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ABSTRACT 

Recent  r e s e a r c h  o n  c a r b u r i z e d  s t e e l s  h a s  
d e m o n s t r a t e d  a  c o r r e l a t i o n  between t h e  tough- 
n e s s  p r o p e r t i e s  o f  a  c a r b u r i z e d  s t e e l  and t h e  
f a t i g u e  per formance  i n  combined l o a d  t e s t i n g  
( h i g h - c y c l e  f a t i g u e  p l u s  o v e r l o a d ) .  The d a t a  
p r e s e n t e d  s u g g e s t  t h a t ,  f o r  a p p l i c a t i o n s  where 
l o a d s  above t h e  f a t i g u e  l i m i t  a r e  e n c o u n t e r e d ,  
b o t h  p r o c e s s i n g  and a l l o y i n g  must be c o n s i d e r e d .  
R e s u l t s  from a  number o f  i n v e s t i g a t i o n s  a r e  
reviewed t o  i l l u s t r a t e  t h a t  h igh-cyc le  f a t i g u e  
p r o p e r t i e s  a r e  c o n t r o l l e d  p r i m a r i l y  by t h e  
p r o c e s s i n g ,  w h e r e a s  t o u g h n e s s  c h a r a c t e r i s t i c s ,  
such  a s  r e s i s t a n c e  t o  random c y c l i c  i o a d i n g ,  
a r e  a  r e s u l t  o f  t h e  a l l o y i n g .  

CARBURIZING STEELS a r e  g e n e r a l l y  used i n  heavy 
l o a d i n g  a p p l i c a t i o n s  where premium per formance  
c h a r a c t e r i s t i c s  a r e  a  n e c e s s i t y .  I n  many 
i n s t a n c e s ,  t h e  s i t u a t i o n  i s  one  where random 
c y c l i c  l o a d i n g  c o n d i t i o n s  a r e  e n c o u n t e r e d .  An 
example  i s  t h e  g e a r i n g  employed i n  v a r i o u s  t y p e s  
o f  t r a n s p o r t a t i o n  equipment .  I n  g e n e r a l ,  t h e s e  
a p p l i c a t i o n s  c a n  be  c h a r a c t e r i z e d  a s  c o n s i s t i n g  
l a r g e l y  o f  a  h i g h - c y c l e  f a t i g u e  component w i t h  
i n t e r m i t t e n t  h i g h e r  l o a d s  r e s u l t i n g  from such  
t h i n g s  a s  a c c e l e r a t i o n ,  g e a r  s h i f t i n g ,  r e s o n a n t  
v i b r a t i o n s  o r  o t h e r  sudden  c h a n g e s  i n  o p e r a t i n g  
c o n d i t i o n s .  I n  t h i s  p a p e r ,  t h i s  l o a d i n g  c o n d i -  
t i o n  w i l l  be r e f e r r e d  t o  a s  "combined l o a d i n g "  
t o  emphas ize  t h e  components  i n v o l v e d ,  i . e . ,  
t h e  h i g h - c y c l e  f a t i g u e  p o r t i o n  and t h e  h i g h e r  
l o a d  c o n d i t i o n s  which w i l l  be r e f e r r e d  t o  a s  
" o v e r  l o a d s .  " 

From an e n g i n e e r i n g  s t a n d p o i n t ,  combined 
l o a d i n g  s i t u a t i o n s  a r e  d i f f i c u l t  t o  a n a l y z e .  
I t  is a l s o  v e r y  d i f f i c u l t  t o  e v a l u a t e  t h e  r e l a -  
t i v e  c o n t r i b u t i o n s  o f  t h e  f a t i g u e  and o v e r l o a d  
p o r t i o n s  o f  t h e  l o a d i n g  spec t rum.  Even when 
t h e s e  d a t a  a r e  o b t a i n e d ,  t h e r e  is v e r y  l i t t l e  
i n f o r m a t i o n  a v a i l a b l e  o n  t h e  b a l a n c e  o f  p r o p e r -  
t i e s  r e q u i r e d  t o  s u s t a i n  s u c h  combined l o a d i n g .  
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S i m i l a r l y ,  t h e r e  is a  d e c i d e d  l a c k  o f  under-  
s t a n d i n g  c o n c e r n i n g  t h e  i n d i v i d u a l  r o l e s  o f  
a l l o y i n g  and p r o c e s s i n g  i n  c a r b u r i z e d  s t e e l  
per formance .  S p e c i f i c a l l y ,  t h e  q u e s t i o n  is: 
How d o e s  o n e  a p p r o a c h  t h e  f a t i g u e  and t o u g h n e s s  
r e q u i r e m e n t s  o f  a  p a r t i c u l a r  a p p l i c a t i o n ?  

