c a t io n  and morphology. Alumina 

and calcium  a lum inates a re  the  most d e tr im e n ta l oxide types i n  s t e e l s  

and they  become more damaging as th e i r  s iz e  in c re a se s  ( 97*98) .

2 .2 .2 . S u rface  Phenomena, Crack I n i t i a t i o n ,  and S tage I I  Cracks 

G eneral Comments

Hie p rev ious d iscu ss io n  has d e sc rib ed  some of the  im p o rtan t m icros tru e  t u r a l  

changes th a t  occur in  a c y c l i c a l ly  loaded  m a te r ia l .  I t  has been  

e s ta b lis h e d  th a t  the  s l i p  p ro cess  i s  n o t homogeneous and d is lo c a t io n  

co n ce n tra tio n s  can occur in  v e in s , p e r s i s t e n t  s l i p  bands, c e l l  w a lls  

and a t  th e  in te r f a c e s  betw een second phase p a r t i c l e s  and the  m a tr ix . A t 

the su rfa c e  th ese  inhomogeneous d isp lacem ents a re  re v e a le d  as s l i p  l in e s



or bands and in  some m etals extreme su rfa c e  i r r e g u l a r i t i e s  which a re  

r e f e r r e d  to  as e x tru s io n s  and in tr u s io n s  a re  formed.

Many of the  d is lo c a t io n  c o n fig u ra tio n s  which have been d e sc rib e d  develop 

th roughout the  specim en, b u t they do n o t appear to  weaken the m e ta l.

This co n clu sio n  i s  based  on many experim ents th a t  have in v o lv ed  c y c lin g , 

su rfa c e  rem oval, and then f u r th e r  c y c lin g . E a rly  work .of th is  type 

showed th a t  removing th e  e f f e c ts  o f su rfa c e  damage by e le c tro p o l is h in g  

cou ld  pro long  l i f e  in d e f in i t e ly  (1 0 1 ). More r e c e n tly , work by 

G rossk reu tz  (1 0 2 ), in  which he r e - t e s t e d  the  two h a lv es  of a broken 

f a t ig u e  specimen, showed the same e f f e c t .  In  th is  case  com parable l iv e s  

were found in  a l l  th re e  specim ens0

The in h ib i t io n  of su rfa c e  s l i p  m arkings a lso  r e s u l t s  in  an in c re a se d  

fa t ig u e  r e s is ta n c e  f o r  a m a te r ia l .  Alden and Backofen (103) showed th a t  

an o d isin g  aluminium s ig n i f ic a n t ly  in c re a s e s  crack  i n i t i a t i o n  l i f e .

S im ilarly^w ork  on o r ie n ta t io n  e f f e c t s  in  s in g le  c r y s ta ls  has shown th a t  

su rfa c e  damage and c rack  i n i t i a t i o n  ten d en c ies  a re  reduced i f  Hie g l id e  

p lan e  i s  o r ie n te d  p a r a l l e l  to th e  specimen su rfa ce  (104 ). Hard, h ig h  

modulus su rfa ce  co a tin g s  can a lso  be e f f e c t iv e  in  su p p ress in g  su rfa c e  

s l i p  (1 0 5 ).

Cracks p ro p ag a tin g  in to  a m a te r ia l  a re  u s u a lly  d iv id ed  in to  two ty p e s ; 

s ta g e  I  n ea r the su rfa c e  and s tag e  I I  f o r  the  rem ainder of the  c ra c k .

In  s ta g e  I  the  c rack  runs along the  s l i p  p lan es  th a t  a re  m ost fav o u rab ly  

o r ie n te d  in  terms of the  maximum sh ear s t r e s s  (ab o u t 45° to  th e  d i r e c t io n  

o f the  ap p lie d  load ) and u s u a lly  extend f o r  only  a few g ra in s .  C racking 

in  s ta g e  I ,  which i s  c ry s ta llo g ra p h ic  in  n a tu re , accounts f o r  th e  m a jo r ity  

of th e  f a t ig u e  l i f e  in  smooth specimens te s te d  a t  low s t r a i n  l e v e l s ,  y e t  has 

s t i l l  n o t been e x te n s iv e ly  s tu d ie d  in  many commercial m a te r ia ls .



Hie C h a r a c te r is t ic s  of S tag e  I  Cracks 

Hie dependence of f a t ig u e  c rack  i n i t i a t i o n  on p la s t i c  deform ation  and 

su rfa ce  s l ip  i s  now an accep ted  p r in c ip le .  Hie crack  i n i t i a t i o n  

p ro cess  re q u ire s  p l a s t i c  deform ation  to  c re a te  su rfa c e  damage. This may 

be  enhanced by lo c a l  m icros tru e  t u r a l  no tches such as g ra in  bo u n d aries  or 

n o n -m e ta llic  in c lu s io n s  b u t  c racks can form w ith o u t such i r r e g u l a r i t i e s .

For th is  l a t t e r  case  the  g en e ra tio n  of ex tru s io n s  can produce a c rack  

source in  many m a te r ia ls ,  a lthough  i t  must be no ted  th a t  m icrocracks do 

n o t norm ally  e x i s t  a t  every e x tru s io n . Crack i n i t i a t i o n  from 

e x tru s io n s  has been e x te n s iv e ly  s tu d ie d  in  many m a te r ia ls  and s e v e ra l  

th e o r ie s ,  a l l  b ased ,o n  a c r o s s - s l ip  mechanism, have been proposed ( 106- 112) .  

However, e x tru s io n  fo rm ation  i s  n o t  ty p ic a l  o f th e  su rfa c e  defo rm ation  

c h a r a c te r i s t i c s  of f e r r i t e ,  a lthough  they  have been shown to  e x i s t ,  i n  

a n o n -c la s s ic a l  form, to a l im ite d  degree (1 1 3 ). S l ip  band fo rm ation  

in  which the  no tch -peak  h e ig h t i s  very  s h o r t ,  i s  a much more common 

fe a tu re  in  th is  m a te r ia l .

Fox (66) has shown th a t  crack  i n i t i a t i o n  from such bands i s  the  dominant 

c rack  i n i t i a t i o n  mechanism f o r  a number of s te e ls .u p  to  0.41% carbon .

In  th e  0.41% carbon s t e e l ,  which co n ta in ed  about 40% p e a r l i t e ,  the  

c re a t io n  of su rfa c e  damage occurred  p r e f e r e n t i a l ly  in  th e  po lygonal 

f e r r i t e  g ra in s  in  the  m ic ro s tru c tu re . F a tig u e  crack  i n i t i a t i o n  was never 

observed in  the p e a r l i t e  c o lo n ie s .

The development of a s l i p  band in to  a growing f a t ig u e  c rack  has been  

observed in  pure i ro n  (1 0 2 ). I n i t i a l l y  the  nq.tch peak topography i s  

gen era ted  due to  the  i r r e v e r s i b i l i t y  of s l i p  in  ten s io n  and com pression 

in  th is  m a te r ia l .  The i r r e g u la r  su rfa c e  r e s u l t s  in  inhomogeneous 

deform ation  w ith  s t r a in  be in g  co n cen tra ted  a t  the  n o tch es . C ontinued 

cy c lin g  e v en tu a lly  le ad s  to  the  fo rm ation  of cracks a t  th e se  lo c a t io n s .



Neumann (114) has proposed a model f o r  c rack  fo rm ation  in  s l i p  bands, 

based  on a l te r n a t in g  s l i p  in  two e s s e n t ia l ly  p e rp e n d icu la r  s l i p  p la n es . 

With re fe re n c e  to  f i g . 8 , s t r e s s  c o n c e n tra tio n  i n i t i a l l y  occurs a t  the  

co a rse  s l ip  s te p  produced by  deform ation  along s l i p  p lan e  ( l ) .  This 

c o n c e n tra tio n  of s t r e s s  causes s l ip  to  b e  a c t iv a te d  along s l i p  p lan e  (2) 

du ring  the  te n s i le  p a r t  of the  c y c le , (8b and c ) .  R eversa l of lo ad  

in to  com pression i n i t i a l l y  a c t iv a te s  p lan e  ( l ) ,  fo llow ed  by  p lan e  (2) 

to  produce the  m icrocrack  shown in  f ig .8 d .  Tlie n ex t t e n s i l e  p o r tio n  

causes s l i p  on p lan e  (3) which i s  p a r a l l e l  to  s l i p  p lan e  ( l ) .  The 

p ro cess  con tin u es  through s tag e s  ( f ) ,  (g ) and (h) u n t i l  an e x ten s iv e  crack  

i s  form ed. This is* an id e a l i s e d  model b u t  i t  dem onstrates th a t  c rack s  

can be  formed by a sim ple s l i p  mechanism i f  c e r ta in  co n d itio n s  ap p ly .

I t  has been v e r i f i e d  f o r  the  case  of f u l l y  re v e rse d  lo ad in g  of copper 

s in g le  c r y s ta l s  (1 1 4 ).

Hie C h a r a c te r is t ic s  of S tage I I  Cracks 

S tage I I  c racks have a g e n e ra l (m acroscopic) p ro p ag a tio n  d i r e c t io n  a t  

r i g h t  ang les to th e  d i r e c t io n  o f the  a p p lie d  lo ad  along th e  p lan e  of 

p r in c ip a l  s t r e s s .  However, on a m ic ro sca le , the  crack  grows on many 

d i f f e r e n t ly  o r ie n te d  p lan es  and in  numerous d irec tions,*  depending on the  

m ic ro s tru e tu re  and the  p ro p e r t ie s  of the m a te r ia l .  A common f e a tu r e  

of th is  s tag e  a re  f a t ig u e  " s t r i a t i o n s " ,  which a re  a s e r ie s  of peak and 

v a lle y s  in  a fu r ro w -lik e  c o n f ig u ra tio n , runn ing  p e rp e n d icu la r  to  th e  

d i r e c t io n  of c rack  p ro p ag a tio n . The fo llo w in g  l i s t  o u t l in e s  some of 

the m ajor o b se rv a tio n s  made of them.

i )  They re p re s e n t  the  growth of the c rack  in  one c y c le ,

i i )  Hie se p a ra tio n  of the  s t r i a t i o n  peaks i s  a v a r ia b le  dependent 

on the  r a t e  of c rack  p ro p ag a tio n  through the  specim en.



i i i )  S t r i a t io n  p a tte rn s  may cover the  e n t i r e  f r a c tu r e  su r fa c e , as 

in  many of th e  aluminium a llo y s  o r they  may be d isco n tin u o u s 

as i n  s t e e l s .

iv )  In c lu s io n s  and second phase p a r t i c l e s  change lo c a l ly  the  

d i r e c t io n  of s t r ia tL o n s ,  (115-119).

v) A t r e l a t i v e ly  long  c rack  le n g th s , s tr ia tL o n s  a r e .o f te n  

accompanied by  secondary cracks (1 2 0 ).

v i )  S t r ia t io n s  do n o t  occur in  m a te r ia ls  te s te d  in  vacuum (1 2 1 ,1 2 2 ).

v i i )  They do n o t  appear below  a c e r ta in  v a lu e  of s t r e s s .

t

An a d d i t io n a l  f e a tu re  of s ta g e  I I  growth found i n  some m a te r ia ls  a re  

" b r i t t l e  s t r i a t i o n s " .  These a re  id e n t i f i e d  as s tep s  o r r id g e s  th a t  

develop i n  the  same d i r e c t io n  as the  growing c ra ck . They a re  encountered  

most f r e q u e n tly  i n  h igh  s tre n g th , d isp e rs io n  hardened m a te r ia ls  and 

th e re fo re  a re  a common fe a tu re  in  s t e e l s  (1 2 3 ).

Many o b se rv a tio n s  have been made on the  f r a c tu r e  c h a r a c te r i s t i c s  of 

f e r r i t e - p e a r l i t e  s te e l s  and in  g e n e ra l s im ila r  f e a tu re s  have been  re p o r te d  

(124-129). Both norm al and b r i t t l e  s t r i a t i o n s  appear on th e  f r a c tu r e  

su rfa c e s , b u t  th e  norm al type tend to  be  very  i r r e g u la r  and v a r ie d  in  

th e i r  arrangem ent. They do n o t  form over the  e n t i r e  su rfa c e  and as 

the  p e a r l i t e  c o n te n t in c re a se s  they  become le s s  f re q u e n t. The i n t e r -  

s t r i a t i o n  spacing  r e f l e c t s  the  c rack  growth r a t e  through th e  m a te r ia l ,  

i e . ,  s t r i a t i o n s  become more w idely  sep a ra te d  as th e  growth r a t e  

in c re a s e s .

S ev e ra l models have been proposed f o r  the  fo rm atio n  of s t r i a t i o n s ;  the  

m ost common one b e in g  th a t  of L a ird  and Smith (1 3 0 ). In  th i s  model 

see f i g . 9 , which was e s ta b lis h e d  fo r  pu re  aluminium, i t  was proposed th a t  

c rack  ex ten sio n  occurs only  during  the  t e n s i le  p a r t  of a c y c le .  This



a c tio n  produces deform ation  a t  the crack  t ip  r e s u l t in g  in  an in c re a se d  

p l a s t i c  zone s iz e  in  th a t  reg io n  which then causes the c rack  to  

become b lu n t  and to s to p  growing. During the  com pressive 

p a r t  of the  cy c le  the  c rack  t ip  again  becomes sh arp , due to  the  e f f e c t  

of s l i p  in  the  o p p o s ite  d i r e c t io n ,  and in  a d d itio n  two " e a rs "  form; 

one on each s id e  of the  c rack . These "ea rs"  le ad  to the peak and 

v a lle y  topography ty p ic a l  of s t r i a t i o n s  as the above p ro cess  i s  

re p e a te d  w ith  every subsequent c y c le .

O ther workers have commented on the  c ry s ta l lo g ra p h ic  n a tu re  o f s t r i a t i o n s .  

M atting  and Jacoby (131), p o s tu la te d  th a t  c rack in g  occurs g e n e ra lly  on
I

the  p r in c ip le  s l i p  p lan e  which i s  a t  an ang le  of between 30 and 50° 

to  the ap p lie d  lo a d . P e llo u x  and co-W orkers, on the o th e r hand, have 

proposed th a t  in  f . c . c .  m e ta ls , growth occurs on the  (100) and (110) 

p lan es  as a r e s u l t  o f decohesion on th e  ( i l l )  p la n e s , (1 2 1 ,1 2 2 ,1 3 2 ).

Kocanda (127) and Bowles and Broek (133) have suggested  mechanisms o f 

s t r i a t i o n  fo rm ation  based on the  o b se rv a tio n  th a t  s t r i a t i o n s  do n o t form 

in  aluminium a llo y s  te s te d  under vacuum. E s s e n t ia l ly ,  they  s t a t e  th a t  

s t r i a t i o n s  form due to  an i r r e v e r s ib l e  s l i p  p ro cess  caused by o x id a tio n  

a t  the  c rack  t i p ,  i e . ,  when o x id a tio n  occurs the c rack  canno t com ple te ly  

c lo se  during  the com pression p a r t  of the  c y c le . Kocanda has a lso  

suggested  (127) th a t  s t r i a t i o n s  form as a r e s u l t  o f p la s t i c  s t r a i n  ahead 

of the  c rack  t i p  and d is lo c a t io n  models in v o lv in g  c r o s s - s l ip  have been 

proposed. On th is  same theme, F o rsy th  and Ryder (134) developed a 

meehanism in v o lv in g  the  g en era tio n  of m icrovoids -a t in c lu s io n s  o r second 

phase p a r t i c l e s  ahead of the crack  t i p .

I t  i s  e v id en t from the examples quoted th a t  the mechanism of s t r i a t i o n  

fo rm ation  i s  complex and v a r ia b le .  I t  i s  p robab ly  a f fe c te d  by the 

lo c a l  crack  t ip  s t r a in  le v e l  ( p la s t i c  zone s iz e )  and how th is  in f lu e n c e s



the  degree of s t r a in  harden ing  on the  p r in c ip a l  s l i p  p la n e s . Hie e x te n t 

of secondary c rack in g , and the  s iz e  and volume f r a c t io n  of second phase 

p a r t i c l e s  in  the  m ic ro s tru e tu re  a re  a lso  im p o rtan t.

2 .2 .3 . Com position, m ic ro s tru c tu re  -  p ro p e rty  r e la t io n s h ip s  

Monotonic P ro p e r tie s  

Hie r e la t io n s h ip s  in  s t e e l s  between chem ical com position and m echanical 

p ro p e r t ie s  were f i r s t  s tu d ie d  about a cen tu ry  ago (135-139). By the  

beg inn ing  of th is  c en tu ry  th e re  was so much in fo rm atio n  a v a i la b le  th a t  

re s e a rc h e rs  o f the  tim e were a b le  to  embark on ex ten s iv e  rev iew s. For 

example, S tead  was a b le  to  a sse ss  the  in f lu e n c e  o f most of the  m ajor 

a llo y in g  elem ents in  iro n  in  1916 (1 4 0 ). However, McWilliam in  1918 (141) 

was the  f i r s t  to  use re g re s s io n  a n a ly s is  in  an a ttem p t to  a sse ss  the  

combined e f f e c ts  o f C, S i and Mn in  i r o n .  His equation  f o r  th e  u l t im a te  

te n s i le  s tre n g th  (ay) w as:-

au = 262 + 496 (% C) + 83 {% S i)  +  42 (% Mn) +  689 (% P) N/mm2 (21)

This equation  was d e riv ed  from te s t s  on s t e e l s  c o n ta in in g  on ly  low le v e ls  

of s i l i c o n  and manganese and h igh  le v e ls  of phosphorus. I t  th e re fo re  

has Only l im ite d  a p p l ic a b i l i ty .

The f i r s t  m ajor a ttem p t a t  developing  j o i n t  com position , and m icro

s t r u c tu r e  -  p ro p e rty  r e la t io n s h ip s  was c a r r ie d  o u t by Gensamer and 

co-w orkers about 1940 (142-146). In  o rd e r to  s tu d y  s o l id  s o lu t io n  

harden ing  e f f e c ts  they produced a l lo y  s t e e l s  which were su b seq u en tly  

com pleted d eca rb u rised  by h e a t  tre a tm e n t. Hiey found th a t  every  elem ent 

they added to  carbon f r e e  f e r r i t e  produced an in c re a s e  in  s tr e n g th  of 

v a ry in g  m agnitude. To e v a lu a te  the  e f f e c t  of adding more than  one 

elem ent to  i ro n  they developed the concep t of "E q u iv a len t N ickel 

C o n cen tra tio n " . N ickel, which i s  so lu b le  in  iro n  over a wide range of 

c o n ce n tra tio n s  was found to  have on ly  a m oderate e f f e c t  on s t r e n g th .
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To o b ta in  th e  n ic k e l  eq u iv a len t of an o th er elem ent they c a lc u la te d  the 

c o n ce n tra tio n  of n ic k e l  th a t  would in c re a s e  the s tre n g th  by the  same 

amount as 1% of the a llo y in g  elem ent in  q u e s tio n . Simple a d d itio n  of 

n ic k e l  eq u iv a len ts  produced the  o v e ra l l  s tre n g th  c o n tr ib u tio n  of a 

complex a l lo y  system .

From th e i r  v e ry  e x ten s iv e  m ic ro S tru c tu re  -  p ro p e rty  s tu d ie s  they  developed 

the  fo llo w in g  c r i t e r io n  which a p p lie s  to bo th  p e a r l i t e s  and b a in i t e s .

"The r e s is ta n c e  to  deform ation  of a m e ta l l ic  ag g reg a te , c o n s is t in g  

of a h a rd  phase d isp e rse d  in  a s o f t  m a trix , i s  p ro p o r tio n a l to 

the  lo g arith m  of th e  mean s t r a ig h t  p a th  through the  continuous 

phase".

This r u le  was d e riv ed  u s in g  two o th e r  o b se rv a tio n s  th a t  were a v a i la b le  

to th ese  workers

( i )  D is lo c a tio n  movement, which i s  re sp o n s ib le  fo r  defo rm ation , i s  

h a lte d  by hard  p a r t i c l e s  and th e re fo re  th e  mean p a th  through the  s o f t  

m a trix  re p re se n ts  the  average d is ta n c e  t r a v e l le d  by d is lo c a t io n s .

( i i )  The r a t e  o f d is lo c a t io n  g e n e ra tio n  i s  s e m ilo g a r ith m ic a lly  r e la te d  

to the ap p lie d  s t r e s s  because the  lo g arith m  of the  r a t e  of flow  ( ^ €/clT ) 

p lo ts  as a s t r a ig h t  l i n e  a g a in s t  s t r e s s .

Hie use of th is  second o b serv a tio n  i s  in  my view in v a l id  as th e  r a t e  of 

d is lo c a tio n  g e n e ra tio n  i s  n o t r e le v a n t .  However, the  e m p ir ic a lly  

produced lo g a rith m ic  r u le  was f i r s t  questio n ed  s e r io u s ly  by H a ll (147) and 

Petch (148 ). Using m ild  s t e e l ,  in g o t  iro n  and sp ec tro g rap h ic  i ro n  they 

both; found th a t  a s tre n g th  param eter, i e ,  y ie ld  ( 147)> f r a c tu r e  (148) 

was in v e r s e ly  r e la te d  to th e  square  ro o t  of the  g ra in  d iam e te r. The 

th e o r ie s  of o th e r  workers (149) which co n sid ered  the r e la t io n s h ip  between 

a s tre n g th  param eter and the in te r n a l  s t r e s s e s  c re a te d  by an a r ra y  of 

d is lo c a tio n s  p i le d  up a t  a g ra in  boundary, were used to ex p la in  th e  o b se rv a tio n .
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Most of the recen t th eo r e tic a l work on the deformation of two phase 

stru ctu res supports the H all/P etch  model. Ashby (85) for  example in  

h is  work on p la t e - l ik e  p r e c ip ita te s  in  a s o f t  matrix produced an 

expression fo r  the number of geom etrica lly  necessary d is lo c a tio n s  

required in  h is  model and incorporated the expression in to  the 

re la tio n sh ip  between flow  s tr e s s  and d is lo c a tio n  d en sity  produced by 

Nabarro e t  a l  (1 5 0 ). The f in a l  r e s u lt  in d ic a te s  an in v erse  re la tio n sh ip  

between flow  s tr e s s  and the square roo t of the p la te  spacing. Embury and 

F isher (151) stud ied  the deformation c h a r a c te r is t ic s  of drawn coarse and 

f in e  p e a r lite  using  transm ission e lectron  microscopy. Their observations  

in d ica ted  th at a c e l lu la r  d is lo c a tio n  substructure was produced in  which 

the mean c e l l  diameter decreased with in creasin g  s tr a in . They produced a 

re la tio n sh ip  between y ie ld  s tr e s s  and the rec ip ro ca l of the square ro o t  

of the mean d is lo c a tio n  spacing in  the undrawn w ire. This conclusion  

was a lso  su b stan tiated  by Langford (1 5 2 ).

The n e x t m ajor e f f o r t  to  produce com position , s t r u c tu r e ,  p ro p e rty  

r e la t io n s h ip s  in  s te e l s  was c a r r ie d  o u t by I rv in e  and co-w orkers s t a r t i n g  

in  th e  l a t e  i950 ! s .  They have now com pleted th e i r  s tu d ie s  f o r  s t e e l s  

v a ry ing  in  p e a r l i t e  c o n te n t from zero to  100$ (153-157)'. In  m ost of t h e i r  

work they have used m u ltip le  re g re s s io n  a n a ly s is  techn iques to  an a ly se  

th e  r e s u l t s .  With th is  method a p re -co n ce iv ed  model i s  re q u ire d  

in c o rp o ra tin g  th e  known o r th e  most p ro b ab le  m e ta l lu rg ic a l  r e la t io n s h ip  

between the  s t r u c tu r a l  param eters and p ro p e r t ie s .  For example, when 

co n sid e rin g  a range of s te e l s  w ith v a ry in g  f e r r i t e / p e a r l i t e  ratLO *s, 

an equation  i s  re q u ire d  th a t  w i l l  w eight the im portance of param eters  

a s so c ia te d  w ith p e a r l i t e  accord ing  to  some fu n c tio n  of the  volume f r a c t io n  

of p e a r l i t e .  The equation  th a t  they adopted in  (157) w as:-

(22)

38



where o"ap = s tre n g th  param eters in  th e  f e r r i t e / p e a r l i t e  s t e e l  

= the  same s tre n g th  param eters in  f e r r i t e  on ly

°p = the  same s tre n g th  param eters in  p e a r l i t e  on ly

fa = volume f r a c t io n  of f e r r i t e

m = an index  used when the  s tre n g th  param eter does n o t

v ary  l in e a r ly  w ith  p e a r l i t e  c o n ten t.

In  th is  work they  came to  the fo llo w in g  con clu sio n s  reg a rd in g  th e  s t r u c tu r e ,  

com position , p ro p e rty  r e la t io n s h ip s  of f e r r i t e ^ e a r l i t e  s t e e l s : -

(a ) The f e r r i t e  g ra in  s iz e  has a dom inant e f f e c t  on th e  s t r e n g th  of 

s t e e l s  c o n ta in in g  a p p re c ia b le  f e r r i t e  c o n te n t, whereas in  f u l l y  

p e a r l i t i c  s te e l s  th e  in te r la m e l la r  spacing  i s  -die im p o rtan t 

m ic ro s tru e tu ra l  f e a tu r e .  For b o th  types of s t e e l  th e  H a ll/P e tc h  

r e la t io n s h ip  was found to  app ly .

(b) S il ic o n  has a s im ila r  s o l id  s o lu tio n  harden ing  e f f e c t  in  b o th  

f e r r i t e  and p e a r l i t e .

(c ) The s o l id  s o lu t io n  harden ing  e f f e c t  due to  manganese i s  on ly  

s ig n i f ic a n t  in  s te e l s  w ith  a h igh  f e r r i t e  c o n te n t.

C yclic Properties

Compared to ihe la rg e  e f f o r t s  made in  s tu d y in g  mono to n ic  d a ta , the  work 

r e la t in g  m e ta l lu rg ic a l  v a r ia b le s  to  c y c lic  p ro p e r t ie s  i s  q u ite  sm a ll.

U n til  q u ite  r e c e n t ly  the only  " fa t ig u e  param eter" was the  f a t ig u e  o r 

endurance l im i t  which was u s u a lly  r e la te d  to  o th e r , more e a s i ly  o b ta in ed  

m echanical p ro p e r t ie s  r a th e r  than to  m e ta l lu rg ic a l  v a r ia b le s .  The most 

su c c e ss fu l c o r r e la t io n  was between f a t ig u e  l im i t  and u l t im a te  t e n s i l e  

s tre n g th  b u t s u b s ta n t ia l  s c a t t e r  has been found even in  th is  r e la t io n s h ip .

In  d ie  e a r ly  1960! s , Rowe (1 ,158) co n sid ered  an a l te r n a t iv e  r e la t io n s h ip  

between fa t ig u e  l im i t  and monotonic work harden ing  param eters

i B
F a tig u e  l i m i t  =  (A) n.(K) (23)

39.



where A and B a re  m a te r ia l  c o n s ta n ts  equal to 1 .0  and 0 .9  r e s p e c t iv e ly  

fo r  f e r r i t e - p e a r l i t e  s te e ls . '

Although th i s  approach was an improvement over p rev ious m ethods, the 

p re d ic te d  f a t ig u e  l im i t s  were n o t a c c u ra te  in  a l l  cases and i t  could  

n o t d ea l ad eq u a te ly  w ith  m ajor m ic ro s tru e tu ra l  v a r ia t io n s .  For example, 

the  approach was found to  be in a p p ro p r ia te  f o r  f e r r i t e - p e a r l i t e  s te e l s  

in  which the  g ra in  s iz e  was m arkedly o u ts id e  the  o r ig in a l  ran g e .

G rozier and Bucher (159) produced a more m eaningful c o r r e la t io n  between 

com position , m ic ro s tru c tu re  and f a t ig u e  l im i t  in  f e r r i t e - p e a r l i t e  s t e e l s .  

They used  m u ltip le  re g re s s io n  a n a ly s is  techn iques to produce the  

fo llo w in g  eq u a tio n :-

F a tig u e  l im i t  = 163 + 99 .2  (% S i)  + 58 (% Mn) + 0 .82  (% P)

+  0 .46  (< 4 '2  ) +  5 - 5 0 0  N/mm2 (24)

where Y i s  a p r e c ip i ta t io n  s tre n g th e n in g  param eter due to  vanadium 

or niobium c a rb id e .

I t  can be seen th a t  the  H a ll/P e tc h  g ra in  s iz e  r e la t io n s h ip  was again  

found to  be  s a t i s f a c to r y  in  accoun ting  f o r  m icros t r u e tu r a l  s iz e  e f f e c t s .  

This su p p o rts  s im ila r  con clu sio n s  o b ta in ed  f o r  a - b r a s s  and m ild  s t e e l  

( 7 0 , l6 0 , l 6 l ) .  The s o l id  s o lu tio n  harden ing  e f f e c t  due to  s i l i c o n  and 

manganese was shown by G ro z ie r and Bucher, to in f lu e n c e  the  f a t ig u e  l i m i t .  

This has a lso  been v e r i f ie d  by the work of N ishioka and Nishikawa ( l 6 l ) .



3. PROJECT DETAILS

3 .1 . P ro je c t  P lan

The p rev io u s  se c tio n s  have o u tlin e d  the re c e n t  developments in  f a t ig u e  

l i f e  p re d ic t io n  u sin g  th e  lo c a l  s t r e s s - s t r a i n  approach. In  a d d itio n , 

some of the  im p o rtan t micromechanisms a s s o c ia te d  w ith  f a t ig u e  in  iro n  

based  m a te r ia ls  and the p rev io u s work r e l a t in g  m e ta l lu rg ic a l  v a r ia b le s  

to p ro p e r t ie s  have been d iscu ssed . Ihe c u r re n t  re sea rc h  programme 

co n sid e rs  each of th ese  su b je c ts  f o r  a range of C/Si/Mn s te e l s  which 

c o n ta in  f e r r i t e - p e a r l i t e  m ic ro s tru c tu re s . The study  i s  aimed a t  d e sig n e rs  

and m e ta l lu rg is ts  seek ing  improved methods of a sse ss in g  th e  p o te n t ia l  

s e rv ic e  perform ance of components and m a te r ia ls .  Hie work can be 

co n v en ien tly  d iv id ed  in to  the fo llo w in g  a reas

( i )  An e v a lu a tio n  o f the f a t ig u e  param eters of a range of C/Si/Mn 

s t e e l s .

( i i )  An assessm ent of the r e la t io n s h ip s  between fa t ig u e  param eters 

and more co n v en tio n a l m echanical p ro p e r t ie s

( i i i )  A q u a n t i ta t iv e  e v a lu a tio n  of the r e la t io n s h ip s  betw een m e ta l lu rg ic a l  

v a r ia b le s  and fa t ig u e  r e la te d  m echanical p ro p e r t ie s

( iv )  A study  of the micromechanisms a s s o c ia te d  w ith th e  fo rm atio n  of 

f a t ig u e  c racks in  f e r r i t e - p e a r l i t e  s t e e l s .

(v) A study  of the  f a t ig u e  behav iour of C/Si/Mn s t e e l s  su b je c te d  to 

v a r ia b le  am plitude lo a d s .

3 .2 . P ro je c t  Design

In  terms of experim en tal desig n , th e se  to p ic s  could  be s tu d ie d  by adop ting  

the  " c la s s i c a l  approach" in  which one f a c to r  i s  v a r ie d  in  tu rn  w hile  a l l  

o th e r  f a c to r s  a re  h e ld  c o n s ta n t. Hie main problem w ith th is  method i s  

th a t  in te r a c t io n  e f f e c ts  between f a c to r s  canno t be  s tu d ie d . A b e t t e r  

approach i s  to  c a r ry  o u t a f u l l  f a c t o r i a l  experim ent in  which each f a c to r



i s  f ix e d  a t  a c e r ta in  number of predeterm ined  le v e l s .  This method i s  

capab le  of coping w ith  in te r a c t io n  e f f e c t s  b u t  has th e  d isadvan tage  of 

producing  a la rg e  number o f t e s t  co n d itio n s  when m u l t i - f a c to r  

experim ents a re  b e in g  s tu d ie d .

A more p r a c t i c a l  approach i s  to u se  a f r a c t io n a l  f a c t o r i a l  desig n  of 

experim ent. With th is  techn ique b o th  the  main and second o rd e r e f f e c ts  

can be  o b ta in ed  from a r e l a t i v e ly  sm all number of t e s t  c o n d itio n s . For 

example, r e f e r r in g  to  f i g .  10 (o b ta in e d  from r e f .  162), i n  an experim ent 

f o r  which th e re  a re  seven f a c to r s  a t  th re e  d i f f e r e n t  l e v e l s ,  th e  f u l l  

f a c t o r i a l  experim ent would c o n s is t  of 2187 t e s t  c o n d itio n s . However
i

the main and second o rd er e f f e c t s  can be  o b ta in ed  from as l i t t l e  as 100 

experim ents, th e re fo re  a l /9 th  f r a c t io n  o f the  f u l l  f a c t o r i a l  (243 

co n d itio n s )  i s  an adequate  sample.