I n  a n  e f f o r t  t o  d e t e r m i n e  t h e  n a t u r e  a n d  
e x t e n t  o f  t h e  b e n e f i c i a l  i n f l u e n c e  o f  molybdenum 
o n  c a r b u r i z e d  s t e e l  per formance ,  t h i s  l a b o r a t o r y  
h a s  c o n d u c t e d  numerous i n v e s t i g a t i o n s  on  t h e  
e f f e c t  o f  v a r i o u s  p r o c e s s i n g  and a l l o y i n g  v a r i -  
a b l e s  o n  f a t i g u e  and  t o u g h n e s s  r e l a t e d  p r o p e r -  
t i e s .  I t  is v e r y  d i f f i c u l t  t o  s t u d y  many 
i n d i v i d u a l  e f f e c t s  o f  t h e s e  v a r i a b l e s  e v e n  i n  
c o n t r o l l e d  l a b o r a t o r y  s i t u a t i o n s  because  t h e y  
a r e  n o t  e a s i l y  i s o l a t e d  from one  a n o t h e r .  How-  
e v e r ,  a f t e r  e x t e n s i v e  r e s e a r c h  a l o n g  w i t h  con-  
f i r m i n g  r e s u l t s  f rom i n - s e r v i c e  per formance ,  
some g e n e r a l  o b s e r v a t i o n s  have been o b t a i n e d  o n  
t h e  r e l a t i o n s h i p  between p r o c e s s i n g  and a l l o y i n g  
and how t h i s  r e l a t i o n s h i p  i n f l u e n c e s  p e r f o r -  
mance. 

One r e s e a r c h  program h a s  been e x t r e m e l y  
h e l p f u l  i n  p r o v i d i n g  i n s i g h t  i n t o  t h e  r e l a t i v e  
e f f e c t s  o f  f a t i g u e  and o v e r l o a d  o n  c a r b u r i z e d  
s t e e l  per formance .  T h i s  program h a s  f o c u s e d  o n  
p r e m a t u r e  f a t i g u e  f a i l u r e  r e s u l t i n g  from o v e r -  
l o a d  induced  c r a c k i n g .  Other  r e s e a r c h e r s  have  
l o o k e d  a t  t h e  e f f e c t  o f  s i m i l a r  l o a d i n g  s i t u -  
a t i o n s .  Work r e p o r t e d  by Eagan and S h e l t o n  ( 1 )  
i l l u s t r a t e d  t h a t  o v e r l o a d i n g  c o u l d  d e c r e a s e  t h e  
s u b s e q u e n t  h i g h - c y c l e  f a t i g u e  per formance  and  
t h a t  t h e r e  were d i f f e r e n c e s  i n  t h e  way v a r i o u s  
g r a d e s  responded ,  w i t h  h i g h e r  a l l o y e d  s t e e l s  
o u t - p e r f o r m i n g  t h e  lower a l l o y  g r a d e s .  Razim(2)  
r e p o r t e d  r e s u l t s  f rom a n  i n v e s t i g a t i o n  o f  what 
was te rmed t h e  " i n i t i a l  c r a c k  s t r e n g t h "  o f  
v a r i o u s  g r a d e s  o f  c a r b u r i z e d  s t e e l s .  H i s  
r e s u l t s  showed t h e  c r a c k  s t r e n g t h  (measured i n  
t e r m s  o f  s t r e s s  a t  c r a c k i n g )  was i n v e r s e l y  
r e l a t e d  t o  s u r f a c e  c a r b o n  l e v e l s  and d i r e c t l y  

*Numbers i n  p a r e n t h e s e s  d e s i g n a t e  r e f e r e n c e s  a t  
end  o f  p a p e r .  



r e l a t e d  t o  c o r e  h a r d e n a b i l i t y .  These e a r l i e r  
r e s u l t s  a r e ,  t o  a  l a r g e  e x t e n t ,  c o n s i s t e n t  w i t h  
r e c e n t  r e s u l t s  o b t a i n e d  by t h i s  l a b o r a t o r y  o n  
t h e  per formance  o f  c a r b u r i z e d  s t e e l s  under 
combined l o a d  t e s t i n g .  More r e c e n t  d a t a  on  
t h i s  s u b j e c t  have been o b t a i n e d  under  t h i s  
p rogram and a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  i n -  
f l u e n c e  o f  a l l o y i n g  and p r o c e s s i n g  h a s  r e s u l t e d .  

BACKGROUND 

The o b j e c t i v e  beh ind  c a r b u r i z e d  s t e e l  
r e s e a r c h  is t o  o b t a i n  l a b o r a t o r y  t e s t  r e s u l t s  
t h a t  c a n  be r e l a t e d  t o  i n - s e r v i c e  per formance .  
Our e x p e r i e n c e  h a s  shown t h a t  t h e  impac t  prop-  
e r t i e s  o f  a  c a r b u r i z e d  s t e e l  a r e  a  good r e l a -  
t i v e  i n d i c a t o r  o f  per formance  i n  h e a v i l y  loaded  
a p p l i c a t i o n s .  However, a  l a r g e  p o r t i o n  o f  
f i e l d  f a i l u r e s  from such  a p p l i c a t i o n s  have been 
d i a g n o s e d  a s  f a t i g u e  t y p e ,  a n d ,  i n d e e d ,  i t  i s  
q u i t e  c l e a r  t h a t  t h e  f a i l u r e s  have  c h a r a c t e r i s -  
t ics  t y p i c a l  o f  f a t i g u e  c r a c k  p r o p a g a t i o n .  
Hence , f a t i g u e  p r o p e r t i e s  have become more 
i m p o r t a n t  t h a n  impac t  p r o p e r t i e s .  Numerous 
examples  o f  f i e l d  per formance ,  though ,  have been 
shown t o  be  u n r e l a t e d  t o  l a b o r a t o r y  f a t i g u e  t e s t  
r e s u l t s .  A r e c e n t  example w i l l  be  used  t o  il- 
l u s t r a t e  t h e  p o i n t .  

A g e a r  s e t  l i k e  t h e  o n e  shown i n  F i g u r e  1 
was machined from SAE 8620,  c a r b u r i z e d  and 
t e s t e d  i n  a n  I n d i a n a p o l i s  t y p e  r a c e  c a r .  w h i l e  
t h i s  d e s i g n  was s u f f i c i e n t  f o r  o t h e r  e n g i n e s ,  
t h e  e n g i n e  used i n  t h i s  c a r  had d i f f e r e n t  p e r -  
formance c h a r a c t e r i s t i c s ,  and t h e  g e a r  s e t  
f a i l e d  p r e m a t u r e l y .  The s u b s t i t u t i o n  o f  a  
h i g h e r  a l l o y  g r a d e ,  EX55,  was enough to  com- 
p l e t e l y  e l i m i n a t e  t h e  g e a r  s e t  f a i l u r e s ,  and 
t h e  g e a r s  were used s u c c e s s f u l l y  t h r o u g h  s e v e r a l  
r a c e s .  Though t h e  f a i l e d  g e a r  s e t s  were damaged 
t o o  h e a v i l y  f o r  f r a c t o g r a p h i c  e v a l u a t i o n ,  t h e r e  
was n o t h i n g  i n  t h e  f a i l u r e  o f  t h e  SAE 8620 g e a r s  
t o  s u g g e s t  t h a t  t h e y  had f a i l e d  i n  a  s i n g l e  
impac t  t y p e  l o a d i n g  s i t u a t i o n .  Hence, t h e  d i f -  
f e r e n c e  between t h e  EX55 and SAE 8620 was a s -  
c r i b e d  t o  d i f f e r e n c e s  i n  t h e  f a t i g u e  c h a r a c t e r -  
i s t i c s .  Subsequent  l a b o r a t o r y  t e s t i n g  o f  t h e s e  
two s t e e l s ,  on  t h e  o t h e r  hand ,  i n d i c a t e d  t h a t  
t h e i r  h i g h - c y c l e  f a t i g u e  p r o p e r t i e s  were n o t  
s u f f i c i e n t l y  d i f f e r e n t  t o  a c c o u n t  f o r  t h e  i m -  
p roved  per formance .  Impac t  f r a c t u r e  t e s t i n g  o n  
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t h e  o t h e r  hand,  showed a  s u b s t a n t i a l  a d v a n t a g e  
o f  t h e  EX55 o v e r  t h e  SAE 8620. T e s t  r e s u l t s  t o  
be d e s c r i b e d  i n  l a t e r  s e c t i o n s  w i l l  i l l u s t r a t e  
t h i s  p o i n t  f u r t h e r .  