The design  of the  f r a c t io n a l  f a c t o r i a l  experim ent i s  such th a t  many of 

the  h ig h e s t  o rd er in te r a c t io n s  a re  e lim in a ted  and those rem ain ing  a re  

grouped w ith  e f f e c ts  which a re  l i k e ly  to  b e  s ig n i f ic a n t .  In  th i s  way 

the  main and second o rd e r e f f e c ts  a re  co n cen tra ted  in  the  f r a c t io n a l i s e d  

experim ent.

For some of the  s tu d ie s  in  th is  work, e ig h t C/Si/Mn s t e e l s  were used  

which were s e le c te d  by adop ting  a fo u r th  f r a c t io n ,  two le v e l  f a c t o r i a l  

d esig n . However, fo r  the  q u a n t i ta t iv e  assessm ent of r e la t io n s h ip s ,  more 

ex ten s iv e  d a ta  was re q u ire d  ahd th e re fo re  a th i r d  f r a c t io n ,  th re e  le v e l  

experim ent was c re a te d  which u t i l i s e d  f iv e  independen t v a r ia b le s .  The 

d e ta i l s  of the in d iv id u a l  experim ents a re  d iscu ssed  more f u l l y  in  th e  

a p p ro p ria te  s e c t io n s .



I t  i s  im p o rtan t w ith  th is  type of experim en tal design  th a t  the  

s ig n if ic a n c e  le v e l  of an e f f e c t  can he o b ta in ed  so th a t  i n s ig n i f i c a n t  

f a c to r s  can be e lim in a te d  in  the  f i n a l  a n a ly s is .  One method of 

ach iev in g  th is  aim i s  to  adop t an a n a ly s is  of v a r ia n ts  tech n iq u e . A t 

B r i t i s h  R a il, a computer programme (ANOVA) i s  a v a ila b le  f o r  th is  purpose 

The aim of the  programme i s  to  e s ta b l is h  w hether a change in  the  le v e l  

of a p a r t i c u la r  f a c to r  has a s ig n i f ic a n t  e f f e c t  on a p o te n t ia l  

dependent v a r ia b le .  The e f f e c t  of a f a c to r  i s  taken as the  v a r ia t io n  

in  th e  response  of the  v a r ia b le  (m easured a t  d i f f e r e n t  le v e l s )  whereas 

the  s ig n if ic a n c e  of the  e f f e c t  i s  a sse ssed  by comparing th is  v a r ia t io n  

w ith  experim en tal s g a t t e r .  The v a rian ces  (o r  "mean sq u a res" ) e q u iv a le n t 

to  the  source o f the  v a r ia t io n  a re  o u tp u t and s tan d a rd  methods a re  then 

employed to  determ ine the  s ig n if ic a n c e  of the  e f f e c t .  When a l l  th e  

s ig n i f ic a n t  e f f e c t s  have been e s ta b lis h e d , the  re g re s s io n  c o e f f ic ie n t s  

a s so c ia te d  w ith  each one, a re  combined to  c o n s tru c t  a com plete m u ltip le  

re g re s s io n  eq u atio n .

3 .3 . E xperim ental Procedure 

3*3.1 . M ate ria ls

The com positions of the  s t e e l s  used in  the  p r o je c t  werfe s e le c te d  on the  

b a s is  of the  two f r a c t io n a l  f a c t o r i a l  experim en tal d e s ig n s . I t  was 

e s ta b lis h e d  th a t  the com positions re q u ire d  fo r  the two le v e l  experim ents 

could  be taken from those produced f o r  the  th re e  le v e l  experim en t. In  

t o t a l  twenty seven d i f f e r e n t  com positions were n e ce ssa ry . A ll  the  

s te e l s  were produced a t  the C orporate L a b o ra to rie s  of B r i t i s h  S te e l  

C orpo ra tion , S h e f f ie ld , u s in g  a vacuum m e ltin g  p ro cess  to  m inim ise the  

n o n -m e ta llic  in c lu s io n  le v e l .  They were rece iv ed  as l /2 "  d iam eter rods 

approxim ately  6 f t  long , in  the  a s - r o l le d  c o n d itio n . The chem ical 

a n a ly s is  o b ta in ed  on the  s te e l s  i s  shown in  ta b le  ( l ) .



P r io r  to  h e a t  tre a tm e n t and m achining of t e s t  specim ens, each rod  was 

in sp e c te d  m ic ro sco p ica lly  f o r  i n t e r n a l  c le a n lin e s s  and v i s u a l ly  in sp e c te d  

fo r  su rfa c e  d e fe c ts .  Any d e fe c tiv e  p a r ts  were removed and d isc a rd e d .

3 .3 .2 . H eat Treatm ent

The s te e l s  were h e a t  t r e a te d  in  o rd er to produce a wide range of f e r r i t e -  

p e a r l i t e  m ic ro s tru e tu re s  in  accordance w ith  the  design  of th e  experim en ts. 

P re lim in a ry  experim ents showed th a t  the  re q u ire d  m ic ro s tru c tu re s  cou ld  

b e s t  be  achieved  by v a ry in g  b o th  th e  a u s te n i t i s in g  tem peratu re  and the  

iso th e rm a l tran sfo rm a tio n  tem pera tu re . A u s te n i t is a t io n  was c a r r ie d  o u t 

in  a co n v en tio n a l r e s is ta n c e  fu rn ace  purged w ith  Argon g as, in  which the
I

tem perature  was c o n tro lle d  by feedback from a therm ocouple p laced  j u s t  

above the  specimen b la n k s . The iso th e rm a l h e a t  trea tm en ts  were c a r r ie d  

o u t in  a le ad  b a th .

3 .3 .3 . Q u a n tita tiv e  M icroscopy

The m ic ro s tru e tu ra l  c h a r a c te r i s t i c s  of the  s te e l s  were ev a lu a ted  u s in g  

s e v e ra l d i f f e r e n t  tech n iq u es . The volume f r a c t io n  of the  f e r r i t e  o r 

p e a r l i t e  phase was o b ta in ed  u s in g  a Quantim et 720 in s tru m e n t. To o b ta in  

the g r e a te s t  accu racy , th e  phase having  th e  s m a lle s t  volume ( f e r r i t e  o r 

p e a r l i t e )  was s e le c te d  fo r  d e te c tio n  on th is  d ev ice . F e r r i t e  g ra in  s iz e  

and the  th ick n ess  of f e r r i t e  g ra in  b o u ndaries  were measured by  a mean 

l in e a r  in te r c e p t  method u s in g  a l i n e a l  a n a ly se r  a tta c h e d  to a V ickers 

photop lan  bench m icroscope. The in te r la m e l la r  spacing  in  th e  p e a r l i t e  

phase was o b ta in ed  u sin g  the  techn ique f i r s t  proposed by P e l l i s i e r  e t  a l  

(142) and l a t e r  developed by B irkbeck and W ells 0 ^ 3 ) .  This param eter 

to g e th e r w ith  the  '‘f r e e ” f e r r i t e  s iz e  param eters was used to  compute 

the "mean f e r r i t e  pa th" from the  fo llo w in g  e q u a tio n :-

K  = fa-do + 0-87.fp.S° (25)
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where Xa = mean f e r r i t e  p a th

da = f e r r i t e  g ra in  or g ra in  boundary s iz e

S° = in te r la m e l la r  spacing

fa and fp = f r a c t io n  of f e r r i t e  and p e a r l i t e  r e s p e c t iv e ly .

Hie c o e f f ic ie n t  0.87 was the  assumed v a lu e  f o r  the  f e r r i t e  f r a c t io n  of 

th e  p e a r l i t e  phase.

The non—m e ta ll ic  in c lu s io n  c o n te n t in  each s t e e l  was a lso  a sse ssed  u s in g  

th e  Q uantim et 720.

3»3*4» F a tig u e  T estin g  Procedure

C onstan t am plitude,' s t r a in  c o n tro l le d  f a t ig u e  t e s t s  were c a r r ie d  o u t in  

an "M .T.S." se rv o -h y d ra u lic  t e s t in g  m achine. A s in u so id a l waveform was 

used a t  freq u e n c ie s  rang ing  from 0 .1  to  30 Hz. P r io r  to t e s t in g ,  each

specimen (machined to  the dim ensions shown in  f i g . 11) was p o lish e d  to

produce lo n g itu d in a l  m arkings on the  gauge le n g th , thereby  red u c in g  any 

s t r e s s  c o n c e n tra tin g  e f f e c t s  r e s u l t in g  from the  tu rn in g  o p e ra tio n . A ll  

specimens were given a s t r e s s  r e l ie v in g  trea tm en t of 1 hour a t  650°C 

in  a vacuum fu rn a c e .

During th e  t e s t s  the  lo ad  was measured by a lo ad  c e l l  i n  s e r ie s  w ith  

the  specimen and the s t r a i n  by an extensom eter a tta c h e d  to the  specimen 

gauge le n g th , f i g .  12. A h igh  speed s t r i p  c h a r t  re c o rd e r  was used  

throughout the  t e s t s  to  m onitor th e se  two p aram ete rs . In  a d d i t io n , an 

X-Y p lo t t e r  was o c c a s io n a lly  used to  o b ta in  a reco rd  of the  s t r e s s -  

s t r a in  h y s te r e s is  lo o p s .

3«3.5 . Monotonic T est Procedure

Monotonic t e s t s  were c a r r ie d  o u t under s t r a in  c o n tro l  c o n d itio n s  i n  th e  

same serv o h y d rau lic  machine as th a t  used fo r  the f a t ig u e  t e s t s .  A long 

arm extensom eter was u sed , f i g .  13, from which en g in eerin g  s t r a in s  of

0 .60  would be measured w ithou t having  to r e s e t  the ex tensom eter. This
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le v e l  of s t r a in  was more than  adequate f o r  the  m a te r ia ls  te s te d  in  th is  

work.

The lo ad s and s t r a in s  were m onitored d u ring  the  t e s t s  by th e  dev ices 

d e sc rib ed  f o r  the f a t ig u e  t e s t s  i e .  an X-Y p lo t t e r  and h igh  speed s t r i p  

c h a r t  re c o rd e r . From the  o u tp u ts , the  fo llo w in g  p ro p e r t ie s  were measured 

and c a lc u la te d :-

1. Y ie ld  s t r e s s  (o y ) . This param eter was taken as the low er y ie ld  

p o in t  in  s te e l s  th a t  e x h ib ite d  a y ie ld  drop o r the p o in t  a t  which 

the  curve d ev ia ted  from l i n e a r i t y  in  those  s te e l s  w ith o u t a 3d  e ld  

d ro p .
1

2. U ltim ate  t e n s i l e  s tre n g th  ( 0̂  )

3. True f r a c tu r e  s t r e s s  (a^ )

4 . True f r a c tu r e  s t r a in  (tf )

5. S tr a in  harden ing  exponents (nx )

6 . S tr a in  harden ing  c o e f f ic ie n t  (Kx)

With re fe re n c e  to  f i g . 14, th ese  param eters were c a lc u la te d  u s in g  the  

fo llo w in g  equations

a) S tre s s  Param eters

To c o r r e c t  th e  a x ia l  f r a c tu r e  s t r e s s  f o r  necking  th e  Yamasliita method 

was adopted , ( 164) .  This method was fo rm u lated  fo llo w in g  ex ten s iv e  

s tu d ie s  of the s t r a in  d i s t r ib u t io n  which occurred  in  the necked p o r t io n  

of t e n s i le  specimens produced from th re e  d i f f e r e n t  types of m a te r ia l

True s t r e s s  (<ra ) =  LOAD(P)/AREA(A)

Up to neck ing , <ra = S( 1 + e)

( 26)

(27)

where S = P/Ao

and e =  L/L' o

U ncorrected  f r a c tu r e  s t r e s s  (<r̂  ) = Pf/A f ( 28)
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( 13% Cr s t e e l ,  m ild  s t e e l  and co p p er). He e s ta b lis h e d  a c o r re c t io n  f a c to r  

th a t  was independen t of m a te r ia l  com position , (w ith in  h is  range) based  

on an ex p erim en ta lly  produced r e la t io n s h ip  between the tru e  s t r a i n  a f t e r  

the o n se t of neck in g . This r e la t io n s h ip ,  which assumes i s o t r o p ic  

behav iour in  the  m a te r ia l ,  i s  shown p lo t te d  in  f i g .  15. Note t h a t  fb 

equals th e  c ro ss  s e c tio n  a re a  a t  maximum te n s i le  lo ad  £ p /S ( l  +  e)J .

b ) S tr a in  Param eters

True f r a c tu r e  s t r a in  = loge AQ/A f =Hog 0OO/|oO-R.A) ( 29)

True s t r a in  = log L/Lo (30)

Up to  neck ing , ct = lo g ( | + e) (31)

P la s t i c  s t r a in  €p = -  <ra /£  (32)

c) Work Hardening Param eters ,

To o b ta in  n and K th e  Ramberg Osgood ( l 6 ) r e la t io n s h ip  was u s e d :-

° a  = K ( . p ) n ( 3 3 )

Using th is  equation  a b e s t  f i t  s t r a ig h t  l i n e  i s  o b ta in ed  in  which th e  

c o rre c te d  f r a c tu r e  s t r e s s  and the f r a c tu r e  s t r a in  a re  u t i l i s e d  i n  a d d it io n  

to  the  va lu es  of <rd and ep up to  neck ing .

3. 3 . 6 . P roduction  of C yclic  S t r e s s - S tr a in  Curves

I t  has been shown th a t  c y c lic  c r - 6 p ro p e r t ie s  a re  norm ally  produced

from e i th e r  in c rem en ta l s te p  t e s t s  or m u ltip le  specimen t e s t s .

i )  Inc rem en ta l Step T est ( l oS 0 T est)

Hie I .S .  t e s t  i s  one method of o b ta in in g  the  c y c lic  s t r e s s - s t r a i n  

r e la t io n s h ip  in  m a te r ia ls .  Hie main advantage o f u s in g  th is  techn ique  

i s  th a t  a c y c lic  s t r e s s - s t r a i n  curve can be a c c u ra te ly  produced from 

te s t in g  one specim en. Hie c l ip  on extensom eter used fo r  th i s  t e s t  

was the same as th a t  used in  the  fa t ig u e  t e s t s .  In  th is  t e s t  a specimen 

i s  su b jec te d  to  a s e r ie s  of in c re a s in g  and then d ecreasin g  s t r a i n  am plitudes

47 .



form ing a 30 c y c le  b lo ck  in  which only  the low est s t r a in  range i s  

com pletely  e l a s t i c .  Hie maximum s t r a in  am plitude in  the  t e s t s  on the  

s t e e l s  used in  th is  s tudy  was .015, and s e v e ra l  such b lo ck s  were 

re q u ire d  to  cause f r a c tu r e  of a specim en. A fte r  a few b lo ck s  most 

m a te r ia ls  tend to s t a b i l i s e  and once th is  s t a b i l i t y  i s  reached  the  locus 

of the  s t r e s s - s t r a i n  h y s te r e s is  loop t ip s  d e sc rib e s  the c y c lic  s t r e s s -  

s t r a in  curve f o r  th a t  m a te r ia l .  F i g .5 i l l u s t r a t e s  the main fe a tu re s  of 

the t e s t .

In  th is  work the  s t r a in  harden ing  param eters from a c y c lic  s t r e s s - s t r a i n  

curve (n* and K ) were o r ig in a l ly  ob ta in ed  by  manual g ra p h ic a l m ethods. 

This was found to  be. b o th  time consuming and prone to  ’’o p e ra to r  e r r o r ” 

and th e re fo re  a computer programme was developed to produce v a lu es  of 

the param eters more e f f i c i e n t ly  ( 165) .

The programme i s  in  two p a r t s .  In  p a r t  1 th e  o u tp u t of th e  fo rc e  c e l l  

and the  s t r a in  m easuring c l ip  gauge a re  read  s im u ltan eo u sly . The s t r a in  

reco rd  i s  scanned f o r  a lo c a l  maximum and th is  va lue  and the  g r e a te s t

s t r e s s  to  d a te  a re  s to re d . The n e x t minimum s t r a in  i s  then found and i t

and the minimum s t r e s s  a f t e r  the l a s t  maximum a re  a lso  s to re d .  From 

th e se  the  s t r a in  range and the  a s s o c ia te d  s t r e s s  range a r e  c a lc u la te d  

and the two v a lu es  a re  punched o u t on paper ta p e . Hie n e x t maximum 

s t r a in  and s t r e s s  a re  then found and the  ranges from the  l a s t  minima to  

th ese  maxima a re  punched o u t. P a r t  2 of the  program runs o f f - l i n e  

u s in g  th is  paper tape in p u t .  I n i t i a l  t e s t s  showed th a t  a lthough  n' 

was the same fo r  the ascending  and descending h a lv es  of th e  b lo c k , K# 

d if f e r e d  f o r  the  two. I t  was th e re fo re  n ecessa ry  to  c o n sid e r th e se  two 

h a lv es  of the  b lo ck  s e p a ra te ly . In  th is  work, a l l  c a lc u la t io n s  have been

done w ith  the  descending h a lv es  of b lo ck s  on ly .

One b lo ck  of the  in c rem en ta l s tep  t e s t  g ives 58 ranges o f s t r e s s  and 

s t r a i n .  60 p a i r s  of s t r e s s  and s t r a in  range v a lu es  a re  read  and the



s t r a in  range v a lu es  checked to  ensu re  th a t  they  co n ta in  a l l  of the 

descending v a lues of one b lock  ( th i s  i s  n o t always the  case  because  they 

can c o n ta in  p a r ts  of the  descending h a lv es  of neighbouring  b lo c k s ) .  I f  

th i s  co n d itio n  i s  n o t s a t i s f i e d  a d d it io n a l  p a i r s  of va lu es  a re  read  u n t i l  

i t  i s .

Hie v a lu es  of s t r a in  range which a re  read  in  a re  a l t e r n a t e ly  ranges about 

zero mean and ranges about a non zero  mean. Hie ranges abou t a non zero 

mean a re  d isc a rd e d . Hie two g r e a te s t  rem aining ranges a re  a lso  d isca rd e d  

s in c e  they a re  midway in  c h a r a c te r i s t i c s  betw een the ascending  and the 

descending h a lv es  of th e  b lo c k . Hie ranges which remain a re  converted  

from in te g e r  v a lu es  to  s t r e s s  and s t r a in  and the  p l a s t i c  s t r a i n  i s  

c a lc u la te d  from «p = -  <ra /  .

Hie f i n a l  s ta g e  in  choosing which v a lues a re  v a l id  i s  to r e j e c t  those  

where the s t r a i n  i s  so sm all th a t  th e  e r ro r  in  €p would be  u n a cc e p tab le .

For Hie rem aining va lu es  of s t r e s s  and p l a s t i c  s t r a in ,  a b e s t  f i t  s t r a ig h t  

l in e  fo r  lo g  <ra  s  log K* + n' log €p i s  c a lc u la te d  assuming equal 

w eigh ting  f o r  a l l  the  p o in ts  and equal % e r ro r  in  b o th  s t r e s s  and s t r a i n .  

H iis g ives a f i r s t  e s tim a te  fo r  K* and n' . P o in ts  which l i e  o u ts id e  

of ±  l j  s tan d a rd  e r ro r  in  s t r e s s  from th is  l i n e  a re  d isca rd ed  and Hie b e s t  

f i t  s t r a ig h t  l in e  re c a lc u la te d .

Output on te le ty p e  may be  e x ten s iv e  g iv in g  v a lu es  fo r  a l l  Hie d a ta  a sse ssed  

or i t  may p r i n t  o u t j u s t  the  v i t a l  in fo rm a tio n , e .g . ,  b lo ck  n o . ,  K and n# . 

Hie flow  c h a r t  of the  programme i s  shown in  f i g . l 6 .

An a d d i t io n a l  param eter o b ta in ed  from the  I .S .  t e s t  was th e  c y c l ic  y ie ld  

s t r e s s  (o y ')»  I*1 th is  work oy ' i s  d e fin ed  as the  p o in t  in  th e  c y c lic

s t r e s s - s t r a i n  r e la t io n s h ip  where the  curve d e v ia te s  from th e  l in e a r  e l a s t i c  

r e la t io n s h ip .  Hie param eter was ob ta ined  by manual g ra p h ic a l m ethods.



4 . FATIGUE, MECHANICAL PROPERTY AND MATERIAL RELATIONSHIPS

4 .1 .  In tro d u c tio n

In  th is  s e c t io n , the f i r s t  th re e  o b je c tiv e s  o u tlin e d  in  the  p r o je c t  p lan  

a re  s tu d ie d  in  tu rn , i e ,

( i )  To o b ta in  the  f a t ig u e  param eters f o r  a range of 

C/Si/Mn s t e e l s .

( i i )  To compare th ese  f a t ig u e  param eters v i th  o th e r m echanical 

p ro p e r t ie s

( i i i )  To q u a n tify  the  r e la t io n s h ip s  betw een m echanical p ro p e r t ie s  

and m ate ria l, v a r ia b le s .

4 .2 . C onstan t Amplitude F a tig u e  Data

4 .2 .1 .  E xperim ental Design

As s ta te d  in  s e c tio n  3* i t  was decided  to  adopt a two le v e l  p a r t i a l  

f a c t o r i a l  experim en tal design  f o r  th is  p a r t  of the  work. Hie in d ependen t 

v a r ia b le s  were co n sid ered  to  be  carbon, s i l i c o n ,  manganese, a u s te n i t i s in g  

tem peratu re  and iso th e rm a l tran sfo rm a tio n  tem perature; the  l a t t e r  two 

b e in g  re q u ire d  to  produce a wide range of m ic ro s tru c tu re s  in  th e  s t e e l s .  

Table (2 ) o u tl in e s  the le v e ls  of the  v a r ia b le s  and th e -d es ig n  s e le c te d .

4 .2 .2 .  M a te ria ls

The p a r t i a l  f a c t o r i a l  experim ent re q u ire d  e ig h t  s te e l s  of d i f f e r e n t  

com positions which in c lu d ed  s te e l s  w ith  two le v e ls  o f each of th e  e lem en ta l 

v a r ia b le s  carbon , s i l i c o n  and manganese. Hie chem ical a n a ly s is  o f the  

s te e l s  used i s  shown in  ta b le  (3) . Hie h e a t  trea tm en ts  given to  the  

s te e ls  produced a range of m ic ro s tru c tu re s , which a re  shorn i n  f i g s .  17 to  

24 and f o r  which the  q u a n t i ta t iv e  m e ta llo g rap h ic  r e s u l t s  shown in  ta b le  (4 ) j  

were o b ta in ed .
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4 .2 .3 .  R esu lts

4 .2 .3 .1 .  R esu lts  of F a tig u e  T ests

A s e r ie s  of c o n s ta n t am plitude s t r a in  c o n tro lle d  f a t ig u e  t e s t s  was 

c a r r ie d  o u t on each s t e e l  in  o rd e r to produce b a s ic  f a t i g u e - l i f e  d a ta .

The r e s u l t s  of th e se  t e s t s  a re  shown in  ta b le  (5) . I t  should  be  n o ted  

th a t  the  e l a s t i c  s t r a in  (ce ) was c a lc u la te d  ( ° a /£ ) whereas th e  p l a s t i c  

s t r a in  (cp ) was the  measured h y s te r e s is  loop w idth along the  zero  s t r e s s  

l i n e .  A ll  the  v a lu es  quoted a re  f o r  the s t a b i l i s e d  m a te r ia l  c o n d itio n , 

which was found to  e x i s t  in  each s t e e l  a f t e r  only  a few c y c le s .

The b e s t  method of p re se n tin g  the  r e s u l t s  g ra p h ic a lly  i s  shown in
i

f i g s . 25 to 32. P lo ts  of t o t a l  s t r a i n ,  p la s t i c  s t r a in  and e l a s t i c  s t r a in  

( s t r e s s )  a g a in s t  l i f e  a re  a l l  in c o rp o ra te d  on the same g raph . F a tig u e  

l i f e  in  each case  i s  re p re se n te d  by  the  number of r e v e rs a ls  to  f a i l u r e ;  

th e  l a t t e r  b e in g  d efin ed  in  th is  work as the com plete s e p a ra tio n  of the 

t e s t  specimen in to  two p ie c e s 4

I t  can be  observed in  th ese  f ig u re s  th a t  the  t o t a l  s t r a in  -  l i f e

r e la t io n s h ip  i s  re p re se n te d  by a smooth curve which tends to  th e  h o r iz o n ta l

in  the  long l i f e  regim e. This end of the curve i e .  n ea r the  f a t ig u e

l im i t ,  was d i f f i c u l t  to  d e fin e  a c c u ra te ly  due to  the very  long  te s t in g

tim es re q u ire d . In  the  p re s e n t  s tudy  a "RUN OUT" was norm ally  taken 

7as 3 x  10 c y c le s , which a t  th e  c y c lin g  r a t e  adopted was e q u iv a le n t to 

about two weeks te s t in g  tim e. T herefo re , a l im ite d  number o f "RUN OUTS" 

could  be to le ra te d  fo r  each m a te r ia l  and in  f a c t  on ly  one was u s u a lly  

p e rm itte d .

The p l a s t i c  s t r a in  and e l a s t i c  s t r a in  -  l i f e  r e la t io n s h ip s  shown were 

produced m anually . The l in e s  ob ta in ed  confirm s th a t  b o th  the  Coffin/M anson 

and Basquin em p irica l r e l a t i  oil sh ip s  a re  obeyed in  C/Si/Mn s t e e l s .  I t  was 

th e re fo re  p o s s ib le  to  compute the  fo u r f a t ig u e  param eters from th e  t e s t
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d a ta , ta b le  ( 6) ,  and a lso  to Compare the  r e s u l t s  w ith b o th  com position 

and m icros t r u e tu r a l  v a ria b le s*

4 .2 .3 .2 .  Composition -  F a tig u e  P ro p erty  R e la tio n sh ip s

I t  i s  now an accep ted  f a c t  th a t  th e  i n i t i a t i o n  and developm ent of f a t ig u e  

c racks in  m eta ls  i s  a  r e s u l t  o f c y c lic  p l a s t i c  defo rm ation . Hie e f f e c ts  

of co m p o sitio n al v a r ia b le s  on th is  p rocess th e re fo re , w i l l  b e  in f lu e n c e d  

by how an a llo y in g  elem ent a f f e c t s  the  g en era tio n  and m o b ility  of 

d is lo c a t io n s .  In  f e r r i t e  -  p e a r l i t e  s t e e l s  the  c h a r a c te r i s t i c s  o f 

p l a s t i c i t y  in  the  s o f t  phase ( f e r r i t e )  i s  of prim e concern i n  th is  r e s p e c t .

Hie th re e  a llo y in g  v a r ia b le s  used in  th is  work a re  carbon, s i l i c o n  and 

manganese. Carbon forms w ith  iro n  the s ta b le  c a rb id e , Fe«C and through 

m ic ro s tru e tu ra l  changes, w i l l  a f f e c t  th e  m o b ility  of th e  f e r r i t e  based  

g lid e  d is lo c a t io n s .  S i l ic o n  however, forms a s o l id  s o lu tio n  

w ith  iro n  which reduces the  m o b ility  of d is lo c a tio n s  in  the  f e r r i t e  phase . 

Manganese, on the o th e r  hand a f f e c t s  b o th  the  m icros t ru e tu re  and 

p ro p e r tie s  of the f e r r i t e .  I t  has the  e f f e c t  of reducing  Hie 

tran sfo rm a tio n  tem perature  of a s t e e l  which r e s u l t s  in  a reduced  f e r r i t e  

g ra in  s iz e  and an in c re a s e  in  bo th  c o n te n t and f in e n e ss  of Hie p e a r l i t e  

phase . In  a d d itio n  i t  a lso  forms a s o l id  s o lu tio n  w ith  f e r r i t e  and 

hence a f f e c t s  Hie p ro p e r t ie s  of th is  phase.

Hie combined e f f e c t s  of th ese  elem ents on the  f a t ig u e  param eters of a 

s t e e l ,  has. n o t been a sse ssed  p re v io u s ly . In  th is  work th e  fo u r

f a t ig u e  param eters were each i n i t i a l l y  ev a lu a ted  in  terms of Hie H iree 

co m positional v a r ia b le s ,  f i g s . 33-36. In  th ese  f ig u re s  the  in d iv id u a l  

l in e s  re p re s e n t  th e  e f f e c t  of the co m p o sitio n al v a r ia b le  on the  o rd in a te  

and Hie fo u r l in e s  p e r graph r e f e r  to v a rio u s  f ix e d  le v e ls  of the  non- 

v a ry in g  e lem ents.



( i )  F a tig u e  D u c t i l i ty  C o e f f ic ie n t  ( e f ' )

F i g . 33 summarises the e f f e c t  of changes in  com position on th is  

p a ram eter. Carbon has the  l a r g e s t  e f f e c t ;  in c re a s e s  causing  a 

marked re d u c tio n  in  th e  f a t ig u e  d u c t i l i t y  c o e f f ic ie n t .  In c re a s in g  

s i l ic o n  and manganese le v e ls  a lso  cause the  param eter to be 

reduced , b u t  to  a much sm alle r degree.

These r e s u l t s  were expected  on the  b a s is  th a t  a l l  a l lo y in g  

elem ents w i l l  tend to reduce the  d u c t i l i t y  of pure i r o n .  Carbon, 

re p re se n te d  by cem en tite , i s  known to  reduce the monotonic f r a c tu r e  

s t r a in ;  a p ro p e rty  thought to  be  e q u iv a le n t to c f ' .

( i i )  F a tig u e  S tren g th  C o e f f ic ie n t  ( <rf' )

A graph of com position a g a in s t  f a t ig u e  s tre n g th  c o e f f ic ie n t  i s  

shown in  f ig .3 4 .  In c re a se s  in  carbon and manganese b o th  in c re a s e  

the va lue  of th is  param eter whereas the  p ic tu re  w ith  s i l i c o n  i s  

more complex. The two l in e s  showing a decrease  in  <Tf* w ith  

in c re a s in g  s i l i c o n  c o n te n t, re p re s e n t  low manganese s t e e l s .  This 

i s  an unexpected in te r a c t io n  which i s  d i f f i c u l t  to  ex p la in  

m e ta l lu rg ic a l ly  as b o th  elem ents a re  s o l id  s o lu tio n  s tre n g th e n e rs  

and th e re fo re  should  in c re a s e  . This l a t t e r  p o in t  i s  borne 

o u t when the  h igh  manganese s te e l s  a re  co n sid ered  because in  

th is  case  in c re a s in g  s i l i c o n  produces an in c re a s e  in  the  f a t ig u e  

s tre n g th  c o e f f ic ie n t .

( i i i )  F a tig u e  D u c t i l i ty  Exponent (c )

Composition in te r a c t io n  e f f e c ts  a lso  occur w ith  th i s  p a ram ete r, as 

can be seen in  f i g . 35. In c re a s in g  carbon s ig n i f ic a n t ly  reduces 

(makes le s s  n e g a tiv e )  i t s  v a lu e , whereas s i l i c o n  and manganese 

e f f e c ts  a re  dependent on th e  le v e l  of carbon in  the  s t e e l .  F or 

example, in c re a se s  in  s i l i c o n  c o n te n t produce an o p p o s ite  e f f e c t  

on "c« when comparing low and h igh  carbon s t e e l s .  With th e  fo rm er,
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"c" becomes more n e g a tiv e , w h ils t  w ith  the  l a t t e r  i t  becomes 

s l i g h t ly  more p o s itiv e *  The only  e f f e c t  of manganese i s  to  cause 

a s l i g h t  red u c tio n  in  the  exponent in  low carbon s t e e l s .

( iv )  F a tig u e  S tren g th  Exponent (b)

In c re a se s  in  carbon and s i l i c o n  produce the  o p p o s ite  e f f e c t  on th is  

param eter, f i g . 36; h ig h e r carbon le v e ls  g ive  h ig h e r v a lu es  o f "b" 

(more n e g a tiv e ) ,  whereas s i l i c o n  a d d itio n s  cause the  f a t ig u e  

s tre n g th  exponent to  become le s s  n e g a tiv e . However, the  e f f e c t  of 

manganese i s  in flu en c ed  by the  s i l i c o n  c o n te n t in  the s t e e l ,  as can 

be  seen in  the diagram* With low s i l i c o n  s te e l s  manganese 

a d d itio n s  cause the  Basquin s lo p e  to  become f l a t t e r  (more -fve), 

which i s  s im ila r  to the s i l i c o n  e f f e c t .  However, f o r  h ig h  s i l i c o n  

s t e e l s ,  th e  very  f l a t  s lo p e  in h e re n t  in  th ese  s t e e l s ,  become le s s  

f l a t  a t  the  h ig h e r manganese le v e l s .

(v) F a tig u e  L im it

The measured fa t ig u e  l im i t s  f o r  the  e ig h t s te e ls  ( l i s t e d  i n  ta b le  

( 7 ) * and shown in  f i g *37) in d ic a te  th a t  th i s  param eter i s  in c re a se d  

when the le v e l  of a l l  th re e  in d iv id u a l  elem ents i s  r a i s e d .  This 

r e s u l t  was a n t ic ip a te d  as carbon, s i l i c o n  and manganese a d d itio n s  

a l l  in c re a s e  a m a t e r i a l s  s tre n g th ;  the  p ro p e rty  th a t  in f lu e n c e s  

the  f a t ig u e  l im i t .

4*2.3*3. Micros t ru e tu re  -  F a tig u e  P ro p erty  R e la tio n sh ip s  

In  f e r r i t e - p e a r l i t e  s te e l s  c e r ta in  m icros t r u e tu r a l  fe a tu re s  have been 

shown to in f lu e n c e  monotonic p ro p e r t ie s .  The f e r r i t e  g ra in  s iz e  has been 

e s ta b lis h e d  as having  a dominant in f lu e n c e  on the  s tre n g th  p ro p e r t ie s  of 

low carbon s te e l s  ( 147*148) ,  whereas in  f u l l y  p e a r l i t i c  s t e e l s  th e  

in te r la m e l la r  spacing  i s  im p o rtan t (157). In  mixed f e r r i t e - p e a r l i t e  

s t r u c tu r e s ,  some w orkers ( 143*144) have shown th a t  p ro p e r t ie s  can be 

r e la te d  to the "mean f e r r i t e  p a th " . F in a l ly  the  volume f r a c t io n  of
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f e r r i t e  o r p e a r l i t e  has been used by many w orkers to r e l a t e  s t r u c tu r e  

to  p ro p e r t ie s  in  th is  type of s t e e l .

The m icros tru e tu re  of the  c u r re n t  s t e e l s  i s  dominated by carbon c o n te n t. 

Hie e ig h t  s t e e l s  can b e  sep a ra te d  in to  two b a s ic  ty p es, f u l l y  p e a r l i t i c  

h igh  carbon s t e e l s ,  and low carbon s te e l s  c o n ta in in g  a p p re c ia b le  f r e e  

f e r r i t e  c o n te n t. The s t r u c tu r e  -  fa t ig u e  p ro p e rty  com parisons th e re fo re , 

a re  s im ila r  to th e  carbon c o n te n t -  p ro p e rty  r e s u l t s ,  i . e .  th e  f a t ig u e  

s tre n g th  c o e f f ic ie n t  i s  in c re a se d , the f a t ig u e  d u c t i l i t y  c o e f f ic ie n t  i s  

d ecreased , the  f a t ig u e  s tre n g th  exponent becomes more p o s i t iv e  and the  

f a t ig u e  d u c t i l i t y  exponent becomes le s s  p o s i t iv e  as the p e a r l i t e  c o n te n t 

i s  in c re a se d  (o r  f e r h i t e  c o n te n t d e c rea sed ). Tlie o th e r m ajor 

m ic ro s tru e tu ra l  v a r ia b le s ,  f e r r i t e  g ra in  s iz e  and mean f e r r i t e  p a th  can 

be s u b s t i tu te d  f o r  f e r r i t e  c o n te n t in  the  above comments.

4 .2 .4 .  D iscussion

The com parison between com position , m ic ro s tru c tu re  and the  two f a t ig u e  

c o e f f ic ie n ts  ( and ) were in  some cases unexpected . However, i t  

i s  d i f f i c u l t  to  env isage  th a t  th ese  param eters a re  c h a r a c te r i s t i c  m a te r ia l  

p ro p e r t ie s  because  of the  way they a re  produced (lo n g  range e x tra p o la t io n  

from th e  t e s t  d a ta  to  the o rd in a te  on a f a t ig u e  curve i s  r e q u ire d ) .  The 

assum ption i s  made th e re fo re  th a t  the a s so c ia te d  exponents a re  c o n s ta n t 

over the e n t i r e  s t r a in  range from zero to  the  f r a c tu r e  s t r a i n .  This may 

be a reaso n ab le  assum ption to  make fo r  some m a te r ia ls  b u t  i s  u n l ik e ly  

to  have g e n e ra l a p p l ic a b i l i ty .  Some of the  e f f e c t s  encountered  in  the 

c u r re n t  work cou ld  be  due to th is  assum ption being  in v a l id  fo r  th e  h igh  

s i l i c o n  s te e l s  under t e s t .  Work re p o rte d  in  l a t e r  se c tio n s  was used 

to  s tudy  th is  phenomenon in  more d e t a i l .

Hie r e s u l t s  o b ta ined  f o r  the two exponents can b e s t  be understood  by

co n sid e rin g  th e i r  dependence on the c y c lic  s t r a in  harden ing  exponent, n' .

Morrow (22) combined the Ramberg-Osgood r e la t io n s h ip  between s t r e s s  and
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p la s t i c  s t r a i n  w ith  th e  Coffin/M anson and Basquin fa t ig u e  l i f e  

r e la t io n s h ip s  to e s ta b l is h  the  c o r r e la t io n  between n' , "c" and ”b n. '

He showed t h a t : -

n ' = b /c (34)

In  o rd e r to  e s ta b l is h  a r e la t io n s h ip  between the  in d iv id u a l  f a t ig u e  

l i f e  s lo p e  and n' , he adopted an energy approach. He assumed th a t  

the p l a s t i c  s t r a i n  energy p e r cy c le  (AW) was the  a re a  o f a s ta b le  

h y s te r e s is  loop and cou ld  be c a lc u la te d  as fo l lo w s :-

AW = 2*a . A < J d = j f \  (35)

s u b s t i tu t in g  f o r  Acp by u s in g  the  Ramberg-Osgood equation  f o r  the
I

c y c lic  s t r e s s - s t r a i n  cu rve , he produced the  fo llo w in g  r e la t io n s h ip : -

/  \ —
AW « (36)

He then assumed th a t  the t o t a l  energy to  f r a c tu r e  i s  equal to  AW.Nf 

and e s ta b lis h e d  an e m p iric a l r e la t io n s h ip  between th is  combined 

param eter and s t r e s s  am plitude as fo l lo w s :-

<ra , a  (A W N f)-’"4 (37)

Using th is  r e la t io n s h ip  the  f a t ig u e  l i f e  was so lved  in  terms of the 

c y c lic  s t r e s s - s t r a i n  p r o p e r t i e s : -  "

/  A \ - ( i  +  s n )  / v-(i +  5 n ' ) / n '

2Nf = (^) =(^) (38)
T h ere fo re :-

c _ — _ anc| b = — H , (39)
I + sn I + sn

In  the c u r re n t  work the v a lu e  of n was i n i t i a l l y  ob ta in ed  from the 

s t a b i l i s e d  v a lu es  of crQ and *p in  each of the  f a t ig u e  t e s t s ,  i e ,

m u ltip le  specimen t e s t s .  Hie c a lc u la te d  r e s u l t s  fo r  th e  e ig h t  s t e e l s

a re  shown in  ta b le  ( 8 ). In  q u a n t i ta t iv e  term s, i t  can be seen th a t  

the h ig h  carbon s te e l s  have high  n' v a lu e s , the h igh  s i l i c o n  s t e e l s
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possess low v a lu es  f o r  n' and the  h igh  manganese s te e l s  have average 

v a lu e s . T herefo re , i t  fo llo w s th a t  h igh  carbon s te e l s  should  have a 

low Coffin/M anson exponent ( l e s s  -v e )  and a h igh  Basquin exponent (more 

-v e )  whereas h igh  s i l i c o n  s t e e l s  should be  the re v e rs e . This h y p o th esis  

can g e n e ra lly  be  supported  w ith  the  p re s e n t r e s u l t s .  Manganese, which 

has a very  sm all e f f e c t  on n' , a lso  has a sm all e f f e c t  on the  C o ff in / 

Manson and Basquin exponents.

4 .3 . F a tig u e  Param eter -  M echanical P ro p erty  R e la tio n sh ip s

4 .3 .1 .  E xperim ental Design

The fa t ig u e  param eters o b ta in ed  in  the  p rev ious LsectLon fo r  e ig h t
1

C/Si/Mn s te e l s  a re  a lso  u t i l i s e d  in  th is  s e c t io n . For com parison, 

mono to n ic  and c y c lic  d a ta  a re  used  which were o b ta ined  from sim ple

ten s io n  and I .S .  t e s t s  on the  same e ig h t s t e e l s .  The d e ta i l s  o f th ese

te s t s  have been given  in  p rev ious s e c t io n s .

4 .3 .2 .  R esu lts  and D iscussion  

4 .3 * 2 .1 . Monotonic T es t R esu lts

( i )  R e p ro d u c ib ility  A ssessm ent 

At the  o u ts e t  of the te s t in g  programme i t  was decided  to  check the  

r e p ro d u c ib i l i ty  of the  te s t in g  tech n iq u e . This was ach ieved  by  c a r ry in g  

ou t a s e r ie s  of id e n t i c a l  t e s t s  on two s te e l s  from the main programme.

Hie r e s u l t s  of th is  assessm ent a re  summarised in  ta b le  ( 9  ) > where i t  can

be seen th a t  only  a low le v e l  of d is p e rs io n  in  th e  t e s t  r e s u l t s  was 

o b ta in ed . This was co n sid ered  s a t i s f a c to r y  and the  main t e s t  programme 

was th e re fo re  c a r r ie d  o u t w ith  the knowledge th a t  l i t t l e  ex p erim en ta l 

" e r r o r ” should acc ru e .

( i i )  R esu lts  from Main T est Programme 

The common p ro p e r t ie s  from the t e n s i l e  t e s t s  a re  shown in  ta b le  ( 10).

The s t r a in  harden ing  param eter quoted was o b ta in ed  from the  c e n t r a l
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p o r tio n  of the  p lo ts  r e l a t in g  lo g  p la s t i c  s t r a in  and lo g  s t r e s s .  I t  

was found th a t  th i s  r e la t io n s h ip  was n o t  l in e a r  f o r  any of the s t e e l s  

over the com plete p l a s t i c  s t r a i n  range and in  f a c t  could  b e s t  be 

d esc rib ed  as a com bination of th re e  s t r a ig h t  l i n e s .  F ig . 38 i s  a ty p ic a l  

example. Hie work harden ing  r a te  of the second s tag e  (deno ted  by the 

s u f f ix  I I )  was co n sid e red  the  m ost s a t i s f a c to r y  in  p r a c t i c a l  te rm s. In  

g e n e ra l the t e s t  r e s u l t s  o b ta in ed  (ex cep t those f o r  ) ,  showed th a t  the 

e ig h t  s te e l s  had w idely  va ry in g  m echanical p ro p e r t ie s .  The e f f e c t  of 

com position and m ic ro s tru c tu re  on th ese  p ro p e r t ie s  w i l l  be  d iscu ssed  

l a t e r .

1

4 .3 .2 .2 .  C yclic  T est R esu lts

( i )  R e p ro d u c ib ility  Checks 

B efore the  main t e s t  programme commenced, i t  was a lso  decided  to  check 

th e  r e p r o d u c ib i l i ty  of the  I .S .  t e s t  techn ique . Two of th e  s t e e l s  were 

su b jec te d  to r e p e a t  t e s t s  and the  r e s u l t s  of th is  e x e rc ise  a re  shown in  

ta b le  (11 ) . I t  can again  be  seen th a t  e x c e lle n t  r e p r o d u c ib i l i ty  was 

o b ta in ed .

( i i )  C yclic  S t r e s s - S t r a in  Data 

From th e  I .S .  t e s t s  and the  f a t ig u e  t e s t s  (m u ltip le  specimen t e s t s )  

re p o rte d  in  the  p rev ious s e c tio n , a l in e a r  r e la t io n s h ip  betw een the  

log arith m  of p la s t i c  s t r a in  and ap p lied  s t r e s s  was o b ta in ed  f o r  each 

s t e e l .  T herefore  an ex p ress io n  of the type proposed by Ramberg-Osgood 

can be  used to d e sc rib e  th is  r e la t io n s h ip .  Tlie r e s u l t s  from b o th  t e s t s  

a re  shown in  ta b le  ( 12 ) .

The v a lu es  of the  work harden ing  param eters ( n' and K* ) o b ta in ed  by the 

two methods were s im ila r  w ith  the  r e s u l t s  from the  m u ltip le  specimen 

t e s t s  b e in g  s l i g h t ly  low er. However, the  d if fe re n c e s  found were n o t 

con sid ered  to be s ig n i f ic a n t .



The r e s u l t s  quoted in  ta b le  (1 2 )  a lso  in d ic a te  the e f f e c t s  of com positional 

v a r ia t io n s .  In  q u a l i t a t iv e  terms an in c re a s e  in  carbon c o n te n t caused 

a l l  the  c y c lic  param eters to  in c re a s e , whereas in c re a s in g  th e  s i l i c o n  

and manganese le v e ls  on ly  produced an in c re a s e  in  the s tre n g th  

param eters (K  a n d o y ') . S i l ic o n  had a dram atic  e f f e c t  on the  c y c lic  

s t r a in  harden ing  exponent n' w ith  h ig h e r le v e ls  producing low v a lu e s .

4 .3 .2 .3 .  F a tig u e  -  M echanical P ro p erty  R e la tio n sh ip s

( i )  R e la tio n sh ip  Between <?( and <r{

S ev e ra l workers have suggested  th a t  the  f a t ig u e  s tre n g th  c o e f f ic ie n t

i s  r e la te d  to  the  monotonic f r a c tu r e  s t r e s s .  The b a s is  of th is
«

p ro p o s itio n  i s  th a t  the  in te r c e p t  on the o rd in a te  of a s t r e s s - l i f e  p lo t  

( i e ,  one r e v e r s a l)  i s  e q u iv a le n t to  a mono to n ic  t e s t .  Many e m p iric a l 

equations have been re p o r te d  in  the l i t e r a t u r e  which su p p o rt th is  

h y p o th esis  (2 2 ,1 6 6 ,1 6 7 ,1 6 8 ), and m u lt ip l ic a t io n  f a c to r s  o f betw een 0 .92  

and 1.15 have been proposed f o r  making <rf equal to . The 

c lo sen ess  of th ese  f a c to r s  bo th  to  them selves and to u n i ty  in d ic a te  

th a t  the  p ro p o sa l i s  reaso n ab le  fo r  many m a te r ia ls .

Hie com parison of and o b ta in ed  in  th e  c u rre n t work i s  shown

in  ta b le  ( 14) and g ra p h ic a lly  i l l u s t r a t e d  in  f ig .4 0 .  I t  can be  seen

th a t  the ^  va lu es  a re  h ig h e r than th e  co rrespond ing  v a lu es  fo r

the  h ig h  s i l i c o n  s te e l s  whereas they a re  low er in  the low s i l i c o n  s t e e l s .  

Hie s lo p e  of the  two l in e s  in  the  f ig u re  a re  v e ry  s im ila r  b u t  n o t  equal 

to u n ity ;  the  p e r f e c t  c o r r e la t io n  s i tu a t io n .  This in d ic a te s  th a t  

ano ther v a r ia b le  must a lso  be  a f f e c t in g  the  c o r r e la t io n .  I t  can be 

seen from ta b le  ( 14) th a t  th is  v a r ia b le  i s  the  carbon c o n te n t;  i n  the  

h igh  carbon s t e e l s ,  i s  u s u a lly  g re a te r  than .



A c o n s id e ra tio n  of the  way in  which th ese  two param eters a re  o b ta in ed  

suggests  th a t  they  can only  be equal i f  the  Basquin exponent i s  a 

c o n s ta n t a t  a l l  s t r e s s  l e v e l s .  However, the constancy  of nb n cannot 

b e  e s ta b lis h e d  a t  h ig h  s t r e s s  le v e ls  due to  te s t in g  d i f f i c u l t i e s ,  i e ,  

specimen b u c k lin g . I n d i r e c t  methods of assessm ent th e re fo re  have to  

be  u t i l i s e d .  I t  has a lre ad y  been shown th a t  Mb n i s  r e l a t e d  to the 

c y c lic  s t r a in  harden ing  exponent, n ' (2 2 ) . T herefo re , i f  n ' v a r ie s  

w ith  s t r e s s  or s t r a in  am plitude , then nb M w i l l  vary  and hence the  

in t e r c e p t  on the  s t r e s s - r e v e r s a l s  p lo t  o rd in a te  w i l l  a lso  change.

I t  has a lso  been shown in  th is  work th a t  th e  monotonic s t r a in
I

harden ing  r a t e  i s  n o t  a c o n s ta n t f o r  f e r r i t e - p e a r l i t e  s t e e l s .  In  f a c t  

the  graphs o b ta in ed  fo r  lo g  s t r e s s  And lo g  p la s t i c  s t r a in  a re  b e s t  

re p re se n te d  by th re e  s e p a ra te  r e la t io n s h ip s .  S im ila r ly , some r e c e n t  

work p u b lish ed  by  C layton ( 169) in d ic a te s  th a t  n ' a lso  v a r ie s  a t  s t r a i n  

le v e ls  above 0.015 ( th e  u su a l maximum of I .S .  t e s t ) .  A c y c lic  s t r e s s -  

s t r a in  r e la t io n s h ip  of th i s  type w i l l  th e re fo re  r e s u l t  in  a complex 

c o r r e la t io n  between s t r e s s  am plitude and re v e rs a ls  to f a i l u r e .  A 

d iag ram atic  i l l u s t r a t i o n  o f the  r e la t io n s h ip  envisaged i s  shown in  

f i g . 39• In  th is  case  the  mono to n ic  f r a c tu r e  s t r e s s  i's e q u iv a le n t to  

However, th is  param eter cou ld  be h ig h e r o r lower than th e  c o n v e n tio n a lly  

computed , b e in g  dependent on the  com plete c y c lic  s t r a i n  harden ing  

c h a r a c te r i s t i c s  of the  m a te r ia l .

The f a c t  th a t  in c re a s in g  carbon and s i l i c o n  have the  o p p o s ite  e f f e c t  

on bo til the c o r r e la t io n  and on n s tro n g ly  su g g es ts  th a t  th i s

h y p o th esis  i s  v a l id .  In  terms of the accuracy  in  p re d ic t in g  f a t ig u e  

l i f e  cu rv es , s u b s t i tu t in g  Oj/ by  tr̂  w i l l  have only  a minor e f f e c t  f o r  

m ost of the  s t e e l s  in  th i s  s tu d y . A m a te r ia l  dependency has been  found 

in  some s te e l s  and th e re fo re , the c o r r e la t io n  between the  two param eters 

must be  known b e fo re  the s u b s t i tu t io n  i s  u sed .
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( i i )  R e la tio n sh ip s  Between cf and tf*

I t  has a lso  been proposed th a t  the  monotonic tru e  f r a c tu r e  s t r a i n  i s  

equal to  the  f a t ig u e  d u c t i l i t y  c o e f f ic ie n t ,  u s in g  the  same arguments 

p re v io u s ly  d iscu ssed  f o r  the s tre n g th  p a ram ete rs . To a sse s s  th is  

hy p o th esis  a p l o t  of e^ a g a in s t  , has been c o n s tru c te d  f o r  the 

e ig h t  s te e l s  te s te d  in  th is  s e c t io n , f i g . 41. I t  can be  seen th a t  a

reaso n ab le  c o r r e la t io n  e x is ts  between the  two param eters; the  monotonic 

tru e  f r a c tu r e  s t r a in  has a s l i g h t  tendency to  o v e r-e s tim a te  the  f a t ig u e  

d u c t i l i t y  c o e f f ic ie n t  f o r  h igh  s i l i c o n  s t e e l s  b u t  i s  e q u iv a le n t fo r  the 

low s i l i c o n  s t e e l s .  The s l i g h t  in accu racy  in  th e  high  s i l i c o n  s t e e l s  

may again  be  due to a n o n - l in e a r i ty  in  the  p la s t i c  s t r a i n - l i f e
I

r e la t io n s h ip ,  (C offin /M anson), caused by  v a r ia t io n s  in  n ' a t  v e ry  h igh  

s t r a in  l e v e l s .

( i i i )  The R e la tio n sh ip  Between b , c and n '

The d e r iv a t io n  o f the Morrow equations r e l a t in g  th ese  th re e  param eters  

has been  o u tlin e d  in  the p rev ious s e c t io n . I t  should be  n o ted  however, 

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

energy to  f r a c tu r e  i s  m a te r ia l  dependent. Morrow found the  s lo p e  o f 

th is  l in e  was approxim ately  equal to  - 5 , fo r  SAE 4340. s t e e l  b u t  v a lu es  

rang ing  from to  have been quoted by some workers ( 23, 170) fo r  

o th e r  m a te r ia ls  and th e re fo re  the  r e la t io n s h ip s  between b , n ' and c 

w i l l  v a ry .

The r e s u l t s  of th e  c u r re n t  work a re  shown in  ta b le s  (1 5 )  and ( 16 ). In  

ta b le  ( 15) ,  th e  r e s u l t s  o f a l in e a r  re g re s s io n  a n a ly s is  betw een th e  

s t r e s s  am plitude and the t o t a l  p la s t i c  s t r a in  energy to  f r a c tu r e  i s  

shown. I t  can be seen th a t  the s lo p es  fo r  most of the  s t e e l s  a re  in  

th e  range -0 .3 0  to -0 .3 9 .  Only th e  low carbon , h igh  s i l i c o n  s t e e l s  

have va lu es  below th a t  found by Morrow fo r  SAE4340 s t e e l  (2 2 ) . The



average s lo p e  f o r  the  e ig h t  s te e l s  i s  -0 .3 0  and th is  can be  used to 

o b ta in  the  fo llo w in g  r e la t io n s h ip s  f o r  th e  s te e l s  s tu d ie d  i n  th i s  w ork:-

c s  — —--------  b = —— --------
I 4- 4*3 n '  i +  4-3 n '

Comparisons of the  measured and c a lc u la te d  va lues of the  two fa t ig u e

exponents, u s in g  b o th  the  Morrow equations and those d e riv ed  in  the

c u r re n t  work a re  shown in  ta b le  ( 16 ) . Both equations can be  seen to

g ive  reaso n ab ly  a cc u ra te  p re d ic t io n s  w ith  the  em p irica l equation

a p p lic a b le  to  the p re s e n t  work b e in g  s l i g h t ly  b e t t e r  than th e  Morrow

p re d ic t io n s . The l a r g e s t  e r r o r s ,  found in  the  low carbon h ig h  s i l i c o n

s t e e l s ,  a re  due to  the  u se  of a s in g le  f a c to r  to  re p re s e n t  a l l  the
I

m a te r ia ls .

( iv )  R e la tio n sh ip  Between th e  C yclic  Y ie ld  S tre s s  and F a tig u e  L im it 

S ev e ra l in v e s t ig a to r s  have suggested  th a t  the c y c lic  y ie ld  s t r e s s  (oy ' ) 

i s  e q u iv a len t to  the  f a t ig u e  l im i t  of a m a te r ia l  (2 2 ,3 2 ) . The m ajor 

argument su p p o rtin g  th is  p ro p o sa l i s  th a t  f a t ig u e  canno t occur w ith o u t 

c y c lic  p l a s t i c i t y  and the c y c lic  y ie ld  s t r e s s  re p re se n ts  th i s  l i m i t .  

Values o f cry'which were o b ta in ed  from the  X-Y p lo ts  from th e  I .S .  t e s t s  

a re  shown in  ta b le  (1 2 )  and a p lo t  of the  two param eters has been  drawn, 

f i g . 42 . I t  can be  seen th a t  the  f a t ig u e  l i m i t  i s  c o n s is te n t ly  s l i g h t l y  

h ig h e r than the  c y c lic  y ie ld  s t r e s s .  This o b se rv a tio n  has been made 

by  o th e r  workers (32 ,171)• Mason, f o r  example has shown th a t  a 

t r a n s i t io n  zone e x is ts  betw een the  e l a s t i c  and p l a s t i c  s t r a i n  p o r tio n  

of a s t r e s s - s  t r a in  curve th a t  co n ta in s  b o th  a n e la s t ic  and p l a s t i c  

s t r a in  components (1 7 2 ). The a n e la s t ic  s t r a in s  a re  a form of energy 

conversion  a s so c ia te d  w ith  c y c lic  atom ic d if fu s io n  and in t e r n a l  

f r i c t i o n .  F e l tn e r  and Morrow (32) have proposed th a t  th e se  a n e la s t ic  

s t r a in s  a re  non-damaging in  a f a t ig u e  sense  and th e re fo re  th e  f a t ig u e  

l im i t  must be  g re a te r  than the c y c lic  y ie ld  s t r e s s .  Hie c u r re n t  work 

su p p o rts  th is  view.
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1
4 .4 .  F a tig u e  Param eter -  M a te r ia l R e la tio n sh ip s  

4 -4 .1 . E xperim ental Design

I t  has been shown p re v io u s ly  th a t  the  f a t ig u e  behav iour of f e r r i t e -  

p e a r l i t e  s te e l s  can be  d e sc rib ed  by the  Coffin/M anson and Basquin law s. 

The fo u r  f a t ig u e  param eters d e riv ed  from th e se  r e la t io n s h ip s ,  a re  a l l  

th a t  i s  re q u ire d  to d e fin e  a m a te r ia ls  f a t ig u e  c h a r a c te r i s t i c s .  

A d d itio n a lly , i t  has been shown th a t  p ro p e r t ie s  o b ta in ed  from e i th e r  

the  monotonic t e s t  o r the  I .S .  t e s t  a re  e q u iv a len t o r s im ila r  to th ese  

f a t ig u e  p a ram ete rs . Because the  p ro p e r t ie s  from th ese  two t e s t s  a re  

r e l a t i v e ly  easy to  o b ta in , i t  was decided  to  b a se  the  work in  th i s  

s e c tio n  on o b ta in iq g  r e la t io n s h ip s  betw een them and the  m e ta l lu rg ic a l  

v a r ia b le s .  A p r o je c t  was i n i t i a t e d  in  which f iv e  independen t 

v a r ia b le s  (carbon , s i l i c o n ,  manganese, a u s te n i t i s in g  tem peratu re  and 

iso th e rm a l tran sfo rm a tio n  tem peratu re) were each f ix e d  a t  th re e , e q u a lly  

sep a ra te d  le v e l s ,  ta b le  ( 17). A ^ rd  f r a c t io n  f a c t o r i a l  experim ent 

was c re a te d  which re q u ire d  8 l  monotonic and in c rem en ta l s te p  t e s t s  to  

be c a r r ie d  o u t. The d e ta i l s  of th e  81 c o n d itio n s  a s s o c ia te d  w ith  

th ese  te s t s  a re  shown in  ta b le  ( 18 ) • To m eet th e  requ irem en ts  of the 

d esig n , 27 d i f f e r e n t  m a te r ia l  com positions were n e ce ssa ry . These 

com positions have p re v io u s ly  been shown in  ta b le  ( l ) .

4 .4 .2 .  R esu lts

Monotonic and I .S .  t e s t s  were c a r r ie d  o u t on a l l  27 s t e e l s  i n  each of 

the  th re e  h e a t  t r e a te d  c o n d itio n s . The te s t in g  techn iques adopted  and 

the  method of d a ta  a n a ly s is  fo r  each t e s t ,  have been d e sc rib e d  

p re v io u s ly . Follow ing the  t e s t s ,  a  r e p re s e n ta t iv e  t e s t  specim en fo r  

each nexperim en tal conditLonM was sec tio n e d  and p rep ared  f o r  

m ic ro sco p ica l exam ination . Q u a n tita tiv e  m eta llog raphy  was then 

c a r r ie d  ou t on th e se  specim ens.
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Ihe r e s u l t s  of th e  q u a n t i ta t iv e  m icroscopy and the  m echanical t e s t s  

a re  combined in  ta b le  ( 19),- I t  can be seen from the  r e s u l t s  th a t  a 

wide range of m ic ro s tru e tu re s  were produced in  th e  s t e e l s ,  ( f e r r i t e  

c o n te n t v a r ie d  from zero to  about 65%). These r e s u l t s  can b e s t  be 

understood  by c o n s id e rin g  th e  r e la t io n s h ip s  between the independen t 

v a r ia b le s  and m ic ro s tru c tu re  in  more d e t a i l .

4 .4 .2 .1 .  M ic ro s tru e tu ra l  C on sid era tio n s

The e f f e c t  o f in c re a s in g  the  carbon c o n te n t of a s t e e l  i s  w e ll known, 

i e . ,  th e  ca rb id e  and hence p e a r l i t e  c o n te n t i s  in c re a se d . As th e  

volume f r a c t io n  of p e a r l i t e  in c re a s e s , th e  m icroscopic s iz e  param eter
1

a s so c ia te d  w ith  the  " f r e e ” f e r r i t e  (da in  th is  work) d e c re a se s .

A dd itions o f manganese cause the  volume f r a c t io n  of p e a r l i t e  to  in c re a s e  

due to  i t s  e f f e c t  on the  e u te c to id  com position} i t  reduces th e  le v e l  

of carbon re q u ire d  to  produce a f u l l y  p e a r l i t i c  s t r u c tu r e .  In  a d d it io n , 

th e  time re q u ire d  to  com plete the  p e a r l i t e  r e a c t io n  in c re a s e s  w ith  

in c re a s in g  manganese c o n te n t, and th e re fo re  the in te r la m e l la r  sp ac ing  

a lso  in c re a s e s  (1 7 3 ). The rem aining e lem en ta l v a r ia b le ,  s i l i c o n ,  

produces a s o l id  s o lu tio n  w ith  f e r r i t e  and th e re fo re  the m ic ro s tru c tu re  

i s  u n a ffe c te d .

In c re a s in g  the  a u s te n i t i s in g  tem peratu re  has the  i n i t i a l  e f f e c t  of 

in c re a s in g  th e  p r io r  a u s te n i te  g ra in  s iz e  which in  tu rn  in c re a s e s  b o th  

the  f e r r i t e  g ra in  s iz e  and the  in te r la m e l la r  sp ac in g . Cahn and Hagel 

(174) have shown th a t  th is  i s  due to  an in c re a s e  in  tran s fo rm a tio n  

time as the p r io r  a u s te n i te  g ra in  s iz e  i s  in c re a se d  and the  growth r a t e  

i s  decreased , accord ing  to  the  e q u a tio n :-

T = 0 ‘ 5 d T/ G
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where T = time to  com plete tran sfo rm a tio n

d-y = p r io r  a u s te n i te  g ra in  s iz e  

G = Growth r a t e  of transform ed p ro d u c t

Hie eq u a tio n  assumes th a t  th e  r a t e  of n u c le a tio n  o f the transfo rm ed  

p roduct i s  n o t  s ig n i f i c a n t  in  the  o v e ra l l  r e a c t io n  tim e. E xperim ental 

r e s u l t s  have v a l id a te d  th is  assum ption by  showing th a t  tra n s fo rm a tio n  

a t  the  g ra in  boundaries  ( th e  n u c le a tio n  s i t e s )  occurs w ith in  the  f i r s t  

few p e rc e n t o f the  o v e ra l l  tran sfo rm a tio n  tim e.

R aising  th e  le v e l  of th e  o th e r h e a t  tre a tm en t v a r ia b le  ( iso th e rm a l 

tran sfo rm a tio n  tem p e ra tu re ) , in c re a s e s  th e  volume f r a c t io n  of p ro -  

e u te c to id  f e r r i t e  fo r  a given carbon c o n te n t and a lso  in c re a s e s  th e  

tran sfo rm a tio n  tim e. This l a t t e r  e f f e c t  produces an in c re a s e  in  the  

f e r r i t e  g ra in  s iz e  and the  in te r la m e l la r  spacing  o f the p e a r l i t e .

By adop ting  the  shorthand  method used by  F e ltn e r  and Beardmore (1 7 5 ), 

the n e t  e f f e c t s  of a l l  the  v a r ia b le s  can b e  summarised as fo l lo w s :-

C t , f a J , f pt ,  da * , s ° ~  , xJ

Mnf ,  f 0* , f pt ,  da « . ,  S ° t  , xJ

S it , no m icros t r u e tu r a l  change

W *  f « ~ ’ ’ s ° f > 1  *

I . T . T . t ,  f a t , f pt , d a i> S°t  , Xt

In  g e n e ra l, th e  a n t ic ip a te d  m ic ro s tru e tu ra l  c h a r a c te r i s t i c s  of each 

s t e e l ,  based  on the  above d isc u ss io n , were borne o u t by the  q u a n t i ta t iv e  

m icroscopy r e s u l t s  shown in  ta b le  (1 9 ) .  The anomolous r e s u l t s  a re  

p robably  due to  e i th e r  in a c c u ra c ie s  in  th e  iso th e rm a l tran s fo rm a tio n  

h e a t  trea tm en ts  o r m ic ro seg reg a tio n  e f f e c t s .
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4 .4 .2 .2 .  M e ta llu rg ic a l  V ariab les  -  M echanical P ro p erty  R e la tio n sh ip s  

In  o rd er to develop th ese  r e la t io n s h ip s ,  the  computer based  " a n a ly s is

Hie r e la t io n s h ip s  between m e ta l lu rg ic a l  variables and f a t ig u e  r e la te d

param eters were of m ajor concern , b u t  in  a d d itio n  some of the  more

common m echanical p ro p e r t ie s  were ev a lu a ted . The programme used in

the  c u r re n t  work co n sid ered  each com position f a c to r  i n - i t s  l i n e a r  form

and a lso  as the  squared  fu n c tio n . The s ig n if ic a n c e  of second o rd e r
2 2in te r a c t io n s  ( f o r  example; C .S i, C .S i o r C .S i ) was a lso  a sse sse d .

i )  Composition and H eat tre a tm e n t Effects 

The r e s u l t s  of th is  a n a ly s is  in d ic a te d  th a t  the  l in e a r  fu n c tio n  o f the  

com position v a r ia b le s  had the  g r e a te s t  s ig n if ic a n c e .  F ig s .43-45 a re  

ty p ic a l  g ra p h ic a l examples th a t  su p p o rt th is  assessm ent because  rea so n ab le  

l in e a r  r e la t io n s h ip s  e x i s t  between the  elem ents and the m echanical 

p ro p e r t ie s .  The computed re g re s s io n  equations o b ta ined  f o r  the 

im p o rtan t m echanical p ro p e r t ie s  a re  shown b e lo w :-

Ihe f ig u r e  in  square  b ra c k e ts  a t  the  end of each equation  i s  th e  degree 

o f v a r ia t io n  in  the  d a ta  th a t  i s  exp la ined  by the  eq u a tio n . F ig . 46 

g ives an in d ic a t io n  of the  equation  accuracy . A ctual and p re d ic te d  

v a lu es  of the  c y c lic  y ie ld  s t r e s s ,  f o r  which the  p re d ic t io n  eq u a tio n  

re p re se n te d  only  69% of the V a r ia b i l i ty  in  the  d a ta  i s  shown. A lthough 

co n s id e ra b le  s c a t t e r  i s  p re s e n t in  th is  p lo t  a d e f in i te  r e la t io n s h ip  i s

of v a r ia n ts "  programme, which has been d esc rib ed  p re v io u s ly , was u sed .

<ry  (N/mm2) = 70 +  327(#C) + 85($S i) +  83($Mn) 82.7%

< y  (N/mm2) = 104 +  53.506C) + 6 l .4 (g S i)  +  33.5($Ofa)

^  (N/mm2) = 241 +  621 (JgC) + 11506S1) + 75 06Mn)

<rf (N/mm2) =  542 +  557 (?6C) + 149(gSi) +  132 (gMn)

91.0$

6 9 .($

78.356

ef = 1.22 -  l.O l(^C )

n' = 0.148 + 0 . 148O6C) -  0 .035(#S i)



apparent. In m eta llu rg ica l terms th is  le v e l  of sca tter  i s  common

(153-157)

I t  can be seen from the equations that a l l  the strength  parameters are 

increased  by add ition s of carbon, s i l ic o n  and manganese. However, the 

heat treatment var iab les were n ot found to be s ig n if ic a n t . This la t t e r  

r e s u lt  i s  probably due to the few unexpected micros true tures th at were 

produced.

( i i )  Micros tru etu ra l E ffe c ts  

The carbon content in  these s t e e ls  i s  r e la ted  to the d isp ersion  hardening 

caused by cem entite p a r t ic le s .  This e f f e c t  can be assessed  q u a n tita tiv e ly  

i f  a m icrostruetural parameter which r e f le c t s  the in terb a rr ier  spacing  

(im portant in  d isp ersion  strengthening) i s  su b stitu ted  fo r  the carbon 

content.

In order to produce strueture-property  re la tio n sh ip s  ap p licab le  to a l l  

the s t e e ls  stu d ied , a s in g le  m icrostruetural parameter was required . 

Because deformation in  mixed f e r r i t e - p e a r l i t e  structures i s  la r g e ly  

confined to the f e r r i t e  phase, the mean f e r r i t e  path was considered the 

most appropriate parameter to u se . This was ca lcu la ted  by su b stitu tin g  

sev era l measurements obtained from the m icrostructure of the s t e e l s ,  in to  

equation ( 25) , i e ,

The computed values of th is  parameter were then transformed in to  the 

two fo llow in g  forms in  the regression  a n a ly s is : -

Xa = fa-^a + 0*87.fp.S°

( i )

( i i ) •  •  •  •

Gensamer and co-workers

H all/P etch



The fo llo w in g  equations were o b ta in ed  from th is  a n a ly s is : -

°Y (N/mm2) = 256 -9 3 .2 log Xa + 8 l .2 (# S i) +  55(/oMn)

aY (N/mm2) = 151 +88.2
— 1,

Xa 2 + 8 3 .4 (g S i) + 52(%Mn)

V ’(N/mm2) = 135 -  14.2 log Xa + 6 l ($S i) + 29(^Mn)

V (N/mm2) = 117 + 15.2 Xa1' 2 + 61 (%S±) + 28(^Mn)

«u (N/mm2) = 595 -179 log Xa + 112(%Si) + 6l(#Mn)

ffu (N/mm2) = 394 +168 V ' 2 + 114(^Si) + 60($Mri)

(N/mm2) = 862 -184 log Xa + 143(% S±) + 76($Mn)

°f (N/mm2) = 662 +167 Aa + 147(/oSi) + 72(^Mn)

cf = O.6 5 . +  0 .23  (log Xa )

€f = 0.91 -  0 .22  ( "Xa V’ )

72 .6  

75 .0

[68 . 056]

[6 8 . 055]

[77.055]

[76.055]

[78.055]

[78.055]

[57.055]
[61 . 056]

n = 0.232 -  0 .042(log  X„ ) -  0.37(j6Si) -  0.017($Mn) 

n' = 0.185 +  0 .040( X“,/2 ) -  0.036(56Si)- 0.019(^Mn)

[78. Og_ 

[8 0 .056]

I t  can be seen in  th ese  r e s u l t s  th a t  the  c o e f f ic ie n ts  a s s o c ia te d  w ith  

the  two forms of the  mean f e r r i t e  path  a re  ve ry  s im i la r .  This was n o t  

s u rp r is in g  because  the  two tran sfo rm a tio n s  co n sid ered  reduce the  o v e ra l l  

range of Xa v a lu es  by  about th e  same amount. T herefore the  s lo p es  of 

c o r re la t io n s  w ith  m echanical p ro p e r t ie s  a re  s im i la r .  However, because  

the  in d iv id u a l  v a lu es  a re  transform ed by  d i f f e r e n t  amounts, th e  eq u a tio n  

c o n s ta n t ( in te r c e p t )  w i l l  vary  f o r  each c a se .

The s im i la r i ty  in  the  o v e ra l l  range of the  transform ed Xa v a lu e s , a lso  

means th a t  the  v a r i a b i l i t y  in  the  c o r r e la t io n s  w i l l  be s im i la r .  This 

can be  seen from the  r e s u l t  f o r  each equation  shown in  sq u are  b ra c k e ts .  

T herefo re , the  p o s tu la t io n s  of Gensamer and H a ll/P e tc h  a re  i n  essence  

v ery  s im ila r ,  a lthough  in  m e ta l lu rg ic a l  terms the  l a t t e r  i s  more 

s a t i s f a c to r y .



4 .4 « 3 . D iscussion

The r e s u l t s  p re sen ted  in  th is  s e c tio n  show how com position  and 

m ic ro s tru c tu re  r e l a t e  to  some im p o rtan t m echanical p r o p e r t ie s .  There 

a re  d i f f e r e n t  a sp e c ts  to what i s  meant by  th is  l a t t e r  term . In  th is  

work the  s tre n g th  and d u c t i l i t y  of a m a te r ia l  su b jec ted  to  c y c l ic  loads 

a re  of prime i n t e r e s t .  However, through the  c o r re la t io n s  between 

c y c lic  and monotonic f r a c tu r e  s tre n g th  and d u c t i l i t y ,  the  monotonic 

f r a c tu r e  p ro p e r t ie s  a re  a lso  co n sid ered  im p o rtan t.

a) Monotonic P ro p e r tie s

S tren g th  p ro p e r t ie s  can be  subd iv ided  in to  two ty pes; those  r e la te d  

to  flow  and those to  f r a c tu r e .  Both a re  fu n c tio n s  of numerous v a r ia b le s  

in  a d d itio n  to  com position  and m ic ro s tru c tu re  ( s t r a i n ,  s t r a i n  r a t e  and 

tem pera tu re , f o r  exam ple). In  the  c u r re n t  work th ese  l a t t e r  v a r ia b le s  

were h e ld  c o n s ta n t so th a t  th e  e f f e c ts  of m e ta l lu rg ic a l  v a r ia b le s  

could  be a sse sse d .

In  s t e e l s ,  the  r e s is ta n c e  to  i n i t i a l  flow  i s  com plicated  by th e  p resence  

o f i n t e r s t i t i a l  elem ents (C and N), which a re  a s so c ia te d  w ith  a h igh  

monotonic y ie ld  s t r e s s  (upper y ie ld  p o in t)  and a sudden re d u c tio n  in  

s t r e s s  im m ediately  y ie ld  has o ccu rred . C o t t r e l l 's  th eo ry  ( 176) ,  

p o s tu la te s  th a t  d is lo c a tio n s  a re  ’’locked11 by the  i n t e r s t i t i a l  atoms 

th a t  seg reg a te  to  p o s it io n s  around d is lo c a tio n s  made fav o u rab le  by th e  

l a t t i c e  d i s to r t io n .  The upper y ie ld  p o in t  r e f l e c t s  the  sh ea r s t r e s s  

re q u ire d  to  te a r  a d is lo c a t io n  away from i t s  ’’atm osphere” . On re a ch in g  

th i s  s t r e s s  le v e l  numerous d is lo c a tio n s  a re  re le a s e d  in to  th e  s l i p  

p lan es  which allow s deform ation  to occur m om entarily a t  a v e ry  low s t r e s s .  

In  f e r r i t e - p e a r l i t e  s t e e l s  the  d is lo c a tio n s  p i le -u p  a t  m icros t r u e tu r a l  

b a r r i e r s  producing m icroscopic  back s t r e s s e s  on the  g l id e  p la n e s .

A h ig h e r s t r e s s  i s  then re q u ire d  to  produce f u r th e r  defo rm ation . This 

p o in t ,  which i s  e q u iv a le n t to  th e  lower y ie ld  s t r e s s ,  i s  o b v io u sly
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in f lu e n c e d  by the  a b i l i t y  of d is lo c a tio n s  to  move through the  f e r r i t e .

This in  tu rn  w i l l  be  dependent on the s o lu te  atoms in  the  f e r r i t e  phase 

and on the i n t e r b a r r i e r  spacing  which i s  in flu en c ed  by the  f e r r i t e  g ra in  

s iz e  and the  s e p a ra tio n  of cem en tite  p a r t i c l e s .

The eq u ation  f o r  th e  monotonic low er y ie ld  s t r e s s  (cy) shows th a t  

d isp e rs io n  harden ing  has the  b ig g e s t  e f f e c t  on th is  p ro p e rty . Carbon 

c o n te n t and mean f e r r i t e  p a th , which combines the f e r r i t e  c o n te n t 

and g ra in  s iz e  w ith  the  cem en tite  c o n te n t and i n t e r p a r t i c l e  sp ac in g , 

r e f l e c t  th is  e f f e c t .  However, the  s o l id  s o lu tio n  s tre n g th e n in g  e f f e c ts  

due to  s i l i c o n  and manganese a re  a lso  s ig n i f ic a n t .

i

F u r th e r  in c re a s e s  in  lo ad  r e s u l t  in  perm anent p l a s t i c  defo rm atio n . In  

s t e e l s ,  th e  e a r ly  s tag es  of p l a s t i c i t y  i s  a lso  unusual in  t h a t  i t  o f te n  

occurs in  s t r a in  b u r s ts  w ith  l i t t l e  a s s o c ia te d  in c re a s e  in  m acroscopic 

s t r e s s ,  (Luders e x te n s io n ) . The mechanism re sp o n s ib le  f o r  th is  

behav iou r i s  r e la te d  to a lo c a l  in c re a s e  in  s t r e s s  a t  th e  t i p  of an a r ra y  

of p ile d -u p  d is lo c a t io n s .  This s t r e s s  c o n c e n tra tio n , combined w ith  

the a p p lie d  s t r e s s  in  an a d ja c e n t g ra in , unlock the  d is lo c a tio n s  in  

th a t  g ra in . R ep e titio n s  of th is  behav iou r le ad  to  the p ro p ag a tio n  o f 

a Luders band through the specim en. S ev e ra l bands or s t r a i n  b u r s ts  

u s u a lly  occur b e fo re  a m acroscopic in c re a s e  in  s t r e s s  i s  observed .

This l a t t e r  p o in t i s  c h a ra c te r is e d  by  homogeneous deform ation  th roughou t 

th e  specim en.

The low s t r a in ,  work harden ing  r a t e  ( nj in  ta b le  (1 3 ) )  i s  very  low in  

each s t e e l  s tu d ie d . This r e s u l t  p robab ly  in d ic a te s  th a t  i n i t i a l  

p l a s t i c i t y  occurred  by a Luders band mechanism. This f e a tu r e  i s  a lso  

i l l u s t r a t e d  by th e  f l a t  s t r e s s - s t r a i n  curves shown in  f i g s . 47-54 . I t  

i s  a lso  ev id en t th a t  in c re a s in g  the  s i l i c o n  c o n te n t of the s t e e l  r e s u l t s  

in  a lower work harden ing  r a t e  in  th i s  re g io n . In  f a c t ,  in  some of the 

h igh  s i l i c o n  s te e l s  v i r t u a l l y  no work harden ing  occurs in  th e  e a r ly  s ta g e s  

of p l a s t i c i t y .  70



The e f f e c t  of a llo y in g  elem ents on th e  low s t r a in ,  monotonic work 

harden ing  c h a r a c te r i s t i c s  of i ro n  based  m a te r ia ls  has n o t been 

sy s te m a tic a lly  s tu d ie d . T herefore  in  o rd e r to  comment on th is  b eh av io u r, 

the  c u r re n t  work i s  considered  in  a s s o c ia t io n  w ith  in d i r e c t  o b se rv a tio n s  

found in  the  l i t e r a t u r e .  In  th is  reg io n  of the  tru e  s t r e s s - t r u e  s t r a in  

cu rve , the work harden ing  c h a r a c te r i s t i c s  of a m a te r ia l  a re  dependent on 

two main f a c to r s

( i )  The degreee to  which d is lo c a tio n s  i n t e r a c t  w ith  each o th e r  o r w ith  

m icros t r u e tu r a l  b a r r i e r s ,  and

( i i )  The degree and ease  of d isp e rs io n  o r p ropagation  of deform ation  

throughout the m a te r ia l .

The r a t e  of work harden ing  w i l l  be h igh  i f  d is lo c a tio n  in te r a c t io n  i s  

ex ten s iv e  b u t  w i l l  be low in  p o ly c ry s ta l l in e  m a te r ia ls  th a t  e x h ib i t  

homogenous defo rm ation . This i s  because each new p a r t  of th e  m a te r ia l  

th a t  becomes a c t iv e  w i l l  i n i t i a l l y  have a low work harden ing  r a t e  due 

to the low i n i t i a l  d is lo c a t io n  d e n s ity  in  undeformed m a te r ia l .

F e r r i t e ,  having  a h igh  s ta c k in g  f a u l t  energy, c r o s s - s l ip s  r e a d i ly  on 

many p lanes (1 1 0 ),(1 1 2 ) and (113) and deform ation  i s  c h a ra c te r is e d  by 

wavy s l i p  markings in  th e  m ost fav o u rab ly  o r ie n te d  su rfa ce  g ra in s .  

Specimen ex ten sio n  in  th is  s tag e  i s  by a Luders band mechanism. When 

carbon i s  a llo y e d  w ith  iro n  to  produce p e a r l i t e ,  the work h arden ing  

r a t e  in  the  e a r ly  s tag e s  do n o t a l t e r  very  much (compare rij v a lu es  f o r  

low and h igh  carbon s te e ls  in  ta b le  ( 1 3 ) ) .  However, the e x te n t o f the  

Luders ex ten sio n  i s  reduced (compare f i g s . 49 aijd 50 w ith f i g s . 53 and 54 

re s p e c t iv e ly ) .  This in d ic a te s  th a t  homogeneous deform ation  i s  reached  

more qu ick ly  in  p e a r l i t e  than in  f e r r i t e .  This i s  a r e s u l t  o f two 

e f fe c ts :~

( i )  The f e r r i t e  c o n ten t in  a p e a r l i t i c  s t e e l ,  in  which v i r t u a l l y  a l l  

the  s t r a in  o ccu rs , i s  lower than in  a f e r r i t i c  s t e e l .
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( i i )  The cem en tite  p a r t i c l e s  a c t  as a source  fo r  d is lo c a tio n  

g e n e ra tio n . Burns and P ic k e rin g  (177) have observed th a t  many 

d is lo c a tio n s  a re  gen era ted  from f  e r r i te -c e m e n t i te  in te r f a c e s  during  

the monotonic deform ation  of p e a r l i t e .

A dd itions of s i l i c o n  to  i ro n  reduces the s ta c k in g  f a u l t  energy, 

r e s t r i c t i n g  s l ip  to the  (110) p la n e s . C ro s s -s l ip  becomes d i f f i c u l t  

a t  h igh  s i l i c o n  c o n ce n tra tio n s  and deform ation  i s  c h a ra c te r is e d  by p la n a r  

s l i p  markings a t  th e  su rfa c e  of the  m e ta l. McEvily and Johnston  have 

re p o r te d  th a t  in  i r o n - s i l i c o n  iro n s  th is  type of s l i p  le ad s  to a g re a te r  

d isp e rs io n  o f deform ation  throughout the  specimen (6 8 ) . F e l tn e r  and 

Beardmore (175) have gone f u r th e r  in  s ta t in g  th a t  " in  g e n e ra l the  w eight 

of evidence in d ic a te s  th a t  in  s in g le  phase m a te r ia ls ,  a l lo y in g  w ith  

s u b s t i tu t io n a l  atoms to  ach ieve a more p la n a r  s l i p  c h a ra c te r  w i l l  

produce a more homogeneous s l i p  d is t r ib u t io n " .  T herefo re , the 

observed decrease  in  as the  c o n ce n tra tio n  of s i l i c o n  in  f e r r i t e  i s  

in c re a se d , can be exp la ined  by the g re a te r  d is t r ib u t io n  o f defo rm ation  

in  th is  m a te r ia l  compared w ith  pure f e r r i t e .

The e f f e c t  of manganese a d d itio n s  in  s te e l s  i s  to r a i s e  the  volume 

f r a c t io n  of p e a r l i t e  and to  produce a s o l id  so lu tio n  w ith th e  f e r r i t e  

component of the  m ic ro s tru c tu re . From the  p rev ious d is c u s s io n , i t  can 

be  deduced th a t  th ese  m a te r ia l  v a r ia t io n s  w i l l  have only  a sm all e f f e c t  

on the  low s t r a in  work harden ing  c h a r a c te r i s t i c s  of the m e ta l.

The o th e r  s tre n g th  p ro p e r t ie s  quoted in  th is  work, <rv and <fp , a re  a lso

dependent on the work harden ing  c h a r a c te r i s t i c s  of the s t e e l s .  In  th e se

c ase s , the work harden ing  r a t e  a t  h ig h e r s t r a in s  ( and nm ) a re

re le v a n t .  The r e s u l t s  of ta b le  (1 3 )  in d ic a te  th a t  v a lu es  a re

co n sid e rab ly  h ig h e r than the  co rrespond ing  nx v a lu e s . The m ajor reaso n  •

fo r  th is  e f f e c t  can be deduced by comparing the re g re s s io n  equatio n s

fo r  <Ty and . I t  can be seen th a t  the  re g re s s io n  c o e f f i c i e n t  fo r
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carbon r e la te d  param eters in  the  case  of 0̂  , a re  approxim ately  tw ice 

those f o r  cry . This in d ic a te s  th a t  the  d isp e rs io n  of cem en tite  in  

f e r r i t e  has a dominant e f f e c t  on . This i s  p robably  due to  the 

r e s t r i c t e d  d is lo c a t io n  m o b ility  caused by the  p rox im ity  of cem en tite  

la m e lla e . Burns and P ic k e rin g 1s o b serv a tio n s  a re  again  p e r t in e n t  to 

th is  b eh av io u r.

The h igh  s t r a in  work harden ing  r a t e ,  n^- , tends to  be low er than n^. .

In  the  re g re s s io n  equations th is  change i s  r e f le c te d  in  a low er 

c o e f f ic ie n t  f o r  carbon (and r e la te d  param eters) in  th e  ex p ress io n s  fo r  

<Tf compared w ith  <ru . Again th e  0̂  c o e f f ic ie n ts  fo r  s i l i c o n  and 

manganese a re  s im ila r  to those  o b ta in ed  f o r  (rv . This in d ic a te s  th a t  

a d isp e rse d  second phase has the g r e a te s t  e f f e c t  on d is lo c a t io n  m o b ility  

even a t  very  h igh  s t r a in s .

b ) C yclic  P ro p e r tie s

An in te r e s t in g  f e a tu re  of the  r e s u l t s  i s  th e  much reduced e f f e c t  of the  

second phase p a r t i c l e s  when the  y ie ld  s t r e s s  i s  ob ta in ed  under c y c lic  

lo ad in g  (o y ')*  The equations q u a n tify  the  d e s c r ip t iv e  h y p o th e sis  

given in  the l i t e r a t u r e  review , i e ,  p l a s t i c  deform ation under c y c l ic  

lo ad in g  i s  a id ed  by ,

i )  back s t r e s s e s  caused by  d is lo c a t io n  p ile -u p s  a t  second phase 

p a r t i c l e s ,  and

i i )  a r e l a t i v e ly  low d is lo c a t io n  d e n s ity  which i s  m ain ta ined  d u rin g  

c y c lin g  by a n n ih i la t io n  of the o p p o s ite ly  signed  screw d is lo c a t io n s  

th a t  a re  produced from a s e s s i l e  so u rce .

However, the  s o l id  s o lu t io n  harden ing  e f f e c t  i s  s t i l l  ap p a ren t under 

c y c lic  lo ad in g ; the c o e f f ic ie n ts  f o r  s i l i c o n  a re  v i r t u a l l y  unchanged.

With manganese the c o e f f ic ie n ts  fo r  c y c lic  p ro p e r t ie s  a re  down b u t  i t  

should be no ted  th a t  manganese a d d i t io n a l ly  in f lu e n c e s  the  volume f r a c t io n  

of the  cem en tite  p a r t i c l e s .
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The s e r ie s  of re g re s s io n  equations a lso  in c lu d e  those fo r  the c y c lic  

s t r a in  harden ing  exponent, n ' . The r e s u l t s  a re  q u a n t i ta t iv e  

re p re se n ta tio n s  of th e  o b se rv a tio n s  made in  the  f i r s t  p a r t  of the  s e c t io n , 

i e ,  in c re a s in g  carbon c o n te n t causes n' to  in c re a s e  whereas a d d itio n s  

of s i l i c o n  have the  o p p o site  e f f e c t .  This behav iour i s  p robab ly  

a s s o c ia te d  w ith  a m a te r ia l1s c a p a c ity  f o r  r e v e r s ib le  s l i p  which in  tu rn  

i s  in f lu e n c e d  by the  in h e re n t  f l e x i b i l i t y  of d is lo c a tio n  movement. In  

h igh  s ta c k in g  f a u l t  energy m a te r ia ls  (u n a llo y ed  f e r r i t e  f o r  example) 

a h igh  f l e x i b i l i t y  in  d is lo c a t io n  m o b ility , a l l i e d  w ith  the  complex 

d is lo c a t io n  p a t te rn  produced d u ring  c y c lin g , r e s u l t s  in  a low le v e l  of 

d is lo c a t io n  r e v e r s i b i l i t y  when the  lo ad in g  d i r e c t io n  i s  changed. When 

cem en tite  p a r t i c l e s  a re  p re s e n t in  u n a llo y ed  f e r r i t e  the  d is lo c a t io n  

s t ru c tu re s  produced a re  even more complex and the degree o f d is lo c a t io n  

r e v e r s i b i l i t y  w i l l  be reduced . This r e s u l t s  in  a h ig h e r n' v a lu e . 

However, when s i l i c o n  i s  p re s e n t in  f e r r i t e  the movement of d is lo c a t io n s  

i s  changed co n s id e ra b ly . S l ip  i s  con fined  to  the  (110) p lan es  and 

p la n a r s l i p  r e s u l t s .  This type of deform ation  behav iour le ad s  to  more 

homogeneous s l i p  and a lso  to a h ig h e r p o te n t ia l  f o r  d is lo c a t io n  

r e v e r s i b i l i t y .  In  c y c lic  t e s t s  th is  i s  c h a ra c te r is e d  by homogeneous, 

low no tch-peak  su rfa c e  deform ation  and a low c y c lic  s t r a in  ha rd en in g  

exponent.

A dd itions o f manganese in c re a s e  the volume f r a c t io n  of c em en tite  in  

a d d itio n  to  e n te r in g  in to  s o l id  s o lu tio n  in  f e r r i t e .  In  terms of the  

c y c lic  s t r a in  harden ing  exponent, th ese  two c h a r a c te r i s t i c s  w i l l  tend 

to can ce l each o th e r o u t and th e re fo re  v a r ia t io n s  in  manganese do n o t  

a f f e c t  the value  of n' .



c ) D u c t i l i ty  Param eters

F in a l ly ,  the  d u c t i l i t y  param eter co n sid ered  to  be im p o rtan t in  th is  

work, , was found to  be  a f fe c te d  s ig n i f ic a n t ly  by  the cem en tite  c o n ten t 

and spacing  on ly . This r e s u l t  i s  r e la te d  to  the lo c a l is e d  n a tu re  of 

deform ation th a t  occurs in  m a te r ia ls  c o n ta in in g  h ard  p a r t i c l e s  in  a 

s o f t  m a tr ix . I f  m icroscopic  s t r a in  g ra d ie n ts  a re  la rg e ,  as can be 

expected in  f e r r i t e  c o n ta in in g  cem en tite  p a r t i c l e s ,  then deform ation  

w i l l  be  co n cen tra ted  in  th e  s o f te r  phase . In  o rd e r to  m a in ta in  c o n tin u ity  

i n  th e  m a te r ia l ,  many d is lo c a tio n s  a re  n e ce ssa ry  a t  the  p a r t i c le /m a t r ix  

in te r f a c e .  (T his has been p re d ic te d  by Ashby ( 8 5 ) .and a lso  observed by 

Burns and P ick e rin g  (1 7 7 ))- T herefo re , such in te r f a c e s  a re  v u ln e ra b le
I

to  debonding, and hence m a te r ia ls  c o n ta in in g  h ard  p a r t i c l e s  in  a s o f t  

m a trix  w i l l  have a low er f r a c tu r e  d u c t i l i t y  than  the  m a trix  m a te r ia l .

For a g iven  o v e ra l l  s t r a in  in  a specim en, the degree of deform ation  in  

the  s o f t  m a trix  w i l l  in c re a s e  as th e  volume f r a c t io n  of th e  second 

phase in c re a s e s .  T herefo re , the  f r a c tu r e  d u c t i l i t y  w i l l  be  reduced 

co rre sp o n d in g ly .

Elements in  s o l id  s o lu tio n  in  the  f e r r i t e  w i l l  p la y  l i t t l e  o r no p a r t  

in  the  debonding -  f r a c tu r e  mechanism. I t  can be a n t ic ip a te d  th e re fo re  

th a t  such elem ents w i l l  n o t  a f f e c t  th e  mono to n ic  f r a c tu r e  d u c ti l i ty .

d) P re d ic tio n  of F a tig u e  Curves

The re g re s s io n  equations produced in  th is  s e c tio n  have a lso  been used  

to p r e d ic t  f a t ig u e  or e q u iv a len t fa t ig u e  p a ram ete rs , ta b le  (2 0 ) . The 

two s u f f ix e s  a s so c ia te d  w ith  the  param eters (pc and pm) in  th i s  ta b le ,  

in d ic a te  the  p re d ic te d  v a lu es  u s in g  (a ) the  equation  c o n ta in in g  j u s t  

the e lem en ta l v a r ia b le s  (pc) and (b) those  c a lc u la te d  from th e  

equation  c o n ta in in g  the  m ic ro s tru e tu ra l  param eter (pm). One method of 

a sse ss in g  th ese  p re d ic tio n s  i s  to compare c o n s tru c te d  f a t ig u e  l i f e  curves



w ith  a c tu a l  f a t ig u e  t e s t  d a ta . F i g .55 shows th is  com parison f o r  c a s ts  

40 and 74 on a s t r a i n - l i f e  b a s is  whereas f i g . 56 shows the  same 

comparison in  terms of s t r e s s - l i f e .  For the  p re d ic te d  c u rv es , the 

f a t ig u e  l im i t s  were ev a lu a ted  u s in g  c a lc u la te d  v a lu es  of th e  c y c lic  

y ie ld  s t r e s s ,  o y ,  and then adding 20 N/mm in  accordance w ith  th e  

d iscrepancy  p re v io u s ly  e s ta b lis h e d  (se e  f i g . 42) .

The r e s u l t s  f o r  the  s t r a i n - l i f e  curve were f a i r l y  ty p ic a l  i n  th a t  an 

e x c e lle n t  c o r r e la t io n  was found between the  a c tu a l  and p re d ic te d  v a lu e s . 

However, the  i n f e r i o r  r e s u l t s  shown i n  f i g . 56 in d ic a te s  th e  s tro n g  

in f lu e n c e  of the in te r c e p t  a ^  on the  p re d ic te d  s t r e s s - l i f e  cu rv e . I t
1

i s  c le a r  from the  r e s u l t s  th a t  the  re g re s s io n  equations do n o t  a c c u ra te ly  

p r e d ic t  the  v a lu es  of <r̂ ' . This problem i s  n o t due to the  poor 

re g re ss io n  equation  b u t  the u n c e r ta in  c o r r e la t io n  between th e  m onotonic 

f r a c tu r e  s t r e s s  and the  f a t ig u e  s tre n g th  c o e f f ic ie n t .  This p o in t  

has been d iscu ssed  in  a p rev ious s e c t io n .



5. CHARACTERISTICS OF FATIGUE DAMAGE AND FRACTURE IN C/Si/Mn STEELS

5 .1 . In tro d u c tio n

The aim of the  work in  th is  s e c tio n  was to  produce q u a l i t a t iv e  

in fo rm atio n  on the  n a tu re  of crack  i n i t i a t i o n  and p rop ag a tio n  in  

f e r r i t e —p e a r l i t e  s t e e l s .  I t  should be no ted  th a t  th is  was n o t  a m ajor

o b je c tiv e  o f the  p r o je c t  and th e re fo re  an e x ten s iv e , sy stem a tic  approach 

was n o t  adopted . In  essen ce , the f r a c tu r e  fa c e s  of some of th e  lo n g er 

l i f e  specimens from each m a te r ia l  were examined in  a scanning e le c tro n  

m icroscope (SEM). The c h a r a c te r i s t i c  f e a tu re s  of b o th  s ta g e  I  and 

s ta g e  I I  c rack  growth were s tu d ie d . In  a d d itio n , su rfa ce  f a t ig u e  

damage was observed on specimens from o th e r  t e s t s  in  which th e  c y c lin g  

was o c c a s io n a lly  in te r ru p te d  to  allow  th e  specimen to  be examined. For 

th is  work the  gauge le n g th  of the  specimens was e le c tro p o lish e d  p r io r  

to te s t in g ,  u s in g  the  fo llo w in g  s o lu tio n  a t  a tem perature  of 20° C : -

G la c ia l  a c e t ic  a c id  133 ml

Chromium t r io x id e  25 ml

Water 7 ml

E le c tro p o lish in g  was c a r r ie d  o u t fo r  30 m inutes u s in g  a b a th  v o lta g e  

o f 20.5 v o l t s .

In  o rd e r to a sse ss  th e  no tch-peak  topography developed on th e  e le c t r o 

p o lish ed  su r fa c e s , a ta p e r - s e c t io n  technique was o c c a s io n a lly  employed 

which gave a 5:1 m ag n ific a tio n  in  a p e rp e n d icu la r  d i r e c t io n  to  the  

su rfa c e .

5 . 2 . Surface Damage and Microcracks

The i n i t i a l  f a t ig u e  damage was observed a f t e r  only  a sm all f r a c t io n  of 

the specimen l i f e  in  a l l  the  m a te r ia ls  examined. F ine  su rfa c e  m arkings 

developed q u ick ly  in  some a reas  and then th e  a f fe c te d  a re as  grew in  

s iz e  and number as the  t e s t  proceeded. In  th e  s te e l s  c o n ta in in g  a 

h igh  f e r r i t e  c o n te n t, th e  su rfa ce  damage was i n i t i a l l y  co n fin ed  to  the
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f e r r i t e  g ra in s .  F i g .57 shows the  f a m il ia r  su rfa c e  s l i p  bands th a t  

developed; in  th is  case  from c a s t  40 which has more than 60% of f e r r i t e  

in  the  m ic ro s tru c tu re . The h e ig h t of the  peaks was r e l a t i v e ly  sm all 

( ty p ic a l ly  2 urn) and m icrocracks were o f te n  a s so c ia te d  w ith  the  s l i p  

bands. These can be  c le a r ly  seen in  f ig .5 7 b . A f u r th e r  c h a r a c te r i s t i c  

o f th ese  h igh  f e r r i t e  s t e e l s ,  in c lu d in g  those  w ith  2'% s i l i c o n ,  was th a t  

the  s l i p  markings had a wavy appearance.

The i n i t i a l  f a t ig u e  damage in  the  la m e lla r  p e a r l i t e  s t r u c tu r e s  occurred  

p r e f e r e n t ia l ly  in  those  co lo n ie s  in  which the  cem en tite  p la te s  were 

o r ie n te d  a t  approx im ately  45° to the  ap p lie d  s t r e s s  a x is .  As th e  t e s t s
I

p ro g ressed  the  su rfa ce  a re a  showing damage in c re a se d  m arkedly.

The o b serv a tio n s  of su rfa c e  damage made on the  h igh  f e r r i t e  s t e e l s  were 

s im ila r  to those  re p o rte d  by  o th e r workers (6 6 ,6 7 ,1 1 3 ) . S u rface  damage 

develops lo c a l ly  in  shallow  s l i p  bands and m icrocracks o f te n  form in  

one fav o u rab ly  o r ie n te d  g ra in  b e fo re  any a p p re c ia b le  damage i s  c re a te d  

in  a d ja c e n t g ra in s .  Evidence of e x tru s io n  fo rm ation  was n o t  found in  

the  s t e e l s  examined and th e re fo re  i t  i s  p o s s ib le  th a t  the m icrocracks 

developed by a s l i p  band mechanism s im ila r  to  th a t  proposed by Neumann 

(1 1 4 ). In  a d d itio n  th e  o b se rv a tio n  of wavy s l i p  c h a r a c te r i s t i c s  in  the 

h igh  s i l i c o n  s te e l s  supports  th e  work of B o ettn er and McEvily ( 67) and 

in d ic a te s  th a t  a s i l ic o n  c o n te n t in  excess of 2f0 i s  re q u ire d  in  o rd e r 

to com pletely  r e s t r i c t  s l i p  to the  (110) p la n e s . However, because  

in c re a s in g  s i l i c o n  c le a r ly  had a marked e f f e c t  on the  f a t ig u e  

p ro p e r t ie s  of the s te e l s  s tu d ie d , some c o n s t r a in t  on the a v a i la b le  s l i p  

system s must have occu rred . This ap p a ren t anomaly i s  p robab ly  due to 

the l im ite d  and q u a l i t a t iv e  assessm ent of s l i p  marking "w aviness" made 

in  the  work.

The su rfa ce  deform ation c h a r a c te r i s t i c s  found in  the  p e a r l i t i c  s t e e l s  

were s im ila r  to  p rev ious o b serv a tio n s  made by Taylor ( 84) and by the
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au th o r ( 178) .  Docohesion of the  fav o u rab ly  o r ie n te d  f e r r i te - c e m e n t i te  

in te r f a c e s  i n i t i a l l y  o ccu rs , due p robab ly  to  d is lo c a t io n  g en e ra tio n  

from th ese  in te r f a c e s .  The p e r t in e n t  o b se rv a tio n s  of Burns and 

P ic k e rin g  (177) and the  th eo ry  of Ashby (85) have a lre ad y  been  d iscu ssed  

in  th is  r e s p e c t .

5.3* S tage I  F ra c tu re  C h a r a c te r is t ic s

The a c tu a l  i n i t i a t i o n  p o in t  of a f a t ig u e  crack  i s  u s u a lly  v e ry  d i f f i c u l t  

to f in d  when examining f r a c tu r e  fa c e s .  However, th is  f e a tu r e ,  to g e th e r 

w ith  the  s tag e  I  c rack s  was observed in  s e v e ra l  h igh  f e r r i t e  co n ta in in g  

s t e e l s .  The b e s t  example found i s  th a t  shown in  f i g s . 58 and 59. Hie
1

specim en, from c a s t  07, had two i n i t i a t i o n  p o in ts  as can be seen in  

f i g . 58a , which were c h a ra c te r is e d  by a number of s im ila r  f e a tu re s

1. The su rfa ce  of the  c racks was v e ry  smooth compared to  the  

s tag e  I I  c rack s .

2. The s tag e  I  c racks formed a t  an ang le  of between 30° and 60°

to  the  d ir e c t io n  of the  a p p lie d  lo a d . This was a sse ssed  by t i l t i n g  

the  specimen in  the  S.E.M, and n o tin g  the  ang le  between the 

specimen su rfa ce  and the s tag e  I  c ra ck .

3. N on-m etallic  in c lu s io n s  were a s so c ia te d  w ith  the  s tag e  I  c ra c k s . 

(These a re  in d ic a te d  by the sm all arrows in  f i g s . 58b and 59b).

S im ila r  c h a r a c te r i s t i c s  were u s u a lly  observed on o th e r  specimens which 

co n ta in ed  a c le a r ly  d i l in e a te d  s tag e  I  c ra ck . However, i n  th e  f u l l y  

p e a r l i t i c  s t e e l s ,  the  i n i t i a t i o n  p o in t was le s s  c le a r  and no d e f in i t e  

s ta g e  I  c racks were observed .

The r e s u l t s  f o r  the s t e e l s  co n ta in in g  a p p re c ia b le  f e r r i t e  c o n te n t 

c le a r ly  show the in f lu e n c e  of n o n -m e ta llic  in c lu s io n s  in  g e n e ra tin g  the 

m ajor m icrocracks from which the  s tag e  I I  c racks u l t im a te ly  developed . 

This i s  d e sp ite  th e  f a c t  th a t  th e se  s te e l s  were vacuum m elted  and
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co n ta in ed  a very  low d e n s ity  of sm all in c lu s io n s .  Hie in c lu s io n s  

a s so c ia te d  w ith  the  s ta g e  I  c racks f o r  example,were only  10 to  15 jum 

long , and about 5 /-tm in  d iam eter.

The o b serv a tio n s  made by Lankford (94) which were d iscu ssed  p re v io u s ly , 

a re  obv iously  p e r t in e n t  to  th is  f in d in g , i e ,  debonding of in c lu s io n s  

was p robab ly  re sp o n s ib le  f o r  the fo rm ation  of the s tag e  I  c rack s  in  the  

f e r r i t i c  s t e e l s .  The an g le  of the  c rack s  was a s so c ia te d  w ith  th e  

maximum sh ea r s t r e s s  and th e  c ry s ta llo g ra p h y  of the  g ra in s  in  th e  

c r i t i c a l  lo c a t io n ,  whereas th e i r  smooth su rfa c e  can be a t t r ib u te d  to 

the  i n i t i a l l y  slow c rack  growth through the  m a te r ia l  in  th is  re g io n .
i

Specimens from the  p e a r l i t i c  s t e e l s  d id  n o t co n ta in  s ta g e  I  c rack s  and 

evidence on which to  p o s tu la te  a c rack  i n i t i a t i o n  mechanism was n o t  

o b ta in ed  from th ese  s tu d ie s .  However, the  p re v io u s ly  re p o r te d  

o b serv a tio n s  made on the  specimen s u rfa c e , in d ic a te  th a t  debonding of 

the  f e r r i t e /c e m e n t i te  in te r f a c e  i s  p robab ly  the  dominant f a c to r .  I t  

i s  suggested  th a t  th e  c lo sen ess  of the  c a rb id e  lam e llae  p rev en ts  the 

fo rm ation  of an observab le  s ta g e  I  c rack .

5.4* S tage I I  F ra c tu re  C h a r a c te r is t ic s

The g e n e ra l appearance of the  s ta g e  I I  f r a c tu re s  a t  low m a g n ific a tio n s  

was very  s im ila r  f o r  a l l  th e  s te e l s  te s te d .  T yp ical pho tographs, shown 

in  f i g s .60  and 61, a re  fo r  the h igh  f e r r i t e  s t e e l  ( c a s t  34) and the f u l l y  

p e a r l i t i c  s t e e l  ( c a s t  36) re s p e c t iv e ly .  The main f e a tu re  of the 

f r a c tu re s  was th e  m u ltitu d e  of s te p s , which could  o fte n  be  c l a s s i f i e d  as 

one o r o th e r  o f two m ajor types

a) Major i r r e g u la r  shaped s tep s  th a t  l i e  in  p lanes a lm ost p a r a l l e l

to  the  d i r e c t io n  of c rack  growth (bottom  to  top in  the  photographs 

shown), Examples of th is  f e a tu r e ,  which can be c l a s s i f i e d  as 

" b r i t t l e  s t r i a t io n s "  are marked by "A" in  f ig s .6 0  and 6 l .
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b ) Numerous i r r e g u la r  shaped s te p s , lo c a te d  between the  b r i t t l e

s t r i a t i o n s ,  which were o f te n  o r ie n te d  a t  approx im ately  45° to the 

d i r e c t io n  of c rack  growth.

Viewing th e  f r a c tu r e s  a t  h ig h e r m ag n ific a tio n s  re v ea led  on ly  one m ajor 

d if fe re n c e  between the  s t e e l  ty p es . The s te e l s  c o n ta in in g  a p p re c ia b le  

f e r r i t e  had v e ry  f in e  s t r i a t i o n s  in  some of the f e r r i t i c  a re a s .  An 

example i s  shown in  f i g . 62 which i s  from c a s t  07. In  the  low er l e f t  hand 

q u a r te r  o f th is  photograph the  m arkings produced by  the c rack  p e n e tra t in g  

a c i r c u la r  shaped p e a r l i t e  colony can be seen . A djacen t to  th is  colony 

i s  a f e r r i t i c  reg io n  which c o n ta in s  f in e  s t r i a t i o n s .  I t  should  be  no ted
I

th a t  even i n  s te e l s  c o n ta in in g  more than  60fa f e r r i t e ,  the  s t r i a t i o n s  were 

always d i f f i c u l t  to  observe in  the  S .E .M ., and co n sid e rab ly  le s s  than 60fa 

of the  f r a c tu r e  su rfa ce  co n ta in ed  the  m arkings.

In  the  f u l l y  p e a r l i t i c  s t e e l s  and in  th e  p e a r l i t e  co lo n ie s  o f th e  f e r r i t i c  

s t e e l s ,  no f a t ig u e  s t r i a t i o n s  were observed over the e n t i r e  f r a c tu r e  

su rfa c e . F ig . 63 i s  a good example of th e  f r a c tu r e  c h a r a c te r i s t i c s  in  

p e a r l i t e ;  in  th i s  case  from s t e e l  74 te s te d  a t  a s t r a in  am plitude  o f 0.003 

(Nf — 105) .  The d i f f e r e n t  o r ie n ta t io n s  of the  cem en tite  la m a lla e  can be  

seen to  have had a marked e f f e c t  on th e  su rfa c e  topography. On the  r i g h t  

hand s id e  of the photograph the cem en tite  p la te s  a re  alm ost in  th e  same 

p lane  as the  growing c rack , whereas in  many reg io n s  on the  l e f t  hand s id e , 

the  p la te s  a re  p e rp en d icu la r to  the  c ra c k . A lso v i s ib le  in  th i s  photograph 

a re  s e v e ra l secondary  c racks which appear to  have developed a t  growth 

f a u l t s  in  the  p e a r l i t e  c o lo n ie s . A b e t t e r  example of secondary c ra ck in g , 

in  th is  case  a long the  f e r r i te - c e m e n t i te  in te r f a c e s ,  i s  shown in  f i g . 64a 

and b .  This form of crack  was a very  common fe a tu re  on a l l  the  f r a c tu r e s  

examined a t  r e l a t i v e ly  long  crack  le n g th s . A b e t t e r  way to  a s s e s s  the  

in f lu e n c e  of cem en tite  lam & llae on the  f r a c tu r e  su rfa ce  topography, was



to  view the  f r a c tu r e s  a f t e r  e tch in g  in  7$ N i ta l .  F ig s .65 and 66 a re  

examples of th is  tech n iq u e . I t  can be seen th a t  the  o r ie n ta t io n  of the  

cem en tite  p la te s  in  each colony has caused the  crack  to p ro p ag a te  in  a 

d i f f e r e n t  d i r e c t io n .

From the o b serv a tio n s  made, a mechanism of f a t ig u e  crack  growth in  

f e r r i t e - p e a r l i t e  s te e l s  can be  p o s tu la te d :-

C em entite la m e llae  have a s tro n g  in f lu e n c e  on the f r a c tu r e  c h a r a c te r i s t i c s  

even in  s t e e l s  c o n ta in in g  la rg e  volume f r a c t io n s  o f f e r r i t e .  The numerous 

secondary s te p s  a t  approx im ately  45° to  the growth d ire c t io n  a re  

"m acroscopic" in d ic a t io n s  of th e i r  e f f e c t .  I t  i s  p robab le  th a t  debonding
1

of the fav o u rab ly  o r ie n te d  f e r r i t e /  cem en tite  in te r f a c e s  occurs as the  

crack  f r o n t  approaches a p e a r l i t e  co lony. A "b ridge"  c o n ta in in g  undamaged 

m a te r ia l  can rem ain between a d ja c e n t p e a r l i t e  co lo n ie s  th a t  have in c u rre d  

fa t ig u e  damage (debonding). These b r id g e s  ev en tu a lly  f r a c tu r e  to  produce 

the  b r i t t l e  s t r i a t i o n s  runn ing  p a r a l l e l  w ith  the  c rack  f r o n t .  F ig .67 i s  

a d iag ram atic  re p re s e n ta t io n  of th is  h y p o th e s is . I t  i s  suggested  th e re fo re  

th a t  a mechanism s im ila r  to  th a t  proposed by F o rsy th  and Ryder (134) a p p lie s  

to  p e a r l i t i c  s t e e l s .  They envisaged sm all c leavage  cracks develop ing  ahead 

of the  c rack  f r o n t  which was fo llow ed  by the  necking  down and f r a c tu r e  of 

the ligam ent of m a te r ia l  s e p a ra tin g  th e  two, as the  lo c a l  s t r e s s  in c re a s e d .

The l im ite d  number of " c la s s ic a l"  s t r i a t i o n s  in  the  h igh  f e r r i t e  s t e e l s ,  

a lso  suggests  th a t  c rack in g  of the p e a r l i t e  reg io n s  may have a s tro n g  

in f lu e n c e  on the crack  growth mechanism in  th e se  m a te r ia ls .  I t  i s  proposed 

•that debonding ahead of the  crack  t ip  i s  ag ain -fav o u red  in  th e  p e a r l i t e  

c o lo n ie s . Crack p e n e tra t io n  through the  f e r r i t e  g ra in s  can be  b o th  ra p id  

and ex ten s iv e  b e in g  a f fe c te d  by the  r e l a t i v e  p o s i t io n  of a d ja c e n t p e a r l i t e  

c o lo n ie s . Thus, n o t a l l  f e r r i t e  g ra in s  e x h ib i t  su rfa ce  m ark ings.



6 . FATIGUE RESISTANCE OF C/Si/Mn STEELS IN VARIABLE LOAD ENVIRONMENTS

6 .1 . In tro d u c tio n

An im p o rtan t f e a tu re  of the  developm ent of f a t ig u e  r e s i s t a n t  components i s  

th e  a b i l i t y  to  p r e d ic t  th e i r  l i f e  and hence a n t ic ip a te  p o te n t ia l  problem s. 

This requ irem en t n e c e s s i ta te s  the  und ers tan d in g  of m a te r ia l  b eh av iou r when 

su b jec te d  to v a r ia b le  am plitude lo a d s , as most s e rv ic e  lo ad in g  co n d itio n s  

a re  of th is  type . In  the  l i t e r a t u r e  rev iew , the  im p o rtan t in fo rm a tio n  

re q u ire d  f o r  an a c c u ra te  p re d ic t io n  of f a t ig u e  l i f e  was o u tl in e d . In  re c e n t  

y ears  th is  in fo rm a tio n  has been g a th ered  to g e th e r and computer based  f a t ig u e  

l i f e  p re d ic t io n  programmes which in c o rp o ra te  th ese  f e a tu r e s ,  have been 

produced.
I

The S o c ie ty  of Automotive Engineers has o rg an ised  an e x ten s iv e  programme of 

work aimed a t  ev a lu a tin g  the  accuracy  of some of th ese  programmes, and in  

g e n e ra l many of th e  r e s u l t s  ob ta in ed  were encouraging ( r e f . 179 co n ta in s  

s e v e ra l  papers on the  s u b je c t ) .  The aim of th e  work re p o rte d  i n  th i s  s e c t io n  

i s  to use  some of the  d a ta  and v a r ia b le  am plitude load  s ig n a ls  in c o rp o ra te d  

in  the SAE work in  o rd e r to  a sse ss  th e  c h a r a c te r i s t i c s  of a p re d ic t io n  

programme ( 180, l 8 l)  and a lso  to  co n sid e r the in f lu e n c e  of m e ta l lu rg ic a l  

param eters in  v a r ia b le  load  environm ents.

6 .2 . The SAE T est Programme

The t e s t  programme designed  by SAE in c lu d ed  th re e  d i f f e r e n t  types of s e rv ic e  

s t r a in - t im e  h i s to r i e s  s e le c te d  from over t h i r t y  such reco rd s  su b m itted  by

committee members. The th re e  h i s to r i e s  can b e  b r i e f l y  d e sc rib e d  as fo l lo w s :-
*

( i )  Suspension h is to r y

This h is to r y  was ob ta in ed  from a v eh ic le -su sp en s io n  component which 

was d riven  over an a c c e le ra te d  d u r a b i l i ty  co u rse . The s ig n a l  

c o n s is te d  of random in p u ts  from the road su rfa ce  superim posed on le s s  

f re q u e n t in p u ts  from the  v e h ic le  manoeuvres. In  g e n e ra l a com pressive 

mean lo ad  was p re s e n t in  the  m a jo rity  o f the  c y c le s .
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( i i )  B racket h is to r y

This h is to r y  was produced from a lo ad  c a r ry in g  b ra c k e t  a tta c h e d  

to  th e  s id e  of a road  v e h ic le .  Most cy c le s  had a zero mean 

lo a d .

( i i i )  T ransm ission h is to r y

This h is to r y  was c h a ra c te r is e d  by a changing mean lo a d . I t  was 

o b ta ined  from th e  tran sm iss io n  to rque  measured on a t r a c to r  engaged 

in  front>-end lo a d e r work.

The th re e  h i s to r i e s  were co n sid ered  to  be ty p ic a l  fo r  the ground v e h ic le  

in d u s try  and s u f f i c i e n t ly  d i f f e r e n t  to  be u s e fu l  i n  th is  e x e rc is e  of checking  

the accuracy  of f a t ig u e  l i f e  p re d ic tio n  programmes. A sample o f each lo ad in g  

h is to r y  i s  shown in  f i g . 68.

An ex ten s iv e  t e s t  programme was c a r r ie d  o u t by  s e v e ra l  of th e  p a r t i c ip a t in g  

American la b o r a to r ie s .  The main fe a tu re s  were as fo llo w s : -

(a ) V ariab le  am plitude f a t ig u e  t e s t s  on c e n tre  no tch  specimens of the  type 

shown in  f i g . 69, u s in g  the  s e le c te d  random h i s to r i e s  as in p u t  to  the  

t e s t  specim ens. The t e s t  s e r ie s  u t i l i s e d  two m a te r ia ls  (MAN-TEN and 

RQC-100) and c rack  i n i t i a t i o n  l i f e ,  c rack  p ro p ag a tio n  l i f e  and l i f e  to  

f a i l u r e  were m onitored .

(b) C onstan t am plitude fa t ig u e  te s t s  on the  same specimen type and in  the 

same m a te r ia ls .

(c )  Mono to n ic  and c y c lic  t e s t s  on the  two m a te r ia ls  to  o b ta in  th e  b a s ic  

m echanical p ro p e rty  d a ta  re q u ire d  in  many of the p re d ic t io n  programmes.

During the  l a s t  few years  many workers have used th is  d a ta  to  a s s e s s  t h e i r  

own fa t ig u e  l i f e  p re d ic t io n  tech n iq u es . In  th e  c u r re n t  s tu d y  th e  

p re d ic t io n  programme o u tlin e d  in  ( 180) and ( l 8 l )  i s  f i r s t  a s s e sse d  u s in g  

the  SAE d a ta  and su b seq u en tly , the  response  of C/Si/Mn s te e l s  to  v a r ia b le  

load  h i s to r i e s  i s  ev a lu a ted .
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6 . 3. The L ife  P re d ic tio n  Programme

6 .3 .1 .  D esc rip tio n

A random h is to r y  (u s u a lly  s t r a in  o r lo ad -tim e) i s  p ro cessed  by the  

programme on a r e v e r s a l  by r e v e r s a l  b a s i s .  I n i t i a l l y ,  the  nom inal s ig n a l  

i s  su b jec te d  to a cy c le  coun ting  ro u tin e  (Rainflow ) which reduces the  

measured h is to r y  in to  a s e r ie s  of cy c le s  and h a l f  cy cles  c o n s is te n t  w ith  

m a te r ia l  b eh av io u r. Also in c o rp o ra te d  in  the  ra in flo w  a lg o rith m  i s  a 

"m a te r ia l memory" f e a tu r e .  The o u tp u t from the  ra in flo w  ro u tin e  i s  

n e x t converted  to  the lo c a l  co n d itio n  by tak in g  account of the  geom etric 

c o n ce n tra tin g  e f f e c t s  in  the  component be in g  s tu d ie d . This i s  achieved
l

u s in g  Neubers r u le  ( 8 ) .  In  o rd e r to  ach ieve  th is  o b je c t iv e  the  c y c lic  

s t r e s s - s t r a i n  r e la t io n s h ip  of th e  component m a te r ia l  i s  used  and i t  i s  

assumed th a t  the  m a te r ia l  obeys Masing*s hy p o th esis  (2 1 ).

For each r e v e r s a l  o r c y c le , the param eter ( %jax.6| ) (40) i s  n e x t 

c a lc u la te d  in  the  fo llo w in g  way:-

( i )  For each s t r e s s  range id e n t i f i e d  by cy c le  co u n tin g , the  AcrAej. 

p ro d u c t i s  c a lc u la te d  from,

Aa.Af, = K^AS/'E (4 1 )

( i i )  For the c a lc u la te d  AcrAe  ̂ v a lu e , the  unique va lues of <ra and 

a re  ob ta in ed  from a p re -c a lc u la te d  ta b le  of r e s u l t s  produced 

u s in g  the  c y c lic  s t r e s s - s t r a i n  curve and Masing! s d e s c r ip t io n  

of the  h y s te r e s is  loop shape.

( i i i )  ^max i s  then c a lc u la te d  by re fe re n c e  to the  p rev ious r e le v e n t  

tu rn in g  p o in t  fo llow ed  by the °max€j. param eter.

F in a l ly ,  the  f a t ig u e  damage ( '/N f ) r e s u l t in g  from each r e v e r s a l  or 

c y c le  i s  a sse ssed  and accum ulated. To o b ta in  the  fa t ig u e  cu rve  fo r  

th is  assessm ent the  fo u r f a t ig u e  param eters (<7f', e '̂ ,  c and b ) a re  fe d  

in to  th e  computer and the fo llow ing  equation  i s  u s e d :-
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( W t E ) ’'2 = [ f o ' f ( 2 N ff  + E .fy ( 2 N f)b+c] V4 (4 2 )

Miners r u le  i s  adopted in  o rd e r to  d e fin e  f a i l u r e  of the  component, 

i . e .  f a i l u r e  i s  assumed when th e  accum ulated damage v a lu e  reach es  

u n ity .

6 .3 .2 .  E v a lu a tio n  of the  Programme

The b a s ic  m a te r ia l  p ro p e r t ie s  fo r  Man-Ten and RQC-100 s t e e l  a re  shown 

in  ta b le  ( 21 ) . For the  SAE e x e rc is e , Man-Ten was used in  the  a s - r o l le d  

c o n d itio n  and had a p e a r l i t i c  m ic ro s tru e tu re  whereas RQC-100 had been 

quenched and tempered to  produce a b a i n i t i c  s t r u c tu r e .  The r e s u l t s  of 

the  l i f e  p re d ic tio n ^  and a comparison w ith  the  t e s t  d a ta  i s  shown in  

ta b le s  (2 2 )  and (2 3 ) . F ig u re  70 i s  a ty p ic a l  g ra p h ic a l r e p re s e n ta t io n  

of some of the  d a ta , in  th is  case  f o r  Man-Ten s t e e l  su b jec te d  to  the 

suspension  h i s to r y .  For th is  m a te r ia l  the l i f e  p re d ic tio n s  f e l l  betw een 

th e  i n i t i a t i o n  l i n e  and the  t o t a l  f a i l u r e  l i n e .  This i s  e x a c tly  the  

d e s ire d  r e s u l t  as th e  programme in te n d s  to  p r e d ic t  the  l i f e  to  develop 

a s h o r t  c rack  and hence in c lu d e s  i n i t i a t i o n  l i f e  and p a r t  of the  c rack  

growth l i f e .

The p re d ic tio n s  fo r  the RQC-100 s t e e l  however, were g e n e ra lly  below  the  

lower bound crack  i n i t i a t i o n  l i n e  fo r  a l l  the  h i s t o r i e s .  There was 

th e re fo re  a co n s is te n cy  in  the " e r ro r" .  Due to  the  complex n a tu re  of 

the p re d ic t io n  programme, i t  i s  d i f f i c u l t  to  a sse ss  the  sou rce  o f th is  

e r r o r .  The p o s s i b i l i t i e s  a re  the  f a i l u r e  of Neubers r u le ,  M iners r u le  

o r the  m a te r ia l  model c re a te d  fo r  th is  m a te r ia l .

Although f in e  tun ing  of the  programme i s  obv iously  s t i l l  re q u ire d , the  

f a c t  th a t  c o n s is te n t  r e s u l t s  a re  o b ta ined  in d ic a te s  th a t  i t  can be  used 

f o r  m a te r ia l  comparison pu rp o ses, p ro v id in g  th a t  the m ajor c h a r a c te r i s t i c s  

of each m a te r ia l  ("M asing" and m a te r ia l  memory behav iour) a re  s im i la r .



6 .3 .3 .  E v a lu a tio n  of the Masing H ypothesis fo r  C/Si/Mn S te e ls  

In  o rd e r to  e v a lu a te  the accuracy  of the  Masing h y p o th esis  f o r  p re d ic tin g  

h y s te r e s is  loop shapes in  C/Si/Mn s te e l s  the  X-Y ou tp u ts  o b ta in ed  during  

the  I .S .  t e s t s  were u t i l i s e d .  For each of the  s te e l s  s tu d ie d , the  5 th , 

10th and 15th loops ( eQ o f 0.005* 0.010 and 0.015 re s p e c tiv e ly )  were 

r e p lo t te d  w ith  a common zero  and fo r  com parison the  Masing m odified  

c y c lic  s t r e s s - s t r a i n  curve was in c o rp o ra te d  in to  the  p lo t .  A ll  the  

s te e l s  re v ea led  s im ila r  c h a r a c te r i s t i c s ;  as the  s t r a in  range in c re a se d  

th e  curve was r a is e d  v e r t i c a l l y  on the  p lo t .  A ty p ic a l  example i s  

shown in  f i g . 71* which re p re s e n t  the  r e s u l t s  fo r  c a s t  40 .

I

Morrow f i r s t  n o tic e d  th is  e f f e c t  in  OFHC Copper (22) and he a t t r ib u te d  i t  

to  a v a r ia t io n  in  the  c y c lic  s t r a in  harden ing  exponent (n* ) as th e  loop 

s iz e  was in c re a s e d . Jh a n sa le , however (19)* co n sidered  th a t  th e  work 

harden ing  param eters were c o n s ta n t and in  f a c t  i t  was the  h y s te r e s is  

loop y ie ld  s t r e s s  th a t  v a r ie d  when the s t r a in  range was in c re a s e d . He 

proposed a new param eter (Y ie ld  range increm ent) which i s  in f lu e n c e d  by 

s t r a in  range and which must be  used in  the  Ramberg-Osgood ex p re ss io n  in  

o rd e r to  improve the r e la t io n s h ip  between p la s t i c  s t r a in  and s t r e s s  

am plitude . For example,

where 5<ry = Y ie ld  range increm en t.

These two th e o r ie s  were ev a lu a ted  in  the c u r re n t  work by u s in g  th e  d a ta  

from c a s t  4 0 .  F i r s t ,  the  work harden ing  param eters were c a lc u la te d  

assuming a c o n s ta n t v a lu e  f o r  the h y s te r e s is  loop y ie ld  s t r e s s  (Morrow). 

The r e s u l t s  ob ta in ed  fo r  the th re e  loops of v a ry ing  s t r a in  range from 

the  I .S .  t e s t s  supported  Morrow1 s o b se rv a tio n s  th a t  as s t r a i n  range  i s  

in c re a se d  b o th  n  and K# a re  d ecreased , ta b le  ( 2 4 ) .  Secondly , 

J h a n s a le ^  p ro p o sa l f o r  a v a ry ing  h y s te r e s is  loop y ie ld  s t r e s s  was

(43)
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adopted , and a r e la t io n s h ip  between th is  param eter and s t r a i n  range was 

produced, f i g . 72. In c o rp o ra tin g  th is  d a ta  w ith  the  c o -o rd in a te s  of the

h y s te r e s is  loop d a ta  from the same th re e  I .S .  t e s t  loops as b e fo re , the 

work harden ing  param eters were c a lc u la te d .  In  th is  case  b o th  n and K' 

were found to  be  c o n s ta n t. The r e s u l t s  from the  two e x e rc ise s  can be 

compared in  ta b le  ( 24) .

From m e ta l lu rg ic a l  c o n s id e ra tio n s , the  theory  of Jh an sa le  i s  more 

a c c e p ta b le . The h y s te r e s is  loop y ie ld  s t r e s s  can be  reg arded  as a measure 

o f the  r e s is ta n c e  of a m a te r ia l  to the  o n se t o f m acroscopic p l a s t i c  

deform ation  a t  the  b eg inn ing  o f each s t r a in  r e v e r s a l .  I t  w i l l  a lm ost 

c e r ta in ly  b e  s t r a in  h is to r y  dependent th e re fo re , because i t  w i l l  be  

a f fe c te d  by the  number o f f r e e  d is lo c a tio n s  on th e  g lid e  p la n e s . An 

in c re a s in g  number of d is lo c a tio n s  w i l l  be  trapped  as the a p p lie d  s t r a in  

i s  in c re a se d  due to  the type of d is lo c a t io n  s t ru c tu re s  produced; the  

range of s t ru c tu re s  w i l l  vary  from sm all i s o la te d  c lu s te r s  a t  low s t r a i n s ,  

to  the  com plete c e l l u la r  netw orks ty p ic a l  of very  h igh  s t r a i n s .  Thus, 

th e re  w i l l  be  a g re a te r  r e s is ta n c e  to  m acroscopic d is lo c a t io n  movement 

w ith  th is  l a t t e r  type of s t r u c tu r e ,  and hence the  h y s te r e s is  loop y ie ld  

s t r e s s  w i l l  be h ig h e r .

V a ria tio n s  in  h y s te r e s is  loop y ie ld  s t r e s s  f o r  C/Si/Mn s te e l s  were found 

to  be  approxim ately  100 N/mm , fo r  a s t r a in  range of up to 0 .03  (se e  

f i g . 7 3 ). I f  ig n o red , a se r io u s  e r ro r  may r e s u l t  in  the  p re d ic te d  f a t ig u e  

l iv e s .  The e f f e c t  i s  complex as i t  i s  m a te r ia l  and sequence dependent, 

and th e re fo re  the f i n a l  outcome i s  d i f f i c u l t  to  e s tim a te . In  essence  

the  f a t ig u e  damage param eter w i l l  o f te n  be in c o r r e c t ly  computed as the 

s ig n a l  i s  p ro cessed . I t  can be  too h igh  (more damaging) o r too low 

( le s s  damaging), compared to the  tru e  v a lu e , depending on the  s ig n a l  

c h a r a c te r i s t i c s .  Because of the  u n c e r ta in ty  invo lved  i t  i s  recommended 

th a t  fu tu re  l i f e  p re d ic t io n  programmes should account fo r  th is  e f f e c t .



The a d d i t io n a l  in fo rm a tio n  re q u ire d  i s  sim ply the  r e la t io n s h ip  between

h y s te r e s is  loop y ie ld  s t r e s s  (o r  y ie ld  range increm ent) and a p p lie d  s t r a in  

ran g e .

Follow ing th e  assessm ent of the  l i f e  p re d ic t io n  programme s e v e ra l  

co nclusions have emerged:-

( i )  The programme can produce a cc u ra te  p re d ic t io n s  f o r  some m a te r ia ls

and s t r a in  h i s t o r i e s .  The r e s u l t s  f o r  Man-Ten s t e e l  a re

p a r t i c u la r ly  good.

( i i )  P re d ic tio n  e r ro rs  can r e s u l t  which a re  m a te r ia l  dependent.

( i i i )  C/Si/Mn s te e l s  a l l  e x h ib i t  non-Masing behav iour b u t  th e  v a r ia t io n

6 . 4 . A Comparison of C/Si/Mn S te e ls  S u b jec ted  to V ariab le  Load H is to r ie s

6 . 4 . I .  P rocedure

The comparison was achieved  by o b ta in in g  a l i f e  p re d ic t io n  f o r  each s t e e l  

when su b jec te d  to  v a rio u s  le v e ls  of the  SAE h is to r ie s .-  The r e le v a n t  

m echanical p ro p e r t ie s  were fe d  in to  the  computer on re q u e s t to g e th e r  

w ith  the  load  h is to r y .  The l i f e  p re d ic t io n  fo r  each s e t  c o n d itio n  was 

then p r in te d  o u t w ith in  a few seconds. F ig .74 re p re se n ts  th e  in p u t  and

o u tp u t of the programme f o r  j u s t  one o f the  case  s tu d ie s .

The f i r s t  l i s t  of questions in  th is  f ig u r e  i s  f o r  c re a t in g  th e  m a te r ia l  

model and fo r  m o d if ic a tio n  of the b a s ic  lo ad  h i s to r y .  The m echanical 

p ro p e r tie s  of i n t e r e s t  (E, K* and n' ) ,  a re  used to  " c o n s tru c t"  a c y c lic  

s t r e s s - s t r a i n  curve from th e  fo llo w in g  r e la t io n s h ip : -

i n  h y s te r e s is  loop y ie ld  s t r e s s  w ith a p p lie d  s t r a in  range i s

s im ila r .  T herefo re , the  programme can be used in  a m a te r ia l

comparison e x e rc is e , even though the  a c tu a l  p re d ic t io n s  may be

s l i g h t ly  in a c c u ra te .

(44)
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The computed curve i s  then sep a ra te d  in to  a v a r ia b le  number of s h o r t  

s t r a ig h t  l in e s  fo r  subsequen t a n a ly s is  to  f in d  the s t r a in  co rresponding  

to  the  n e x t s t r e s s - ra n g e  in  the  s ig n a l .  In  the  example shown, 200 model 

elem ents were s e le c te d  to r e p re s e n t  the  cu rv e .

Hie SAE h i s to r i e s  used in  th is  work were produced as nom inal load  

h i s t o r i e s .  However, the  l i f e  p re d ic t io n  programme o p e ra te s  on s t r e s s  and 

th e re fo re  conversion  was re q u ire d . This was ach ieved  by u s in g  a 

c a l ib r a t io n  f a c to r  based  on an e l a s t i c  a n a ly s is  of the  no tched  specimen 

used  in  th e  SAE programme produced by  Landgraf e t  a l  (1 7 9 ). They 

showed th a t  the  nom inal s t r e s s  a t  the  no tch  ro o t  (S) was r e la te d  to  the
i

a p p lie d  lo ad  (P) b y :-

S (N/mm2) =  11.25.P  (kN) (45)

Thus, to  c a lc u la te  the  c a l ib r a t io n  f a c to r  f o r  producing the  maximum 

ab so lu te  s t r e s s  co rrespond ing  to  th e  maximum lo ad , th is  eq u atio n  was u sed . 

For example, a common t e s t  load  was 71*2 kN, which co n v erts  to  a s t r e s s  

of 800 N/mm . Now, the  maximum load  in  each v a r ia b le  am plitude s ig n a l  

had been norm alised  to  a v a lu e  of 9999 th e re fo re  the c a l ib r a t io n  f a c to r  

f o r  each a p p lie d  in p u t h is to r y  i s  800 d iv id ed  by 999 which i s  0.7995*

The n e x t q u estio n  to  answer i s  a s s o c ia te d  w ith  the  u se  of Neubers r u le  

f o r  co n v ertin g  nom inal to  lo c a l  s t r e s s .  The s t r e s s  c o n c e n tra tio n  f a c to r  

f o r  the  notched  specimen under c o n s id e ra tio n  has been a sse sse d  by  s e v e ra l  

workers and the mean v a lu e  was found to  be  3*0. This v a lu e  was th e re fo re  

used  in  th e  c u r re n t  work. The second l i s t  of q u e s tio n s , f ig .7 4 b  i s  to 

e s ta b l i s h  the  f a t i g u e - l i f e  curve f o r  subsequent e s tim a tio n  o f damage 

from every  cy c le  and r e v e r s a l .  Hie fo u r  f a t ig u e  param eters and the 

f a t ig u e  l im i t  a re  s u b s t i tu te d  in to  the equation  re p re se n tin g  the  f a t ig u e -  

l i f e  curve f o r  th i s  pu rpose .
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Hie th i r d  s e r ie s  of q u estio n s  i s  re q u ire d  f o r  id e n t i fy in g  the  h i s to r y  to 

be  used  in  the  a n a ly s is  (SAESRE in  example i s  the  suspension  h i s to r y ) .

These h i s to r i e s  a re  a l l  s to re d  in  d i g i t a l  form on f iv e  megabyte hard  d is c s .

6 .4 .2 .  L ife  P re d ic tio n  R esu lts

L ife  p re d ic t io n s  were made u s in g  each of the th re e  s e rv ic e  h i s t o r i e s  a t
1 2fo u r  d i f f e r e n t  maximum s t r e s s  le v e ls  (800, 450, 230 and. 125 N/mm ) .

Each s t e e l  was co n sid e red  th e re fo re , f o r  a t o t a l  of twelve " h is to r y /  

s t r e s s  le v e l"  c o n d itio n s . Hie p re d ic te d  l i v e s ,  which were produced as 

b lo ck s  of the s ig n a l ,  a re  i l l u s t r a t e d  g ra p h ic a lly  i n  f i g s . 75-77 and from 

th ese  r e s u l t s  s e v e ra l  in te r e s t in g  fe a tu re s  were n o te d :-
I

( i )  The d if fe re n c e  between s te e l s  in c re a s e s  as the  m agnitude of 

the s ig n a l  s t r e s s  i s  reduced , i e ,  in  th e  h igh  cy c le  re g io n .

( i i )  High s tre n g th  s te e l s  generally have a b e t t e r  fa t ig u e  r e s i s ta n c e .

( i i i )  Some c ro ss -o v e rs  occur in  th e  curves ( p a r t i c u la r ly  w ith  th e

h ig h  s i l ic o n  s t e e l s )  in d ic a t in g  th a t  m a te r ia l  s u p e r io r i ty  can 

be  s t r e s s  dependent.

( iv )  The a n t ic ip a te d  s ig n a l  dependency of the p re d ic te d  l i f e  was 

observed . When the  l i f e  in  b lo ck s  was converted  to  c y c le s , 

the suspension  h i s to r y  was found to  be  much le s s  damaging than 

e i th e r  the  b ra c k e t  o r tran sm iss io n  h i s to r i e s  which tended  to  

be s im i la r .  This i s  probab ly  a r e f l e c t io n  of the g e n e ra lly  

com pressive mean s t r e s s  in  th e  suspension  s ig n a l .

The e f f e c t  of m e ta l lu rg ic a l  v a r ia b le s  on v a r ia b le  am plitude f a t ig u e  l i f e  

can a lso  be a sse ssed  q u a n t i ta t iv e ly  from th is  d a ta . Table (25) shows 

the  p re d ic te d  l iv e s  in  cy c le s  (Np) fo r  v a r ia t io n s  in  com position , s t r e s s  

le v e l  and s ig n a l .  A m u ltip le  re g re s s io n  a n a ly s is  was c a r r ie d  o u t on 

th is  d a ta  to  e s ta b l is h  the  in f lu e n c e  of the elem ents carbon, s i l i c o n  

and manganese on f a t ig u e  l i f e  and the fo llo w in g  r e s u l t s  were o b ta in e d :-
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( i )  For suspension  h is to r y
o

(a ) Maximum a b so lu te  s t r e s s  =  800 N/mm

Log l i f e  (N f.103) = 1.37 + 0.791 (% C) + 0.171 (% Mn)

o
(b) Maximum a b so lu te  s t r e s s  = 450 N/mm

Log l i f e  (N f.103) =  2.11 + 1.17 (% C) +  0.297 (% Mn) + 0.121 ( ft  S i)

ft
(c ) Maximum a b so lu te  s t r e s s  = 230 N/mm

Log l i f e  (N f.103) = 3.07 + 1.50 (ft C) +  0.717 (% Mn) + 0 .614 (% S i)

( i i )  For B rack e t h is to r y
o

(a ) Maximum a b so lu te  s t r e s s  =  800 N/mm

Log l i f e  (N f.103) = 0.516 + O.56I ( ft C) +  0.118 (ft Mn) -  0 .053 (% S i)
1

2
(b) Maximum a b so lu te  s t r e s s  = 450 N/mm

Log l i f e  (N f.103) = 1.17 +  0 .87 (ft C) +  0.242 (ft Mn) + 0.077 (% S i)

2
(c )  Maximum a b so lu te  s t r e s s  =  230 N/mm

Log l i f e  (N f.103) =  2.14 +  1.11 (% C) + 0.557 {% Mn) + 0.467 (% S i)

( i i i )  For T ransm ission h is to r y
2

(a ) Maximum a b so lu te  s t r e s s  = 800 N/mm

Log l i f e  (N f.103) = 0 .852 + 0.382 ( ft  C) + 0.112 (% Mn) -  0 .049 (% S i)

2
(b) Maximum a b so lu te  s t r e s s  = 450 N/mm

Log l i f e  (N f.103) = 1.53 +  O.64 (% C) +  0.216 (% Mn) + 0.043 ( f t  S i)

2
(c ) Maximum a b so lu te  s t r e s s  = 230 N/mm

Log l i f e  (N f.103) = 2.52 +  0.722 (% C) + 0.458 (% Mn) + 0.371 (% S i)

In  a l l  cases the  equations re p re s e n t  a t  l e a s t  96% of the  observed  v a r ia t io n .

6 .4 .3 .  D iscussion

Hie equations in d ic a te  th a t  the m agnitude of the  " a l lo y  e f f e c t"  i s  

dependent on the  maximum a b so lu te  s t r e s s  le v e l  in  the  s ig n a l  and on some 

o th e r  s ig n a l  c h a r a c te r i s t i c .  H iis  p o in t  i s  i l l u s t r a t e d  g ra p h ic a lly  in
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f i g . 78, which i s  a p lo t  of th e  re g re s s io n  c o e f f ic ie n ts  a s s o c ia te d  w ith  

each of th e  e lem ents, and the  maximum s t r e s s  in  the  s ig n a l .  I t  can be 

seen th a t  iro n  c o n ta in in g  carbon an d /o r manganese has b e t t e r  f a t ig u e  

p ro p e r t ie s  than pu re  i ro n  f o r  a l l  the  s t r e s s  co n d itio n s  c o n sid e red . 

However, the degree o f improvement in c re a s e s  as the  s t r e s s  le v e l  in  th e  

s ig n a l  i s  reduced . With carbon th is  e f f e c t  i s  a lm ost l in e a r  whereas 

w ith  manganese much g re a te r  b e n e f i t  i s  o b ta in ed  i f  the  maximum s t r e s s  in  

th e  s ig n a l  i s  below  450 N/mm .

S il ic o n  a d d itio n s  to  i ro n  do n o t n e c e s s a r i ly  produce an improvement in  

the f a t ig u e  p ro p e r t ie s .  In  f a c t ,  i f  the  s e rv ic e  s t r e s s e s  a re  h ig h , the
I

f a t ig u e  b eh av iou r of an i r o n / s i l i c o n  a l lo y  may be  s l i g h t ly  i n f e r i o r  to  

th a t  of pure i r o n .  However, when the s e rv ic e  s t r e s s e s  a re  low (below  

400 N/mm ) in c re a s in g  th e  le v e l  o f s i l i c o n  w i l l  r e s u l t  in  a s u b s ta n t ia l  

b e n e f i t .

I t  i s  a lso  ap p aren t from f i g . 78, th a t  a l lo y in g  e f f e c t s  a re  in f lu e n c e d  by 

the type of s ig n a l ;  the  b e n e f i ts  always b e in g  g re a te r  w ith  the  

suspension  h is to r y  fo llow ed  n e x t by th e  s ig n a l  from the  b ra c k e t .  Hie 

main d if fe re n c e s  between th ese  s ig n a ls  a re  mean s t r e s s  and lo ad in g  

sequence. For example, the  suspension  h is to r y  has very  d i f f e r e n t  mean 

s t r e s s  c h a r a c te r i s t i c s  compared to  the o th e r  two and th e re fo re  the  lo n g e r 

p re d ic te d  l iv e s  ( in  c y c le s )  w ith  th is  h i s to r y  in d ic a te s  the  im p o rtan t 

ro le  p layed  by th i s  p a ram eter. In  f a c t ,  the d if fe re n c e s  in  l i f e  betw een 

the suspension  h i s to r y  and the o th e r two i s  g re a te r  than th e  d if fe re n c e s  

found between th e  o th e rs .  Thus, i t  can b e  concluded th a t  mean s t r e s s  

e f f e c ts  a re  g re a te r  than lo ad in g  sequence e f f e c t s ;  the  m ajor d if f e r e n c e  

between the  b ra c k e t  and tran sm iss io n  h i s t o r i e s .

The ap p aren t r e la t io n s h ip  betw een the  11 a llo y in g  e f fe c t"  and s ig n a l  

c h a r a c te r i s t i c s  i s  only  a r e f le c t io n  of the type of f a t ig u e  l i f e  curve



used in  the p re d ic t io n  programme. This can b e s t  be understood  by- 

c o n s id e rin g  co m positional v a r ia t io n s  in  r e la t io n  to  th is  cu rv e , i e ,  the 

o'max.Ci -  l i f e  cu rv e . From the  equation  th a t  d e sc rib e s  th e  curve
o

(No.4 2 ), i t  can be  seen th a t  th e  two in te r c e p ts  a re  erf . and ) *

whereas th e  co rrespond ing  s lo p es  a re (b  + c) and 2b r e s p e c t iv e ly .  By 

adop ting  the  shorthand  system  used p re v io u s ly , an assessm ent o f the 

e f f e c t  of co m positional changes on th is  curve can be q u ick ly  a c h ie v e d :-

( i )  E f fe c t  of in c re a s in g  carbon

c l  W? t t ,c  L^i ,b ,b+c Le“  ,2b t vT

In  the  low c y c le  re g io n , the  in te r c e p t  i s  u n a lte re d  in  h ig h e r 

carbon s te e l s  b u t  the  s lo p e  of the  l in e  i s  le s s  n e g a tiv e  and thus 

a b e n e f i t  i n  l i f e  a cc ru e s . In  the  h igh  c y c le  re g io n , th e  in c re a s e  

in  the  in t e r c e p t  v a lu e  r e s u l t in g  from in c re a s e s  in  carbon c o n te n t , 

a re  o f f s e t  to  some e x te n t by  the  change in  the  s lo p e . Hie n e t  

e f f e c t  however, i s  s t i l l  b e n e f ic ia l .

( i i )  E f fe c t  of in c re a s in g  manganese

t  » 0 f  f  j a f V  t  1 5 n/  » c  , b  + cn-*. , 2 b
A dditions of manganese on ly  a f f e c t s  the  two in te r c e p ts  which in  b o th  

cases a t t a i n  h ig h e r v a lu e s . Hence, in c re a s in g  the  w eight 

pe rcen tag e  of th is  elem ent i s  g e n e ra lly  b e n e f ic ia l  to  f a t ig u e  l i f e .

( i i i )  E f fe c t  of in c re a s in g  s i l ic o n
. , , . . ,2  • more ■ less , more less

Si , <?f 1 ) (°f ) 5n 9C -v e  j b - ve ,b + c  -v e  —ve

In  the  low c y c le  re g io n , the  h ig h e r le v e l  of the  i n t e r c e p t  i s

devalued by th e  d e tr im e n ta l change to  th e  s lo p e ; l i t t l e  o v e r a l l

e f f e c t  r e s u l t s .  However, in  th e  h igh  cy c le  reg io n  the  v a r ia t io n

in  in te r c e p t  and s lo p e  a re  b o th  b e n e f ic ia l  and th e re fo re  the  degree

of improvement b ro u g h t about by th is  clem ent in c re a s e s  r a p id ly  as

the  s t r e s s  le v e l  in  th e  s ig n a l  i s  reduced .
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The m e ta l lu rg ic a l  a sp ec ts  a s s o c ia te d  w ith  th is  f a t ig u e  b eh av io u r have 

been d iscu ssed  in  a p rev ious s e c t io n . Tlie reasons f o r  the  in c re a s e s  in  

the " s t re n g th ” param eters and the  changes in  work harden ing  c h a r a c te r i s t i c s  

of the  s t e e l s  have been o u tlin e d .



7 . CONCLUDING REMARKS

The main i n t e r e s t  in  f a t ig u e  from an en g in eerin g  v iew poin t, l i e s  in  the  

su c c e ss fu l p re d ic t io n  of component l i f e  under d i f f e r e n t  s e rv ic e  c o n d itio n s . 

The p o te n t ia l  u se  of f a t ig u e  a n a ly s is  in  design  has re c e iv e d  in c re a se d  

a t te n t io n  i n  the  l a s t  few y e a r s . A t B r i t i s h  R ailw ays, as i n  s e v e ra l  

o th e r m ajor o rg a n is a tio n s , a s e r io u s  a ttem p t i s  c u r re n t ly  b e in g  made to 

improve the  e f f ic ie n c y  o f m a te r ia l  usage w h ils t  a t  the  same tim e m a in ta in in g  

a h igh  le v e l  of component s a f e ty .  The lo c a l  s t r e s s - s t r a i n  approach to 

l i f e  p re d ic t io n , which co n sid e rs  the m a te r ia l  response  to  c y c l i c ,  v a r ia b le  

am plitude lo a d in g , forms the  b a s is  of th is  a ttem p t.
I

The p ro g ress  towards computer a ided  design  which in c lu d e s  a f a t ig u e  

a n a ly s is  i s  in e v i ta b ly  slow . However, a t  the  p re s e n t tim e the  

a n a ly t ic a l  l i f e  p re d ic t io n  procedure  p re v io u s ly  d iscu ssed  i s  b e in g  

a sse ssed  by  B r i t i s h  R a il. This i s  in  a number of s e rv ic e  f a i l u r e  

in v e s t ig a t io n s .  For example, when s tu d y in g  c e r ta in  problem components, 

a model of the  s e rv ic e  f a i l u r e  i s  i n i t i a l l y  s e t  up in  the  com puter. This 

in c lu d e s  a sample of th e  a c tu a l  s e rv ic e  s t r a in  h is to r y  and th e  r e le v a n t  

p ro p e r t ie s  of the  m a te r ia l .  An assessm ent of changes to  th e  model 

v a r ia b le s  ( s e rv ic e  environm ent or m a te r ia l  p ro p e r t ie s )  can then  be  made 

in  the  com puter. H ius, the  optimum s o lu tio n  to  the  problem can be 

q u ick ly  e s ta b lis h e d .

M odelling o f s e rv ic e  f a i lu r e s  in  th is  way i s  obv iously  ve ry  u s e f u l .  Hie 

m ost e f f e c t iv e  and e f f i c i e n t  method of improvement can be  s e le c te d  w ith  

co n fid en ce . In  a d d itio n  i t  a lso  allow s a very  r e a l i s t i c  assessm en t of 

the v a lu e  of m a te r ia l  changes. H iere i s  no doubt th a t  some problem s 

cannot b e  so lved  by u s in g  a d i f f e r e n t  m a te r ia l .  W hils t m e ta l lu r g ic a l ly  

th is  i s  n o t a very  s a t i s f a c to r y  f in d in g , i t  does p rev en t th e  w a s te fu l 

a ttem pts a t  m a te r ia l  s o lu tio n s  based  on th e  n o n - r e a l i s t i c  f a t ig u e  assessm ents 

used  p re v io u s ly .
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In the current work some of the major c h a r a c te r is t ic s  of the l i f e  

p red iction  programme that are a sso c ia ted  with m ateria l behaviour, have 

been a ssessed . A range of C/Si/Mn s t e e l s ,  which encompass many railw ay  

products, has been used for  th is  purpose. Conversely, the fa t ig u e  l i f e  

p red iction  procedure has been used to evaluate the s ig n if ic a n c e  o f m ateria l 

variab les in  v a r iab le  amplitude fa t ig u e  s itu a t io n s , i e ,  com position and 

micro s true tur e .

The l i f e  p red iction  programme used, requires an accurate knowledge of 

a m a te r ia ls  response to constant amplitude c y c lic  load s. The major 

inputs are the re la tio n sh ip s  between s tr e s s  and s tr a in  under c y c lic
I

lo ad in g  and betw een the  number of lo ad  r e v e r s a ls  and l i f e .  The form er 

i s  re q u ire d  f o r  c re a t in g  the  model of m a te r ia l  response  to  c y c l ic  lo a d s , 

whereas the  l a t t e r  forms the b a s is  of th e  f a t ig u e  damage summation ro u t in e .

The re la t io n s h ip  between s t r e s s  and s t r a in  th a t  i s  used in  th e  programme 

i s  ob ta in ed  a f t e r  c y c lic  s t a b i l i s a t i o n  o f th e  m a te r ia l .  I t  has been  

shown in  th i s  work th a t  the c y c lic  s t r e s s - s  t r a in  p ro p e r t ie s  of C/Si/Mn 

s te e l s  a re  ve ry  d i f f e r e n t  to  those  produced by mono to n ic  a l l y  lo a d in g  

v irg in  m a te r ia l .  The m ajor d if fe re n c e s  a re  in  the  y ie ld  s t r e s s  and the 

work harden ing  c h a r a c te r i s t i c s  a t  low s t r a in s  (up to  0 .0 1 5 ). For 

example, the  monotonic y ie ld  s t r e s s  was found to  be  always h ig h e r  than 

the c y c lic  y ie ld  s t r e s s .  Hie m ajor reaso n  f o r  th is  o b se rv a tio n  i s  

a s so c ia te d  w ith  the  cem en tite  phase in  th e  m ic ro s tru c tu re . Under 

monotonic lo ad in g  cem en tite  p a r t i c le s  a c t  as b a r r i e r s  to d is lo c a t io n  m otion. 

They th e re fo re  cause d is lo c a t io n  p ile -u p s  which in  tu rn  produce long  

range back s t r e s s e s  on th e  g lid e  p la n e s . These reduce the  a b i l i t y  of 

a d is lo c a tio n  source to  g en era te  new d is lo c a t io n s .  Hence th e  s t r e s s  

to  produce monotonic y ie ld in g  i s  in c re a se d  as the  cem en tite  volume 

f r a c t io n  i s  in c re a se d  o r th e  i n t e r p a r t i c l e  spacing  d ecreased . However,



when a m a te r ia l  undergoes a lo ad  r e v e r s a l ,  th e  m o b ility  o f d is lo c a t io n s  

i s  in c re a se d  due to  the  supplem entary back s t r e s s e s  on th e  g l id e  p lanes 

and to a re d u c tio n  in  the  d is lo c a t io n  d e n s ity  caused by a n n ih i la t io n  of 

screw  d is lo c a t io n s .  Thus, the  c y c lic  y ie ld  s t r e s s  i s  lower than the 

monotonic y ie ld  s t r e s s .

The s u b s t i tu t io n a l  elem ents s i l i c o n  and to  some ex ten t.m anganese, do n o t 

appear to  in f lu e n c e  th is  mechanism. The re g re s s io n  c o e f f ic ie n ts  

a s so c ia te d  w ith  the  y ie ld  s t r e s s  param eters oy and <Ty show s i l i c o n  to  

have the same e f f e c t  on each whereas under c y c lic  lo ad in g  th e  e f f e c t  of 

manganese i s  on ly  s l i g h t ly  reduced . Ih is  l a t t e r  o b se rv a tio n  can be
i i

a t t r ib u te d  to  the  in c re a se d  volume f r a c t io n  of p e a r l i t e  t h a t  r e s u l t s  

from an in c re a s e  in  manganese c o n te n t , i e ,  the  s tre n g th  c o n tr ib u t io n  of 

manganese i s  on ly  p a r t i a l l y  due to  s o l id  s o lu t io n  s tre n g th e n in g .

A fte r  y ie ld in g , the  m a te r ia l  behav iou r under c y c lic  lo ad in g  i s  a lso  

i n i t i a l l y  d i f f e r e n t  to  th a t  observed in  mono to n ic  t e s t s .  In  th e  l a t t e r  

case  th is  re g io n  i s  c h a ra c te r is e d  by  a ve ry  f l a t  curve re p re s e n tin g  a 

low work harden ing  r a te  (Liiders e x te n s io n ) , whereas in  th e  form er a 

sm oother, s te e p e r  curve i s  observed. Hence i t  appears th a t  low s t r a i n  

c y c lic  deform ation  in  f e r r i t e - p e a r l i t e  s te e l s  i s  more uniform  than  the  

i r r e g u la r  and in te r m i t te n t  deform ation  which c h a ra c te r is e s  monotonic 

lo a d in g .

The e f f e c t  of com position  and m ic ro s tru e tu ra l  v a r ia b le s  on th e  c y c lic  

s t r a in  harden ing  behav iou r of f e r r i t e - p e a r l i t e  s t e e l s  i s  s u b s ta n t ia l .

The m ajor e f f e c ts  can again  be  a t t r ib u te d  to  the  d i f f e r e n t  mechanisms 

produced by a d isp e rse d  phase and by s u b s t i tu t io n a l  e lem en ts. D is lo c a tio n  

in te r a c t io n s  in  f e r r i t e  a re  in c re a se d  as the  cem en tite  volume f r a c t io n  i s  

in c re a se d  and hence the s t r a in  harden ing  r a te  i s  a lso  in c re a s e d .

C onversely , as the  l e v e l  of a s u b s t i tu t io n a l  elem ent i s  r a is e d  th e  a b i l i t y
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of d is lo c a tio n s  to  c r o s s - s l ip  i s  reduced (low er s ta c k in g  f a u l t  energy) 

which r e s u l t s  in  g re a te r  r e v e r s i b i l i t y  of d is lo c a t io n  movement on the  

g l id e  p la n e s , i e ,  p la n a r  s l i p  i s  more r e v e r s ib le  than wavy s l i p .  I t  i s  

proposed th a t  th i s  e f f e c t  le ad s  to  a low er s t r a in  harden ing  r a t e  in  p la n a r  

s l i p  m a te r ia ls .  Thus, i n  the  s te e l s  used  in  th is  in v e s t ig a t io n  in c re a s in g  

carbon c o n te n t produces an in c re a s e  in  n , in c re a s in g  s i l i c o n  reduces n ' 

and in c re a s in g  manganese has l i t t l e  e f f e c t  because i t  c o n tr ib u te s  to  b o th  

mechanisms.

Another f e a tu r e  of the  m a te r ia l  model used in  the  l i f e  p re d ic t io n  

programme i s  th e  assumed shape of the  h y s te r e s is  lo o p s . This i s  re q u ire d
I

f o r  c a lc u la t in g  the  s t r e s s  produced by  each s t r a in  r e v e r s a l  i n  a v a r ia b le  

am plitude s t r a in  h i s to r y .  A common assum ption th a t  i s  used  i s  th a t  the 

h y s te r e s is  loop shape i s  sim ply the  c y c lic  s t r e s s - s t r a i n  cu rve  m u lt ip l ie d  

by th e  f a c to r  two (Masing h y p o th e s is ) . However, th is  assum ption has 

been shown to be  in v a l id  f o r  C/Si/Mn s te e l s  because th e  h y s te r e s is  loop 

y ie ld  s t r e s s  i s  dependent on p r io r  h is to r y .  I t  i s  recommended th e re fo re  

th a t  f u tu r e  l i f e  p re d ic t io n  programmes should  take th ese  o b se rv a tio n s  in to  

accoun t.

The c a lc u la t io n  of f a t ig u e  damage th a t  accrues from each s t r a i n  r e v e r s a l  

i n  a v a r ia b le  am plitude s ig n a l ,  re q u ire s  a f a t i g u e - l i f e  cu rv e . The one 

used  in  th is  work employs a combined s t r e s s - s t r a i n  param eter which i s  a b le  

to cope w ith  mean s t r e s s  v a r ia t io n s .  This type of curve can be 

c o n s tru c te d  a c c u ra te ly  u s in g  fo u r param eters which have re c e n t ly  been  termed 

f a t ig u e  p ro p e r t ie s .  They a re  th e  in te r c e p t  and s lo p e  of th e  two s t r a i g h t  

l in e s  which a re  o b ta in ed  from p lo t t in g  lo g  p l a s t i c  s t r a i n  a g a in s t  lo g  

cy c le s  (Coffin/M anson) and lo g  s t r e s s  a g a in s t  lo g  cy c le s  (B asq u in ). This 

s i tu a t io n  has been s im p lif ie d  s t i l l  f u r th e r  by  the  r e la t io n s h ip s  proposed 

by  Morrow between the  s lo p es  of th ese  l in e s  and the  c y c lic  s t r a i n  h a rd en in g  

exponent, and because the two in te r c e p ts  a re  e q u iv a le n t in  many m a te r ia ls
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to  th e  monotonic f r a c tu r e  s t r e s s  and s t r a i n .  I t  i s  p o s s ib le  th e re fo re  

to  c o n s tru c t  a f a t ig u e  curve from the  r e s u l t s  of j u s t  two t e s t s ;  a 

monotonic t e s t  and an in c rem en ta l s te p  t e s t .

In  th is  work a l l  of th ese  concep ts have been ev a lu a ted  fo r  C/Si/Mn s t e e l s .  

I t  has been found th a t  the  Coffin/M anson and Basquin r e la t io n s h ip s  a re  

obeyed. The Morrow re la t io n s h ip s  between the c y c lic  s t r a in  harden ing  

exponent and the  Coffin/M anson and Basquin exponents have been found to  be 

q u ite  good, i e ,  the equations th a t  f i t  the  c u r re n t  d a ta  b e s t  a re  very  

s im ila r  to  Morrow1s e q u a tio n s . The equ ivalence  of the  f a t ig u e  s tre n g th  

and d u c t i l i t y  c o e f f ic ie n ts  and the monotonic f r a c tu r e  s t r e s s  and s t r a i n
I

has a ls o  been a sse sse d . In  g e n e ra l, the  r e s u l t s  showed c o m p arab ility .

A d iscrep en cy  was found in  the  h ig h  s i l i c o n  s te e l s  which i s  p robab ly  due 

to  v a r i a b i l i t y  in  the  c y c lic  s t r a i n  harden ing  exponent a t  h ig h  s t r a i n s .  

C o n stru c tio n  of f a t ig u e  curves u s in g  th e  fo u r  f a t ig u e  param eters has 

been  c a r r ie d  o u t. The p re d ic tio n s  used re g re s s io n  equations which 

r e la te d  the e q u iv a le n t f a t ig u e  param eters and m e ta l lu rg ic a l  v a r ia b le s .

In  g en e ra l adequate  p re d ic t io n s  were o b ta in ed .

A ll the  f a t ig u e  d a ta  gen era ted  d u ring  the  s tudy  in d ic a te d  th a t  a d d itio n s  

of carbon , s i l i c o n  and manganese had a b e n e f ic ia l  e f f e c t  on f a t ig u e  l i f e  

in  the  h ig h  c y c le  re g io n . However, th is  i s  much reduced in  the  low 

c y c le  reg io n  and i t  i s  p robab le  th a t  a t  very  h igh  s t r a in s ,  pure  i ro n  

can r e s i s t  c y c lic  deform ation  f o r  lo n g e r than any of the a l lo y s  co n s id e re d . 

In  o rd e r to a p p re c ia te  the  e f f e c t  o f the  in d iv id u a l  elem ents i n  f a t ig u e ,  

the mechanisms occuring  over the  e n t i r e  l i f e  range must be c o n sid e re d .

In  the  te s t s  c a r r ie d  o u t in  th is  work, f a i l u r e  was taken as com plete 

se p a ra tio n  of the  specimen. T here fo re , the l i f e  param eter used  co n ta in ed  

a component of c rack  i n i t i a t i o n  and c rack  p ro p ag a tio n . Over the  com plete 

l i f e  range th e  im portance of i n i t i a t i o n  and p ro p ag a tio n , and m a te r ia l  

s tre n g th  and d u c t i l i t y  w i l l  v a ry . I t  i s  now w ell e s ta b lis h e d  th a t  in  the
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low cy c le  re g io n  of a f a t ig u e  cu rv e , d u c t i l i t y  and crack  p ro p ag a tio n  a re  

dom inant, whereas in  the  h igh  c y c le  re g io n , s tre n g th  and c rack  

i n i t i a t i o n  a re  more im p o rtan t.

A dditions of carbon to  iro n  produce a d isp e rs io n  of hard  cem en tite  

p a r t i c l e s  in  a s o f t  f e r r i t e  m a trix  ( p e a r l i t e ) .  This has a marked e f f e c t  

on the movement of d is lo c a tio n s  and hence on the f a t ig u e  b eh av io u r of 

the s t e e l .  C em entite in  f e r r i t e  reduces the  f a t ig u e  d u c t i l i t y  

c o e f f ic ie n t  and a lso  the  s teep n ess  o f the  Coffin/M anson s lo p e  (c  becomes 

le s s  - v e ) .  A schem atic r e p re s e n ta t io n  o f the  e f f e c t  i s  shown in  

fig .7 9 »  T herefo re , a t  u l t r a  h igh  s t r a in s  f e r r i t e  i s  su p e r io r  to  p e a r l i t e
i

b u t  a t  s t r a in  le v e ls  of about +  2$ ( s t i l l  v e ry  much in  the  low c y c le  

reg io n ) a c ro s s -o v e r  o ccu rs .an d  p e a r l i t e  i s  s l i g h t ly  more f a t ig u e  

r e s i s t a n t  than f e r r i t e .  A t th ese  te s ta b le  s t r a in  le v e ls  p e a r l i t e  has a 

su p e r io r  r e s is ta n c e  to  c rack  i n i t i a t i o n  than f e r r i t e  which i s  p ro b ab ly  

due to  two e f f e c ts  a s s o c ia te d  w ith  the  second phase p a r t i c l e s .

( i )  The c y c lic  y ie ld  s t r e s s  in c re a s e s  w ith  carbon c o n te n t and 

th e re fo re  fo r  a g iven  s t r a in  range the  le v e l  of p l a s t i c i t y  in  p e a r l i t e  

w i l l  be  le s s  than  in  f e r r i t e .

( i i )  The d is p e rs io n  o f second phase p a r t i c l e s  r e s u l t s  in  more 

hoirogeneous defo rm ation .

Hie s ig n if ic a n c e  of th ese  e f f e c ts  on c rack  i n i t i a t i o n  r e s i s ta n c e  in c re a s e s  

i n  magnitude as the  s t r a in  le v e l  of the  t e s t  i s  reduced and hence they  

a re  a lso  re sp o n s ib le  f o r  the s u p e r io r i ty  of p e a r l i t e  over f e r r i t e  in  the 

liigh cy c le  re g io n  of a f a t ig u e  cu rve .

When s i l i c o n  i s  a llo y e d  w ith  i ro n  i t  forms a s o l id  s o lu t io n .  This reduces 

•die m o b ility  of d is lo c a tio n s  due to  th e  h ig h e r f r i c t i o n  on th e  g l id e  

p lanes and a lso  r e s t r i c t s  deform ation  to  the  (110) p lanes red u c in g  the  

a b i l i t y  of d is lo c a tio n s  to  c r o s s - s l ip .  S il ic o n  has l i t t l e  e f f e c t  on the
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f a t ig u e  d u c t i l i t y  c o e f f ic ie n t  b u t  i t  produces a s te e p e r  Coffin/M anson
; I

s lo p e  (more - v e ) . I r o n - s i l i c o n  a llo y s  a re  th e re fo re  i n f e r i o r  to  pure 

iro n  in  the  low c y c le  f a t ig u e  re g io n . I t  has been shown by s e v e ra l  

workers th a t  the a c tio n  of r e s t r i c t i n g  c r o s s - s l ip  le ad s  to  more 

honogeneous deform ation  th roughout the  m eta l and to  a g re a te r  r e v e r s i b i l i t y  

of d is lo c a t io n  movement. This r e s u l t s  in  a lower c y c lic  s t r a i n  harden ing  

r a te  which has been c le a r ly  v a l id a te d  in  th is  work. I t  w i l l  a lso  r e s u l t  

i n  a l a r g e r  p l a s t i c  zone s iz e  a t  a growing crack  t i p  which w i l l  cause 

a crack  to  p ropaga te  a t  a f a s t e r  r a t e .  I t  i s  p ro b ab le  th e re fo re  th a t  

the i n f e r i o r i t y  of F e -S i a llo y s  in  th e  low cy c le  reg io n  i s  due to  a f a s t e r
I

f a t ig u e  c rack  p ro p ag a tio n  r a t e  in  th ese  m a te r ia ls .

In  the  h igh  cy c le  re g io n , s tre n g th  and crack  i n i t i a t i o n  r e s is ta n c e  a re  

im p o rtan t. S i l ic o n  iro n s  have a h ig h e r c y c lic  y ie ld  s t r e s s  compared to 

pure i ro n  which i s  caused by a s o l id  s o lu t io n  s tre n g th en in g  mechanism 

(p re c is e  d e ta i l s  unknown). T herefore  s i l i c o n  iro n s  have a b e t t e r  

r e s is ta n c e  to  c rack  i n i t i a t i o n  in  th is  re g io n .

Manganese a d d itio n s  to  i ro n  (w ith  carbon) induces two m ic ro s tru e tu ra l  

s tre n g th e n in g  e f f e c t s ;  d isp e rs io n  and s o l id  s o lu tio n  s tre n g th e n in g .

I t s  e f f e c t  on fa t ig u e  l i f e  th e re fo re  f a l l s  betw een th a t  produced by  

carbon and s i l i c o n .

The f a t ig u e  l i f e  p re d ic t io n  programme was used  to  a sse ss  th e  in f lu e n c e  of

m e ta l lu rg ic a l  param eters on v a r ia b le  am plitude f a t ig u e  l i f e .  In  th i s

c o n te x t, q u a n t i ta t iv e  d a ta  has been produced th a t  shows th e  b e n e f i t s

to  be  gained from a llo y in g . However, in  a more g e n e ra l way th e  r e s u l t s

produced have g re a te r  s ig n if ic a n c e  to fu tu re  m a te r ia l  developm ent

re se a rc h  programmes. I t  i s  c le a r  th a t  the  perform ance o f a m a te r ia l  i s

s tro n g ly  in f lu e n c e d  by the  v a r ia b le  load  environm ent. T h e re fo re , the

use of em p irica l r e la t io n s h ip s  in  m a te r ia l  s e le c t io n  p rocedures th a t  do

n o t c o n sid e r th is  environm ent i s  in ad eq u a te . The o fte n  used r a t i o  of
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f a t ig u e  l i m i t  and u lt im a te  t e n s i l e  s tre n g th  f a l l s  in to  th is  c a te g o ry .

In  a d d itio n , m a te r ia l  developm ent programmes aimed a t  p roducing  f a t ig u e  

r e s i s t a n t  m a te r ia ls ,  m ust a lso  b e  r e la te d  to  r e a l i s t i c ,  dynamic lo ad in g  

h i s t o r i e s .

D if fe re n t  m a te r ia l  s tre n g th e n in g  mechanisms have been a sse ssed  in  th i s  

work and th e re fo re  th e  r e s u l t s  can be  used  in  th e  more .general c o n te x t 

o f m a te r ia l  design  f o r  f a t ig u e  r e s i s ta n c e .  In  th is  r e s p e c t ,  the  f a t ig u e  

param eter concep t can again  be adopted . I t  has been shown by many 

w orkers th a t  the  f a t ig u e  r e s is ta n c e  of s t a b i l i s i n g  m a te r ia ls  i s  dependent 

on s e v e ra l f a t ig u e  param ete rs , i e ,  the  in te r c e p ts  and slo p es  o f the
i

p la s t i c  s t r a in  and s t r e s s - l i f e  l in e s  and the  f a t ig u e  l im i t .  In  g e n e ra l 

term s, i f  h igh  p l a s t i c  s t r a in  r e s is ta n c e  i s  re q u ire d  a m a te r ia l  shou ld  

have a h igh  f a t ig u e  d u c t i l i t y  c o e f f ic ie n t  and a fa t ig u e  d u c t i l i t y  

exponent as c lo se  as p o s s ib le  to  ze ro . S im ila r ly , f o r  the  maximum 

r e s is ta n c e  to  low p la s t i c  s t r a in s  a h igh  v a lu e  o f the  f a t ig u e  s tr e n g th  

c o e f f ic ie n t  i s  re q u ire d  in  com bination w ith  a zero fa t ig u e  s tre n g th  

exponent (when the  f a t ig u e  l i m i t  i s  equal to  th e  f a t ig u e  s tre n g th  

c o e f f i c i e n t ) .  A ll o f th ese  param eters a re  in f lu e n c e d  by  the  c y c lic  

s t r a in  harden ing  exponent of the  m a te r ia l ,

= K'(«(')" n' = b / c

Thus i t  can b e  seen th a t  the  c y c lic  s t r a i n  harden ing  exponent (n  ) i s  

the  b e s t  guide to  a m a te r ia ls  fa t ig u e  r e s i s ta n c e .

Using th e  now fa m il ia r  shorthand  m ethod:-  

For good r e s is ta n c e  to low p la s t i c  s t r a in s

n# 1 5 \ j  b less "ve

For good r e s is ta n c e  to h igh  p l a s t i c  s t r a in s ,

n f , f , c less -ve
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U n fo rtu n a te ly  th ese  d e s ir a b le  com binations of in d iv id u a l  p ro p e r t ie s  a re  

n o t o f te n  a t t a in a b le .  For example, i f  a l lo y in g  i s  used  to  produce a 

low n v a lu e , i t  w i l l  a lso  cause a re d u c tio n  of Of (u n le ss  th e  y ie ld  

s t r e s s  i s  in c re a se d  a c c o rd in g ly ) . S im ila r ly , m o d if ica tio n s  in  

m ic ro s tru c tu re  th a t  b r in g  about an in c re a s e  in  n w il l  u s u a lly  cause  the  

f r a c tu r e  d u c t i l i t y  to  d ec rea se . This i s  because the  reduced le v e l  of 

d is lo c a t io n  r e v e r s i b i l i t y ,  which i s  re q u ire d  to  in c re a s e  n , w i l l  

in e v i ta b ly  fav o u r the  c rack  fo rm ation  mechanism in  the  m a te r ia l  and hence 

reduce f r a c tu r e  d u c t i l i t y .

For the  range of m a te r ia ls  s tu d ie d  in  th is  work, the  s o l id  s o lu t io n  e f f e c ts
I

due to  s i l i c o n  come c lo s e s t  to  the id e a l s  d iscu ssed . In  the  long  l i f e  

f a t ig u e  regim e in c re a s in g  s i l i c o n  i s  b e n e f ic ia l  because n i s  reduced  and 

i s  in c re a s e d . However, the r e s is ta n c e  to  h igh  p la s t i c  s t r a in s  i s  

reduced due to  the  low n  v a lu e . T h ere fo re , employing a s t e e l  w ith  a 

h igh  s i l i c o n  c o n ten t w i l l  on ly  be u s e fu l  i f  the  s e rv ic e  s t r a in s  a re  known 

to  be about the f a t ig u e  l im i t  of the  u n a llo y ed  m a te r ia l .

In c re a se s  in  carbon i s  a lso  b e n e f ic ia l  in  th e  long  l i f e  regim e due to  i t s  

e f f e c t  on <rf . However, the improvement i s  n o t as h igh  as cou ld  be  

expected from i t s  e f f e c t  on monotonic p ro p e r t ie s  due to  a h igh  n# and a 

la rg e  Bauschinger e f f e c t .

A d i f f e r e n t  way to  s tudy  fa t ig u e  r e s is ta n c e  i s  to  co n sid er s t r e s s - s t r a i n  

h y s te r e s is  (energy  approach). The f r a c tu r e  of a m eta l specimen caused 

by r e p e t i t iv e  re v e r s a ls  of lo ad , re q u ire s  a conversion  of energy . S e v e ra l 

workers have adopted th is  theme in  an a tte m p t to  q u a n tify  the  f a t ig u e  

p ro cess  in  terms of energy a b so rp tio n . The assum ption has u s u a l ly  been 

made th a t  a c o n s ta n t amount of energy i s  re q u ire d  to  f r a c tu r e  a specim en. 

The a re a  of a s t r e s s - s t r a i n  h y s te re s is  loop can be  taken as a m easure of 

the energy converted  in  each cy c le  of a fa t ig u e  t e s t .  Hie b e s t  a ttem p ts
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to q u a n tify  f a t ig u e  u s in g  th is  approach, have been those which r e l a t e  

tiie accum ulated energy a s s o c ia te d  w idi p l a s t i c i t y  in  a f a t ig u e  t e s t ,  

and the  a re a  under a tru e  s t r e s s  -  tru e  s t r a in  monotonic curve (2 2 ,3 1 ) .

An index  of f a t ig u e  r e s is ta n c e  can be  o b ta in ed  by c o n s id e rin g  h y s te r e s is  

loop shape in  com bination w ith  d ie  mechanisms of f a t ig u e  damage. In  

f i g . 80, two f a t ig u e  r e s i s t a n t  loop "shapes” a re  h ig h lig h te d . F ig .8 0 a  

re p re se n ts  a ty p ic a l  h y s te r e s is  loop shape t i ia t  may be o b ta in ed  from a 

commercial s t e e l  su b je c te d  to  a s t r a in  range of et . Improved f a t ig u e  

r e s is ta n c e  can be  produced b y :-

( i )  u s in g  a m a te r ia l  w ith  zero  p l a s t i c i t y  fo r  the  same s t r a i n  ran g e ,
I

f i g . 80b ,

o r ( i i )  u s in g  a m a te r ia l  fo r  which p la s t i c  deform ation  i s  n o t f a t ig u e  

damaging. The l i t e r a t u r e  rev iew  and the  c u r re n t  work in d ic a te s  th a t  

m a te r ia ls  th a t  do n o t c y c l i c a l ly  work harden  should  p o ssess  d ie se  

p ro p e r t ie s .  F ig .8 0 c  i s  a diagram m atic re p re s e n ta t io n  of th is  b e h av io u r .

The loops shown in  f ig .8 0 b  can be  achieved  i n  two ways. E i th e r  in c re a s e  

d ie  c y c lic  y ie ld  s t r e s s  in  a m a te r ia l  by im proving the  d is lo c a t io n  

lo ck in g  mechanism or develop a non s t a b i l i s i n g  m a te r ia l  d i a t  has a v e ry  

h igh  c y c lic  s t r a i n  harden ing  exponent. The d is lo c a tio n  lo c k in g  by 

s o lu te  atoms and by d isp e rse d  p a r t i c l e s  was found to be s im i la r  in  th e  

f e r r i t e - p e a r l i t e  s te e l s  s tu d ie d , (see  th e  re g re s s io n  eq uation  f o r  oy' 

given  p re v io u s ly ) . O ther a l lo y  system s however, may show th a t  one 

s tre n g th en in g  mechanism i s  s ig n i f ic a n t ly  su p e r io r  to  the  o th e r .  I t  

i s  suggested  th e re fo re  th a t  th e  in d iv id u a l  e f f e c t s  of the  s tre n g th e n in g  

procedures should be a sse ssed  in  o rd er to  o p tim ise  m a te r ia l  s e le c t io n  

in  terms of f a t ig u e .

I t  i s  now w ell e s ta b lis h e d  th a t  f e r r i t e - p e a r l i t e  s t e e l s  c y c l i c a l ly  

s t a b i l i s e  very  q u ick ly . Thus, the m a te r ia l  improvement mechanism th a t
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r e l i e s  on n o n - s ta b i l i ty  canno t b e  u t i l i s e d  in  th is  range of s t e e l s .

There a re  in d ic a t io n s  in  th e  l i t e r a t u r e  however, th a t  fa c e  c e n tre d  

cubic  m a te r ia ls  a re  more amenable to  th is  type of developm ent (5 3 ,1 8 2 ). 

C e r ta in ly  annealed  a u s te n i t ic  s te e l s  and some of the  aluminium a llo y s  

e x h ib it  ra p id  c y c lic  harden ing  th a t  extends r i g h t  up to  specimen f r a c tu r e .  

The reaso n  fo r  th is  behav iour i s  r e la te d  to  e i th e r  the  a b i l i t y  o f th ese  

m a te r ia ls  to d isp e rse  o r p ropaga te  deform ation  o r to  c y c lic  induced  

tra n s fo rm a tio n s . Thus, the  r a t i o  of p l a s t i c  to e l a s t i c  deform ation  

decreases  co n tin u o u sly  du ring  a t e s t  towards zero . In  th i s  c a se , the  

energy c r i t e r io n  f o r  f a i l u r e ,  i e ,  a c r i t i c a l  p l a s t i c  s t r a in  energy, 

may never be reach ed . Thus i t  can be seen th a t  c e r ta in  m a te r ia ls  can 

w ith s tan d  c o n s id e ra b le  p l a s t i c  deform ation  e i th e r  w ithou t form ing 

f a t ig u e  cracks o r by developing  co n d itio n s  th a t  le a d  to  no n -p ro p ag a tin g  

c ra c k s .

F in a l ly ,  the  non-damaging p l a s t i c i t y  case  ( f i g . 80c) i s  an id e a l  s i tu a t io n  

re p re se n te d  by  e l a s t i c - p e r f e c t ly  p l a s t i c  m a te r ia ls .  In  r e a l i t y  no such 

m a te r ia l  e x is t s  b u t  the  p r in c ip le  of reduc ing  the  c y c lic  s t r a i n  h a rden ing  

exponent to  improve f a t ig u e  r e s is ta n c e  i s  v a l id .  In  th is  work f o r  

example, the  a d d itio n s  o f s i l ic o n  to  i ro n  have been shown to  im prove 

f a t ig u e  r e s is ta n c e  in  th e  long  l i f e  regim e. In  m e ta l lu rg ic a l  terms th is  

tren d  can be b ro u g h t about by u s in g  a llo y in g  a d d itio n s  th a t  r e s t r i c t  a 

m a te r ia l1s a b i l i t y  to  c r o s s - s l ip .  I t  i s  c le a r  th a t  p la n a r  s l i p  i s  more 

r e v e r s ib le  than wavy s l i p ,  which r e s u l t s  in  two f a t ig u e  r e la te d  

phenomena,

( i )  a shallow  no tch-peak  topography i s  produced a t  the  specimen 

su rfa c e ,

and ( i i )  the  c y c lic  s t r a in  harden ing  exponent i s  reduced .

The a b i l i t y  to  r e s t r i c t  d is lo c a t io n  movement to in d iv id u a l  s l i p  p lanes 

can only  be  b ro u g h t about by s o l id  s o lu t io n  e lem ents. P r e c ip i ta te s  of
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hard  p a r t i c l e s  in  a s o f t  m a trix  w i l l  n o t a l t e r  d is lo c a t io n  m o b ility  

in  th is  r e s p e c t .  In  f a c t ,  as shown in  th is  work, a d is p e rs io n  of 

cem en tite  in  f e r r i t e  w il l  cause the  c y c lic  s t r a in  harden ing  exponent 

to in c re a s e .

The hypotheses quoted above a re  bo th  im p o rtan t in  terms of d esig n in g  

f a t ig u e  r e s i s t a n t  s t e e l s .  In  th e  p a s t ,  the  ph ilosophy  of a l lo y  

s tre n g th en in g  in  s t e e l s  has been based  on im proving the  m onotonic y ie ld  

o r u lt im a te  te n s i le  s t r e n g th .  D isp ersio n  o r p r e c ip i ta t io n  harden ing  

i s  p a r t i c u la r ly  good f o r  ach iev in g  th ese  aims (se e  the  re g re s s io n  

equation  f o r  th ese  two p a ra m e te rs ) . I t  i s  now suggested  however, th a t
i

a b e t t e r  param eter on which to b ase  a l lo y  developm ent i s  the  c y c lic  

s t r a in  harden ing  exponent n . This should  be  low in  f e r r i t e  based  

s t a b i l i s i n g  s t e e l s ,  b u t  should  be  as h igh  as p o s s ib le  in  non s t a b i l i s i n g  

a u s te n i t ic  s t e e l s .  T herefo re , fo r  maximum fa t ig u e  r e s is ta n c e  (lo n g  l i f e  

regim e) the  form er type of s t e e l  should  be  s tren g th en ed  by s o l id  s o lu tio n  

elem ents whereas the  l a t t e r  w i l l  p robably  b e  b e t t e r  i f  a p r e c ip i t a t e  

i s  p re s e n t  in  th e  m a trix .

I t  i s  i n t e r e s t in g  to  n o te  th a t  the m ajor s tre n g th e n in g  mechanisms 

employed in  commercial f e r r i t i c  and a u s te n i t ic  s te e l s  a re  o f te n  of the  

o p p o s ite  type to  the  ones suggested  in  th is  d is c u s s io n . F e r r i t i c  s t e e l s  

a re  in e v i ta b ly  s tren g th en ed  by c a rb id es  o f v a rio u s  type and morphology 

whereas many a u s te n i t ic  s te e l s  a re  p re fe r re d  as s in g le  phase a l lo y s .  

F u tu re  m e ta l lu rg ic a l  re se a rc h  w i l l  h o p e fu lly  re v e rse  th is  tre n d  and 

produce commercial m a te r ia ls  w ith  su p e r io r  f a t ig u e  r e s is ta n c e  than  those  

a v a ila b le  today.



8 . CONCLUSIONS

1. The o b serv a tio n s  of Basquin th a t  a l in e a r  r e la t io n s h ip  e x is t s  between 

lo g  s t r e s s  and lo g  cy c le s  to  f a i l u r e  a p p lie s  to C/Si/Mn s t e e l s .

2. The o b serv a tio n s  of C o ffin  and Manson th a t  a l in e a r  r e la t io n s h ip  

e x is ts  between lo g  p la s t i c  s t r a in  and log  cy cles  to f a i l u r e  a p p lie s  

to  C/Si/Mn s t e e l s .

3. The fo u r f a t ig u e  param eters (an exp ression  coined by Morrow) 

ad eq uate ly  d e sc rib e  the c o n s ta n t am plitude fa t ig u e  c h a r a c te r i s t i c s  

o f C/Si/Mn s t e e l s .

4 . In c re a s in g  carbon c o n ten t produces an in c re a s e  in  th e  f a t ig u e  s tre n g th  

c o e f f ic ie n t ,  reduces tlie fa t ig u e  d u c t i l i t y  c o e f f ic ie n t  and in c re a s e s  

the  c y c lic  s t r a in  harden ing  exponent. The l a t t e r  e f f e c t  causes the  

f a t ig u e  d u c t i l i t y  exponent to become le s s  n e g a tiv e  and the  f a t ig u e  

s tre n g th  exponent to  become more n e g a tiv e .

5. In c re a s in g  s i l i c o n  c o n ten t produces an in c re a s e  in  th e  f a t ig u e  s tre n g th  

c o e f f ic ie n t ,  has l i t t l e  e f f e c t  on the  fa t ig u e  d u c t i l i t y  c o e f f ic ie n t  

and reduces the c y c lic  s t r a in  harden ing  exponent. This le ad s  to  the  

fa t ig u e  d u c t i l i t y  exponent becoming more n e g a tiv e  and the  f a t ig u e  

s tre n g th  exponent becoming le s s  n e g a tiv e .

6 . In c re a s in g  manganese c o n te n t produces an in c re a s e  in  th e  f a t ig u e  

s tre n g th  c o e f f ic ie n t ,  b u t has l i t t l e  e f f e c t  on the f a t ig u e  d u c t i l i t y  

c o e f f ic ie n t ,  c y c lic  s t r a in  harden ing  exponent, f a t ig u e  s tre n g th  

exponent o r f a t ig u e  d u c t i l i t y  exponent.

7 . F e r r i t e  volume f r a c t io n  and g ra in  s iz e  s tro n g ly  in f lu e n c e  th e  f a t ig u e  

param eters in  low carbon s te e ls  whereas in te r la m e l la r  sp ac in g  i s  

im p o rtan t in  h igh  carbon s t e e l s .
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D isp ersio n s  of cem en tite  in  f e r r i t e  have a much g re a te r  e f f e c t  on 

monotonic s tre n g th  p ro p e r t ie s  than on c y c lic  p ro p e r t ie s .

The in c re a s e  in  s tre n g th  produced by the  s u b s t i tu t io n a l  atoms of 

s i l i c o n  and manganese in  f e r r i t e ,  i s  independen t of lo ad in g  type 

(monotonic and c y c l i c ) .

The re la t io n s h ip  betw een the  f a t ig u e  s tre n g th  exponent, f a t ig u e  

d u c t i l i t y  exponent and c y c lic  s t r a in  harden ing  exponent f o r  C/Si/Mn 

s t e e l s ,  c lo s e ly  ag rees w ith  Morrow1s p re d ic t io n s .

C/Si/Mn s te e l s  c y c l i c a l ly  s o f te n  a t  low s t r a in s  b u t  harden  a t  h igh  

s t r a i n s .

The f a t ig u e  d u c t i l i t y  and s tre n g th  c o e f f ic ie n ts  a re  n o t  n e c e s s a r i ly  

e q u iv a le n t to  the  monotonic f r a c tu r e  s t r a in  and s t r e s s  r e s p e c t iv e ly ,  

f o r  C/Si/Mn s t e e l s .

A ccurate  p re d ic tio n s  of f a t ig u e  curves can be o b ta in ed  by  c o n s id e rin g  

e i th e r  co m positional v a r ia b le s  e i th e r  a lone  o r in  com bination w ith  

a g e n e ra l m ic ro s tru e tu ra l  v a r ia b le  ( Xq) .

The c y c lic  y ie ld  s t r e s s  (oy') i s  n o t  e q u iv a le n t to  the  f a t ig u e  l i m i t ,  

b e in g  always of a low er v a lu e .

C/Si/Mn s te e l s  e x h ib it  non-Masing b eh av io u r, i e ,  h y s te r e s is  loop 

shapes a re  n o t an ex ac t r e f l e c t io n  of the c y c lic  s t r e s s - s t r a i n  curve 

m u lt ip l ie d  by a f a c to r  2.

The h y s te r e s is  loop y ie ld  s t r e s s  i s  a v a r ia b le  which i s  dependent on 

the  p rev ious s t r a in  h is to r y .  The degree of v a r i a b i l i t y  i s  s im ila r  

in  the  C/Si/Mn s te e l s  s tu d ie d  in  th is  work.

The l i f e  p re d ic t io n  prograjnme used in  th is  work i s  cap ab le  of 

producing com parable r e s u l t s  when a p p lie d  to m a te r ia ls  p o sess in g  

s im ila r  c y c lic  beh av io u r.



18. I ro n  c o n ta in in g  carbon an d /o r manganese has b e t t e r  f a t ig u e  

p ro p e r t ie s  than pure  i ro n  f o r  the  m a jo rity  of s t r e s s  c o n d itio n s .

The degree of improvement in c re a s e s  m arkedly as the  s t r e s s  le v e l  in  

the  s ig n a l  i s  reduced .

19. S il ic o n  a d d itio n s  to  i ro n  do n o t  n e c e s s a r i ly  produce an improvement 

in  f a t ig u e  l i f e .  In  the  low c y c le  fa t ig u e  regim e .th e re  i s  u s u a lly  

a d is b e n e f i t  b u t  in  th e  h igh  c y c le  regim e a s ig n i f ic a n t  improvement 

can be expected  fo r  a l l  s e rv ic e  environm ents.

20. The m agnitude of the a llo y in g  e f f e c t s  in  terms of f a t ig u e  r e s is ta n c e  

i s  dependent on the  s t r a i n  h is to r y .

21. Mean s t r e s s  e f f e c ts  in f lu e n c e  v a r ia b le  am plitude f a t ig u e  l i f e  more 

than lo a d in g  sequence.
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9 .  RECOMMENDATIONS FOR FUTURE WORK

Hie fu tu r e  demands a c lo s e r  and b e t t e r  r e la t io n s h ip  betw een th e  m a t e r i a l s  

s c i e n t i s t  and th e  en g in ee r. Therefore m e ta l lu rg ic a l  re se a rc h  m ust be 

s tro n g ly  lin k e d  to  en g in ee rin g  p r a c t ic e .  In  th i s  c o n te x t th e  fo llo w in g  

recommendations can be  m ade:-

1. M e ta llu rg ic a l s tu d ie s  of f a t ig u e  mechanisms m ust be  r e la te d  to fa t ig u e  

pa ram ete rs .

2. M e ta llu rg is ts  must s tu d y  c y c lic  m a te r ia l  deform ation b eh av io u r under 

v a r ia b le  am plitude lo a d in g . This in fo rm atio n  i s  needed f o r  the  b e t t e r  

m odelling  of m a te r ia ls  in  th e  com puter.
I

3. M e ta llu rg is ts  should  c o n s id e r the  energy approach to  f a t ig u e  as i t  

p ro v ides a more fundam ental account of the p ro cesses  in v o lv ed  which 

may le a d  to the  e lim in a tio n  o f the  many em p irica l r e la t io n s h ip s  

c u r re n t ly  used .

4 . M a te r ia l developm ent programmes should  be  based  on the  e s ta b l is h e d  

f a t ig u e  p a ram ete rs , p a r t i c u la r ly  th e  c y c lic  s t r a in  ha rd en in g  

exponent n . A d e ta i le d  e v a lu a tio n  of in d iv id u a l  s tre n g th e n in g  

mechanisms in  bo th  body c en tred  cubic  and fa c e  c e n tre d  cub ic  

m a te r ia ls  may le a d  to a new range of f a t ig u e  r e s i s t a n t  m a te r ia ls .
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11. STATEMENT OF POST GRADUATE STUDY

During the  p e rio d  in  which the  re se a rc h  work was c a r r ie d  o u t, a number 

of cou rses and conferences were a tte n d e d . Hie fo llow ing  l i s t  

o u tl in e s  the  main events which were r e la te d  to  the  c u r re n t  work,

1. The p re s e n ta t io n  of a paper concern ing  the  p ro je c t  approach a t  a 

re se a rc h  colloquium  a t  S h e f f ie ld  C ith  P o ly tech n ic .

2. The p re s e n ta t io n  of a paper e n t i t l e d  ’’Techniques fo r  P re d ic tin g  

the  F a tig u e  Perform ance of M a te r ia ls ” a t  SEECO 76, London.

3. The p re s e n ta t io n  of a paper e n t i t l e d  ’’The in f lu e n c e  of Chemical
i

Com position on th e  c y c lic  behav iou r of f e r r i t e - p e a r l i t e  s t e e l s ” 

ICF4, W aterloo U n iv e rs ity , Canada.

4 . A ttendence of a s e r ie s  of le c tu re s  a t  S h e f f ie ld  C ity  P o ly tech n ic  

on ’’Q u a n tita tiv e  M etallography” .

5. A ttendence of a s e r ie s  of le c tu re s  a t  S h e ff ie ld  C ith  P o ly tech n ic  

on ’’High S tren g th  S te e l s ” by F .B . P ic k e rin g .



CHEMICAL COMPOSITION OF EXPERIMENTAL STEELS

CAST
NO. C S i Mn S P °2 N Sn Al

40 0.30 0 .30 0.54 0.013 0.004 0.0005 0.001 0.005 0.005

31 0.32 0.28 1.01 0.012 0.006 0.0013 0.002 0.014 it

34 0.32 0.27 1.44 0.010 0.005 0.0011 0.001 0.005 11

28 O.30 1.20 0.54 0.011 0.003 0.0005 0.001 0.005 11

37 0.34 1.09 I .03 0.012 0.006 0.0018 0.002 0.010 11

43 0.32 1.10 1.60 0.013 0.006 0.0017 0.002 0.006 11

07 O.29 2 .04 0.54 0.013 0.004 0.0010 0.001 0.005 11

48 0.32 1.83 1.02 0.011 0.003 0.0028 0.002 0.010 0.03
72 0.32 1.91 1.51 0.011 0.004 0.0010 0.002 11 it

41 0.50 0.33 0.56 0.012 0.004 0.0005 0.001 0.006 0.005
32 0.51 0.28 0.99 0.011 0.007 0.0009 0.001 0.010 11

35 0.52 0.29 1.50 0.011 0.006 0.005 0.002 0.006 it

42 0.51 1.11 0.57 0.012 0.004 0.0013 0.001 0.005 ti

38 0.51 1.13 1.08 0.011 0.007 0.008 n 0.007 ti

45 0.51 1.09 1.51 0.013 0.006 0.0011 11 0.007 11

70 0.50 I .84 0.52 0.013 0.003 0.0035 0.002 0.01 0.03
71 0.52 1.90 1.01 0.011 0.003 0.0018 11 It 0.02

73 0.49 1.80 I .46 0.011 0.004 0.005 11 If 11

26 0.78 0.30 0.58 0.011 0.003 0.0006 11 II 0 .0 0 5
79 0.79 . 0 .27 1.01 0.011 0.004 0.0007 11 II 0 .03
36 0.71 0.29 1.51 0.013 0.007 0.0015 0.001 tl .006

44 0.74 1.07 0.59 0.012 0.004 0.0005 0.001 0.014 11

39 0.71 1.09 1.01 0.012 0.007 0.0015 0.002 0.009 11

47 0.69 1.08 1.50 0.011 0.003 0.0018 0.001 0.01 11

78 0.65 2 .00 0.58 0.012 0.002 0.0007 0.002 II 0 .02

75 0.68 1.83 1.03 0.012 0.003 0.002 0.01 II 0.01

74 0.70 1.86 1.49 0.013 0.006 0.0007 0.002 II 0.01
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TABLE (4)

QUANTITATIVE MICROSTRUCTURAL ANALYSIS

CAST
NO. fa f P da S° A(j

40 68.0 32.0 16.2 0.30 11.10

34 46 .5 53.5 18.3 0.35 8.67

07 64.O 36.0 17.1 0.28 11.03

72 40 .0 60.0 5 -3 ' 0 .30 2.28

26 0 .2 99.8 1 .5 0.45 0.39

36 ZERO 100 ZERO 0.32 0.28

78 ZERO 100 ZERO 0.42 O.36

74 ZERO 100 ZERO O.36 0.31

All length paramete rs a r e  in Mm

Where

= volume fr a c tio n  of f e r r it e

fP = volume fr a c tio n  of p e a r lite

da = f e r r i t e  grain  s iz e

S° = in teram ellar  spacing in  p e a r lite

x a = mean fe r r it e  path in  mixed structures



TABLE ( b )  

FATIGUE TEST RESULTS

TEST
NO. ca

N/mm^
€e €P Ct 2Nf

40/1 413 .00200 .01670 .0187 IO84

40/2 382 .00186 .00780 .0966 3800

40/8 350 .00170 .0060 .0077 6212

40/3 314 .00153 .0034 .0049 I 684O

40/4 226 .00110 .0005 .0022 137600

40/5 198 .00096 .0003 .0019 245000

40/7 185 .00090 .00015 .0014 6756OO

40/6 171 .OOO83 .0001 .0009 lx lO 7

34/1 508 .00254 .0161 .0186 1060

34/2 423 .00211 .OO69 .0090 4340

34/6 398 .00199 .0056 .0076 6956

34/7 370 .00185 .0035 .0053 13137

34/5 337 .00168 .0017 .0034 46920

34/4 270 .00135 .0004 .0017 632000

34/8 253 .00127 .0003 .0016 1184827

34/3 220 .00110 - .0011 3xl07 R.O.

07/2 530 .00265 .0151 .0178 416

07/3 490 .00245 .OO64 .0088 1780

07/6 475 .00238 .0045 .0068 3182

07/7 440 .00220 .0029 .0051 5456

07/4 420 .00210 .0018 .0039 15800

07/5 365 .00183 .0006 .0024 124700

07/8 315 .00158 - .0016 3x10 7  R.O.

07/1 290 .00145 - .0014 4 . 07x l 07



x n n i j E j  j  ^ v j u x i l  • u.^

TEST
NO. aQ

N/mm2
ce €P €t 2Nf

72/2 659 .00330 .0151 .0184 276

72/3 580 .00290 .OO63 .0092 2592

72/9 540 .00270 .0039 .0066 7762

72/4 486 .00240 .0011 .0035 33980

72/5 410 .00205 .0005 .0027 94420

72/10 390 .00195 .0002 .0022 684351

72/6 350 .00175 - .0017
7

3.0x10 R.O.

72/8 330 .00165 .00005 .0016 1 . 19x10^

26/1 624 .00312 .0156 .0187 740

26/2 560 .00280 .0070 .0098 3540

26/8 495 .00248 .0048 .0073 6846

26/5 440 .00220 .0027 .0049 19200

26/3 375 .00188 .0013 .0032 645OO

26/6 305 .00150 .0006 .0021 420000

26/7 262 .00131 .0003 .0017 926000

26/4 240 .00120 - .0012 3 .0 x l0 7 R.O.

36/1 714 .00357 .0161 .0186 980

36/2 575 .00288 .OO64 .0092 4950

36/10 535 .00268 .0043 .0070 10255

36/5 462 .00231 .0020 .0043 24700

36/4 410 .00205 .0012 .0032 93400

36/9 362 .00181 .0006 .0024 433000

36/8 353 .00177 .0005 .0023 702100

36/3 327 .OOI64 - .0016 3 .0 x l0 7 R.O.



T A nm  tu o r r c 'c ij

TEST
NO. 2N/mm

€e CP ct 2Nf

78/2 725 .00360 .0160 .0196 404

78/1 600 .00300 .0066 .0096 1980

78/6 550 .00275 .0045 .0072 4368

78/3 470 .00235 .0020 .0043 20360

78/4 412 .00206 .0010 .0031 86000

78/5 350 .00175 .0004 .0021 818000

78/7 330 .00165 - .0017 9576300

74/1 818 .00410 .0132 .0173 428

74/2 683 .00340 .0050 .OO84 2600

7 4 /U 599 .00300 .0025 .0055 8173

74/3 536 .00270 .0010 .0037 25220

74/12 462 .00230 .0007 .0030 204675

74/5 405 .00200 .0003 .0023 320000

74/10 345 .00170 - .0017 3x107 R.O.



TABLE (6)

THE MEASURED FATIGUE PARAMETERS 
FOR EACH STEEL

CAST
NO. V c a\

(N/mml)
b

40 0.95 - .5 8 876 - .1 1 2

34 O.83 - .5 7 946 - .0 9 6

07 0.75 - .6 3 714 - .0 5 3

72 0.53 - .5 9 968 - .0 6 8

26 0.51 - .5 3 1479 - .1 2 4

36 0.56 - .5 3 1436 l • M* 0

78 0.35 - .5 2 1237 - .0 9 5

74 0.28 - .5 2 1550 -.1 0 1



TABLE (7)

THE MEASURED FATIGUE LIMIT
OF EACH STEEL

CAST
NO.

FATIGUE LIMIT

STRAIN STRESS (N/mm2)

40 .00085 175

34 .0012 245

07 .0015 310

72 .0017 350

26 .0012 245

36 .0016 330

78 .0017 350

74 .00175 360



TABLE (8)

CYCLIC STRAIN HARDENING PARAMETERS 
OBTAINED FROM THE FATIGUE TESTS

CAST
NO. n' K' (N/mm2 )

40 .160 806

34 .151 853

07 .096 785

72 .117 1088

26 .2 0 4 1638

36 .238 1915

78 .1 8 7 1467

74 .1 9 7 1834



TABLE (9)

RESULTS FROM REPRODUCIBILITY ASSESSMENT 
OF MONOTONIC TEST

Cast
Number

CTy
N/mm̂

ffu
N/itun̂ < 

-9
C t

o €f nir Kir

4 0 /4 1 239 596 887 0 .9 9 0 .2 6 938

4 0 /4 2 203 579 878 1 .0 3 0 .2 8 988

4 0 /4 3 250 581 737 0 .81 0 .2 6 917

Mean 231 585 834 0 .9 4 0 .2 7 952

STD
D eviation 2 4 .6 9 .3 84 0.11 0 .0 1 4 50 .2

26/21 288 849 1069 0 .4 3 0 .2 5 1625

26/22 212 860 1061 0 .4 7 0 .3 0 1721

2 6 /2 3 281 8 33 1043 O.46 0 .2 2 1414

26 /24 223 873 1082 0 .4 7 0 .2 8 1680

Mean 239 854 IO64 0 .4 5 0 .2 6 1610

STD
D eviation ' 3 7 .1 1 7 .0 16.3 0 .02 0 .0 3 5 136
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TABLE ( 1 1 )

RESULTS FROM REPRODUCIBILITY ASSESSMENT 
OF INCREMENTAL STEP TEST

V n' K'

34/30 357 0.179 1080

34/31 359 0.176 1055

34/32 356 0.175 IO46

34/33 360 0.177 IO67

34/34 346 0.178 1065

Mean 355 0.177 IO63

STD
D ev ia tion 6 .4 0.001 12.85

74/70 619 0.179 1707

74/71 627 0.180 1791

74/72 625 0.177 1704

Mean 626 0.178 1747

STD
D ev ia tion  - 1.41 0.002 61.5

0yC = mono-tonic y ie ld  s t r e s s  i n  com pression in N/mm



TABLE (1 2 )

CYCLIC STRESS-STRAIN DATA 
FOR THE EIGHT STEELS

CAST
VfA

n' VALUES K# VALUES ° y
JNU#

I .S .T . M .S.T. I .S .T . M .S.T. I .S .T .

40 .179 .160 879 « 806 165

34 .165 .151 967 853 220

07 .118 .096 882 785 290

72 . 1—*■ CO 4^ .117 1110 1088 330

26 .232 .204 1713 1638 240

36 .202 .238 1618 1915 325

78 .197 . !->■ 00 ^3 1616 1467 325

74

OOOH• .197 1963 1834 350

M .S.T. = M ultip le  Specimen T est I .S .T .  =  In crem en ta l S tep  T est
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Table (15)

RESULTS OF LINEAR REGRESSION ANALYSIS OF 
STRESS AMPLITUDE AND TOTAL PLA&Tld STRAIN 

‘ 'r ENERGY TO FAILURE

CAST
NO.

SLOPE INTERCEPT CORRELATION 
COEFFICIENT .

40 - 0,32 7948 - .9 8

34 -O .36 15606 - .9 8

07 -0 ,1 9 2686 - .9 5

72 -0 ,1 4 2140 - .9 4

26 -0 ,3 5 15868 - .9 7

36 -0 ,3 9 31595 - .9 9

78 - 0.30 10810 - .9 9

74 -O .36 20297 - .9 7



TABLE (.16)

MEASURED AND CALCULATED VALUES OF THE 
FATIGUE EXPONENTS ”b" AND "c"

MEASURED MORROW CURRENT WORK
CAST
NO. c b b ~ " n/ c  -  _ l b -  “ r/c —

1 +5n' l+5n' 1+4-3 n7 1+4-3 n'

40 - .5 8 - .1 1 2 - .5 3 - .0 9 4 - .5 6 - .1 0 1

34 - .5 7 -.0 9 6 - .5 5 -.0 9 0 - .5 8 - .0 9 6

07 - .6 3 - .0 5 3 - .6 3 1 • 0 '■v
j

4̂ - .6 6 -.0 7 8
72 - .5 9 -.0 6 8 - .6 0 - .0 8 0 - .6 3

000
•l

26 - .5 3 -.1 2 4 - .4 6 -.1 0 7 - .5 0 - .1 1 5
36 - .5 3 1 • h-L 0 - .5 0 -.1 0 0 - .5 3

0T”4 • 1

78 - .5 2 - .0 9 5 - .5 0 -.0 9 9 - .5 4 - .1 0 6

74 - .5 2 -.1 0 1 - .5 0 -.0 9 9 - .5 4 -.1 0 6

TABLE (17)

LIST OF INDEPENDENT VARIABLES AND THE THREE 
LEVELS SELECTED FOR EACH

C Si Mn

AUSTENITISING
TEMPERATURE

ISOTHERMAL
TRANSFORMATION
TEMPERATURE

0.3^ 0.3% 0 .5 % 850°C 540°C

0.5% 1.15$ 1. 0% 950°C 6oo°c

0 .7 % 2 . 00$ 1.5$ 1 050°C 660°C



Table (18)

FACTORIAL DESIGN FOR STRUCTURE -  PROPERTY STUDIES

SAMPLE INDEPENDENT VARIABLES

NUMBER
CARBON MANGANESE SILICON AUSTENITISING

TEMPERATURE
ISOTHERMAL
TRANSFORMATION
TEMPERATURE

1 L L L L L
2 H L M L H
3 M L H L M

4 H M L L L

5 M M M L H
6 L M H L M

7 M H L L L
8 L H M L H

9 H H H L M
10 H L L M H
11 M L M M M
12 L L H M L
13 M M L M H
14 L M M M M
15 H M H M L
16 L H L M H

17 H H M M M
18 M H H M L
19 M L L H M
20 L L M H L
21 H L H H H
22 L M L H M
23 H M M H L
24 M M H H H
25 H H L H M
26 M H M H L
27 L H H H H

L = Lowest le v e l  
M — Medium le v e l  

H = H ighest le v e l



TABLE 18 (C on t*d)

SAMPLE INDEPENDENT VARIABLES
NUMBER

CARBON MANGANESE SILICON AUSTENITISING
TEMPERATURE

ISOTHERMAL
TRANSFORMATION
TEMPERATURE

28 M L L L H
29 H L L L M
30 L L M L M
31 M L M L L
32 L L H L H
33 H L H L L
34 L M L L H
35 M M L L M
36 L M M L L
37 H M M L M
38 M M H L L
39 H M H L H
40 L H L L M
41 H H L L H
42 M H M L M
43 H H M L L
44 L H H L L
45 M H H L H
46 .L L L M M
47 M L L M L
48 L L M M H
49 H L M M L
50 M L H M H
51 H L H M M
52 L M L M L
53 H M L M M
54 M M M M L
55 H M M M H
56 L M H M H
57 M M H M M
58 M H L M M
59 H H L M L



61
62

63
6 4

6  5

66

6 7

68

69

7 0

71

72

7 3

7 4

7 5

7 6

7 7

7 8

7 9

80
81

TABLE 18 (C onttd)

INDEPENDENT VARIABLES

ATRTFNTTT^TMr1 ISOTHERMAL
CARBON MANGANESE SILICON tfiwftmtttrf TRANSFORMATION

TEMPERATURE TEMPERATURE

L H M M L
M H M M H
L H H M M
H H H M H
L L L H H
H L L H L
M L M H H
H L M H M
L L H H M
M L H H L
M M L H L
H M L H H
L M M H H
M M M H M
L M H H L
H M H H M
L H L H L
M H L H H
L H M H M
H H M H H
M H H H M
H H H H L
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TABLE (21)

COMPOSITION AND MECHANICAL PROPERTIES 
FOR MAN-TEN AND RQC-lOO STEELS

CHEMICAL COMPOSITION MAN-TEN RQC-lOO

Carbon 0.23 0.19
S ilic o n 0.01 0.24
Manganese 1.57 0.79
Sulphur 0.022 0.021
Phosphorus 0.016 0.005
Copper 0 .22 -
Boron - 0.0028

MECHANICAL PROPERTIES

2
Youngs Modulus (N/iran ) 203 000 203 000

n7 0.193 0.100

K (N/mm2) 1 190 1 .150

oy (N/mm2) 930 1 165

b -0 .0 9 5 -0 .0 7 5

cf' 0.26 1.06

c -0 .4 7 -0 .7 5



TABLE (22)

PREDICTIONS FOR SAE HISTORIES -  MAN-TEN STEEL

T est 
I.Do 
No.

Max/Min
Load
(kN)

Max
Load
Range
(kN)

A ctual L ife  
to I n i t i a t i o n  

(B locks)

A ctual L ife  
to F a ilu re  

(B locks)

P red ic te d
L ife

(B locks)

SM 1 -  71 .2 95.7 7 .7  -  28 10.5 -  48 20.28
SM 2 -  40 .0 53.8 162 -  430 767 -  2 200 313.5
SM 3 -  26.7 35.9 1 410 -  2 240 31 884 3 000

SM 4 -  20.0 26.9 4 700 24 666 20 460
SM 5 -  13.3 17.9 — 85 370 82 000

BM 1 -  71 .2 123.6 1 .5 -  2.6 2 .2  -  3 .0 1
BM 2 -  35.6 61.8 11.5 -  23 19.5 -  44 15.23
BM 3 -  15.6 27.0 270 -  1 588 1 054 -  4 944 2 319
BM 4 -  13.3 23.20 2 666 4 076 -  9 910 8 436
BM 5 -  11.1 19.3 — 20 630 55 400

TM 1 + 71 .2 106.3 8 .4  -  12.8 8 .9  -  16 4
TM 2 + 35.6 53.2 74 -  420 86 -  537 7 7 .2
TM 3 + 15.6 23.2 3 755 -  5 800 5 780 -  6 957 6 946

SM = Suspension H is to ry  

BM = B racke t H is to ry  

TM = Transm ission H is to ry



TABLE (23)

PREDICTIONS FOR SAE HISTORIES -  RQC-lOO STEEL

T est
I .D .
No.

Max/Min
Load

(kN)

Max
Load
Range
(kN)

A ctual L ife  
to I n i t i a t i o n  

(B locks)

A ctual L ife  
to F a ilu re  

(B locks)

P re d ic te d
L ife

(B locks)

SR 1 -  71 .2 95.7 20 -  64 27.5 -  218 24
SR 2 -  40 .0 53.8 1 710 5 535 463
SR 3 -  31.1 41.8 11 200 51 124 3 317
SR 4 -  26.7 35.9 48 000 106 732 16 820

BR 1 -  71 .2 123.6 3.3 -  5.1 5 .3  -  7 .4 1
BR 2 -  35.6 61.8 47 -  113 108 -  212 27.6
BR 3 -  15.6 27.0 2 773 -  5 020 7 673 -  12 519 19 000

TR 1 + 71 .2 106.3 22.2 -  29.9 24 -  35.6 5.8
TR 2 + 35.6 53.2 269 -  460 297 -  520 126.3
TR 3 + 15*6 23.2 — 88 020 25 200

SR = Suspension H istory  

BR = Bracket H istory  

TR = Transmission H istory



TABLE (24)

DIFFERENT ASSESSMENTS OF NON-MASING MATERIAL BEHAVIOUR

/ / C orrelation  
n  ̂ C o e ffic ie n t

( l )  Morrow

C - ( 1 a .\ '/n'  
p ‘ \ k ' )

Loop 5 

Loop 10 

Loop 15

.162 1384 .999 

.153 1372 .995 

.140 1351 .994

( 2) Jhansale

c -
H K'

Loop 5 

Loop 10 

Loop 15

.164 1386 .995 

.164 1381 .995 

.163 1376 .993

t>ay' — Y ie ld  range increm ent



TABLE (25)

COMPOSITION AND LIFE PREDICTION RESULTS

   ------------------
| C ast C S i Mn Np 800 Np 450 Np 230
s No, (w t %) (w t %) (w t %) ( r e v e r s a ls )  ( r e v e r s a ls )  ( r e v e r s a ls )
I .....................- -     ■ - — ---------

40 S 0.30 0 .30 0.54 4 .75 X 104 4.40 X io5 1.07 X l°7 |

i 34 s 0 .32 0.27 1.44 8.09 X 104 9 .62 X 103 4 .3 6 X 1°7

| 07 s 0.29 2.04 • 0.54 4 .72 X 104 6 .6 2 X 105 1.66 X 108

| 72 s 0 .32 1.91 1.51 7 .75 X 10* 1.44 X 105 8.74 X 108

! 26 s 0.78 0 .30 0.58 1.23 X 105 1.66 X 106 8 .8 0 X 107 |

36 s 0.71 0.29 1.51 1.45 X 105 2.38 X 106 2.94 X 108

j 78 s 0.65 2.00 0.58 1.07 X 105 2.06 X 106 3.84 X 108 j

| 74 s 0.70 1.86 1.49 1.48 X 105 3.82 X 106 1.67 X 109 j

! 40 B 0.30 0 .30 0.54 •V 5.46 X 103 3.88 X 104 6 .6 4 X 105

34 B 0.32 0.27 1.44 7.72 X 103 7.03 X 104 2.26 X 106

07 B 0.29 2.04 0.54 3.92 X 103 4 .69 X io4 6.28 X 106

72 B 0.32 1.91 1.51 5.88 X 103 9 .35 X 104 2.05 X 107

26 B 0.78 0 .30 0.58 1.00 X 104 1.04 X 105 3.49 X 10^

36 B 0.71 0.29 1.51 1.10 X 104 1.39 X 105 9 .46 X 106

OO{>- B 0.65 2.00 0.58 7.72 X 103 1.16 X 105 1.09 X 107

74 B 0.70 1.86 1.49 9.80 X 103 1.92 X IO3 3.15 X 107

40 T 0.30 0.30 0.54 9.87 X 103 6 .8 4 X 104 9 .84 X 105 !

34 T 0.32 0.27 1.44 1.43 X 104 1.21 X 105 2.84 X I06 i

07
T 0 .29 2.04 0.54 8.07 X 103 8.00 X 104 6 .53 X

10' l
j72 T 0 .32 1.91 1.51 1.13 X 104 1.40 X 105 1.82 X

7 ' 10/ \

I 26 T 0.78 0 .30  * 0.58 1.60 X 104 1.46 X io5 3.59 X 106 1
! 36 T 0.71 0.29 1.51 1.83 X 104 2.08 X 105 8 .0 0 X 1061

j 78 T 6.65 2.00 0.58 1.26 X 104 1.56 X 103 8 .55 X 106 ]
!74 mX 0.70 1.86 1.49 1.51 X 104 2.26 X 105 1.85 X 107 !

Np = L ife  P re d ic tio n s  : s u f f ix  r e f e r s  to  ■max s t r e s s  l e v e l .



Example of a s ta r -c ra c k  f a i l u r e  

a t  a r a i l  end.

F i g . l  (b)

F ra c tu re  fa c e  of a s ta r -c ra c k  
r a i l  f a i l u r e  showing the  
i n i t i a t i n g  f a t ig u e  c rack .
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Example of a f r a c tu re d  wheel.
The i n i t i a l  fa t ig u e  c rack  developed 

from the sm all, th readed  b o l t  h o le  
marked nAn.
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( i )  STRAIN INPUT

(ii) STRESS RESPONSE

STRESS
MONOTONIC a - €  CURVE

CYCLIC C T -€  CURVE

2 0  ksi

STRAIN

LOOPS APPROXIMATE  
SHAPE ONLY

( i i i ) CT-C HYSTERESIS LOOPS (R E F  17)

FIG. 5. PRODUCTION OF CYCLIC (T -€  CURVE FROM

INCREMENTAL STEP TEST
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TENSION

COMPRESSION

FIG 9 . THE FATIGUE CRACK PROPAGATION MODEL OF LAIRD AND S M IT H  (1BO),
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NUMBER OF FACTORS
(EACH AT 3 LEVELS)

F I G .  1 0 . B A S I S  OF FRACTIONAL FACTORIAL DESIGNED E X P E R I M E N T S .
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F i g . 12

The photograph shows th e  sm all, 
c lip -o n  extensom eter used in  the 

f a t ig u e  te s t s  and the inc rem en ta l 

s te p  t e s t s .





F i g . 13

The photograph shows th e  long  
arm extensom eter used  i n  the 
monotonic t e s t s .
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0-9

0-8
0-2 1-20 0-4 0-6 0-8 1-0

FIG.  1 5 .  Y A M A S H I T A ' S  CORRECTION FOR NECKING



READ SCALE FACTORS E.T.C. 
FROM TELETYPE

READ 1/0 16 BIT Nqs. FROM
PAPER TAPE (THESE ARE 

ALTERNATELY STRESS & STRAIN J

FIND THE No. OF THE STRAIN 
WHICH CORRESPONDS TO THE 

FIRST REQUIRED VALUE

IS THE No< 20

TAKE THIS STRESS & STRAIN

HAVE ENOUGH 
STRESSES & STRAINS 

BEEN TAKEN

CALCULATE BEST FIT ST. LINE OF 
LOG STRESS vs LOG (PLASTIC STRAIN)

...............................  "'I
CALCULATE STD ERROR IN LOG STRESS 

I
REJECT VALUES >  ±  1*5 STD ERRORS 

FROM THE LINE

I I
CALCULATE BEST FIT ST. LINE OF
LOG STRESS vs LOG (PLASTIC STRAIN)

i :
OUTPUT SLOPE INTERCEPT CORR. COEFF 

BLOCK SIZE & BLOCK No

MOVE ALL INPUTS UP 40
PLACES IN STORE. READ
THE NEXT 40 Nos. OFF
PAPER TAPE. PUT THEM
IN INPUT LOCATIONS

1-120

IS STRAIN> 4000

CONVERT STRESS & STRAIN INPUTS
TO kN/mmz RATIO & CALC.

PLASTIC STRAIN

I
TAKE IN THE NEXT

BUT ONE PAIR
OF VALUES

I

FIG . 16. THE FLOW  CHART FO R  T H E  COMPUTER PR O G R A M M E 
U SED TO OBTAIN VALUES OF V



F i g . 17

M ic ro s tru c tu re  of c a s t  40
x 250

F i g . 18

M ic ro s tru e tu re  of c a s t  34 
x 250





F ig .  19

M ic ro s tru c tu re  of c a s t  07

x 250

F ig . 20

M ic ro s tru c tu re  of c a s t  72 

x 250





F i g . 21

M ic ro s tru c tu re  of c a s t  26
x 250

F ig .22

Micros t ru e tu re  of c a s t  36 
x 250
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F i g . 23

M ic ro s tru c tu re  of c a s t  78

x 250

F i g .24

M ic ro s tru c tu re  of c a s t  74 . 
x 250
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LIMIT OF TEST DATA

REVERSALS TO FAILURE (2 N f)

FIG.  39.  DIAGRAMMATIC REPRESENTATION OF P R O P O S E D  
S T R E S S - L I F E  R E L A T I O N S H I P
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F i g - 5 7 ( a),

. Example of su rfa ce  damage in  

f e r r i t e  ( c a s t  4 0 ).
x  2. IK

F A S .  5 7 ( b ) .

View of same a re a  as above a t  a 

h ig h e r m ag n ific a tio n  

x  5.3K





F ig .5 8 (a )

Example pf s tag e  I  c racks in  

c a s t  07.
x 240

F ig -5 8 (b )

S tage  I  c rack  w ith  an a sso c ia te d  
n o n -m e ta llic  in c lu s io n .

x  1.2K





U

F ig .5 9 (a )

One of th e  s tag e  I  c racks from 

c a s t  07 shown a t  a h ig h e r 

m a g n if ic a tio n .

x 600

F ig . 59(b)

The o th e r  s tag e  I  c rack  from 

c a s t  07. In  th is  case  two non- 
m e ta l l ic  in c lu s io n s  a re  a s so c ia te d  

w ith  th e  c ra ck .

x  1.3K.





F ig .6 0

'S tag e  I I  c rack  in  f e r r i t i c  s t e e l  

( c a s t  34)* An example of a b r i t t l e  
s t r i a t i o n  i s  marked "A” , 

x  275

F ig .6 l

S tage I I  c rack  i n  p e a r l i t i c  s t e e l  

( c a s t  36) .  An example of a b r i t t l e  
s t r i a t i o n  i s  marked nAn. 

x 275





Example of f a t ig u e  s t r i a t i o n s  in  a 
s t e e l  c o n ta in in g  a p p re c ia b le  f e r r i t e  
in  the  m ic ro s tru e tu re .

x 2.75K

F ig -63

High m a g n ific a tio n  photograph 
showing the c h a r a c te r i s t i c s  of 
s ta g e  I I  c racks in  p e a r l i t e ,  
( c a s t  74) ,

x  2.4K





•Fig. 64(a)

Example of secondary c rack s  which 
developed in  the  l a t e r  s ta g e s  of the  

t e s t s ,
x 2 ,OK

F ig .6 4 (b )

View of same a re a  as shown above 
b u t  a t  a h ig h e r m a g n ific a tio n .

x 6.2K





F ig .6 5 (a )

An example of a s ta g e  I I  c rack  

in  p e a r l i t e .

x 2. IK

F ig .6 5 (b )

View of same a re a  as above, a f t e r  
e tch in g  in  2% n i t a l .

x 2. IK





Fig.66(a)

An example of a s ta g e  I I  crack  in  
p e a r l i t e  a f t e r  e tch in g  in  2% n i t a l .

x  2.4K

F ig .6 6 (b )

View of same a re a  as. above b u t  a t  

h ig h e r m a g n ific a tio n .

x  6 .OK





PEARLITE COLONIES AHEAD 
OF CRACK FRONT

• . v X v . v . y . v ,

iV iV i 'iV .V iV ^ v lv l r Y iV

FIG. 67. DIAGRAMMATIC REPRESENTATION OF CRACK GROWTH MECHANISM 
IN P E A R L I T E .  DEBONDING INITIALLY OCCURS AT THE F E R R I T E /  
CEMENTITE INTERFACES IN THE FAVOURABLY ORIENTED COLONIES 
A' A N O ’B'. S T R E S S  THEN BUILDS UP IN THE UNFAVOURABLY 
ORIENTED COLONY 'C '  LEADING TO T H E  FORMATION- OF A BRITTLE
STRIATION WHEN FRACTURE OF T H I S  LIGAMENT OCCURS
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F I G . 69.  S.A.E.  SPECIMEN DESIGN (REF.  1 8 3 )
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F I G . 71. H Y S T E R E S IS  LOOP S H A P E S - A C T U A L  ( I . S . T E S T )  AND 
PREDICTED (MASING)



o
o

z

Cslo
o

o
o

oo o
C O

o oo o
csl

o o

LDz<
cc

<  
cc I— I/)
o

CL
CL
<

„uiiii/ f s | )  !N3N3dDNI 3DNV« Q13IA

FI
G.

72
. 

VA
RI

AT
IO

N 
OF 

YIE
LO

 
RA

NG
E 

IN
CR

EM
EN

T 
WI

TH
 

AP
PL

IED
 

ST
RA

IN 
RA

NG
E



900

CLOO 36,78
600

400]
L LO
8  300|Lu
£00
o  200 I INITIAL

yield strain
1Q0|

001
0-02

a p p l i e d  s tra in  range
0-03

F I G . 7 3 . VARIATION IN YIELD S T R E S S  OF H Y S T E R E S I S  L O O P S  W I T H
APPLIED STRAIN RANGE



FATIGUE LIFE PREDICTION ROUTINE (NOM. ELASTICITY)

OPTION DESCRIPTION VALUE

1 MODULUS OF ELASTICITY (M PA) 203000-00

2 STRENGTH COEFFICIENT (M PA) 876-00

3 STRAIN HARDENING EXPONENT 0-1790

A MAX. ABSOLUTE NOMINAL STRESS (M P A ) 450-00

5 No. OF MODEL ELEMENTS 200

6 STRESS CONCENTRATION FACTOR 3-00

7 CAL. FACTOR APPLIED TO INPUT HISTORY 0-4497E+00

8 STATIC OFFSET (INPUT UNITS) O-OOOOE +00

9 RUN IDENT. 40 S 9

10 SET UP MATERIAL MODEL NONE

MAX. NOMINAL STRESS RANGE BUILT IN (N LIM  ) IS 900-0000 *

( a )

BASIC FATIGUE DATA

OPTION DESCRIPTION VALUE

1 FATIGUE STRENGTH COEFFICIENT (MPA) 876-00

2 FATIGUE DUCTILITY COEFFICIENT 0-9500

3 FATIGUE STRENGTH EXPONENT -0-1120

4 ' FATIGUE DUCTILITY EXPONENT -0-5800

5 ENDURANCE LIMIT (REVERSALS 1-0000E+07

6 SET UP OK NONE

a )

NOMINAL INPUT HISTORY

DATASET IDENTIFICATION SAESRE
'

O)

F I G . 74.  TY PIC A L INPUTS TO LIFE P R E D I C T I O N  P R O G R A M M E
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x BRACKET HISTORY 
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F I G . 7 8 .  V A R IA T IO N S  IN FATIGUE LIFE WITH COMPOSITION C H A N G E S , 
.S H O W IN G  INFLUENCE OF T Y P E  AND S T R E S S *  LEVEL OF

RANDOM S I G N A L
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FIG. 79.  EFFECT OF INCREASING CARBON CONTENT ON THE FATIGUE DUCTILITY
COEFFICIENT AND EXPONENT
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