T h i s  s i t u a t i o n  is t y p i c a l  o f  many t h a t  have 
been i n v e s t i g a t e d .  Hence, t h e  a p p r o a c h  which 
h a s  been a d o p t e d  i s  t h a t  i n  h e a v i l y  l o a d e d  
a p p l i c a t i o n s  t h e  impact  f r a c t u r e  p r o p e r t i e s  
s h o u l d  be  t h e  i n d i c a t o r  o f  t h e  per formance  
c h a r a c t e r i s t i c s .  However, because  o f  t h e  e m -  
p i r i c a l  n a t u r e  o f  t h e  c o r r e l a t i o n  between i m p a c t  
p r o p e r t i e s  and per formance ,  t h e r e  was a  g e n e r a l  
r e l u c t a n c e  t o  r e l y  o n  t h e  impac t  p r o p e r t i e s  f o r  
m a t e r i a l  s e l e c t i o n  p u r p o s e s .  ~ n  a d d i t i o n ,  t h e r e  
was a  s u s p i c i o n  t h a t  t h e  l a b o r a t o r y  f a t i g u e  test 
must somehow be d e f i c i e n t  f o r  i ts  i n a b i l i t y  t o  
r e f l e c t  t h e  d i f f e r e n c e s  i n  per formance  s e e n  i n  
s e r v i c e .  A s o l u t i o n  t o  t h i s  c o n t r o v e r s y  h a s  
been s u g g e s t e d  by t h e  r e c e n t  r e s e a r c h  done o n  
combined l o a d i n g  o f  c a r b u r i z e d  s t e e l s .  D e t a i l s  
o f  t h e  program and some o f  t h e  i n i t i a l  d a t a  have  
been d e s c r i b e d  i n  a n  e a r l i e r  p u b l i c a t i o n ( 3 ) .  

The combined l o a d i n g  t e s t  program was i n i -  
t i a t e d  based  o n  e v i d e n c e  from numerous s o u r c e s  
t h a t  " c r a c k  i n i t i a t i o n "  r e p r e s e n t e d  a b o u t  90% 
o f  t h e  f a t i g u e  l i f e  o f  a  c a r b u r i z e d  s t e e l .  The 
h y p o t h e s i s  was t h a t  l o a d s  above t h e  f a t i g u e  
l i m i t  r e s u l t e d  i n  p r e m a t u r e  c r a c k  i n i t i a t i o n  
and t h a t  t h e  p r o p e r t i e s  govern ing  c r a c k  i n i t i -  
a t i o n  would be t h e  o n e s  c o n t r o l l i n g  f a t i g u e  
per formance  i n  combined l o a d i n g  s i t u a t i o n s .  

I n i t i a l  r e s u l t s  showed t h a t  l o a d s  a b o v e  
t h e  f a t i g u e  l i m i t  w i l l  r e s u l t  i n  c r a c k i n g  p a r t  
way t h r o u g h  t h e  c a s e  and t h a t  p r e m a t u r e  f a t i g u e  
f a i l u r e  c a n  r e s u l t .  The s t r e s s  r e q u i r e d  t o  form 
a c r a c k  i n  t h e  c a r b u r i z e d  c z s e  W ~ S  d e s c r i b e d  a s  
t h e  " c r i t i c a l  o v e r l o a d "  ( o r  O k , ) .  The d a t a  
a l s o  i n d i c a t e d  t h a t  t h e  l o a d  t o  form t h e  c r a c k s  
was r e l a t e d  t o  t h e  impac t  f r a c t u r e  s t r e s s  ( I F S )  
o f  t h e  s t e e l .  T h i s  c o r r e l a t i o n  between t h e  I F S  
and c a s e  c r a c k i n g  a t  t h e  O k r  p r o v i d e d  t h e  
key t o  t h e  r e l a t i o n s h i p  between impac t  p r o p e r -  
t i e s  and  f a t i g u e  per formance .  These  i n i t i a l  
r e s u l t s  d e m o n s t r a t e d  t h a t  t h e  OLcr was s e n s i -  
t i v e  t o  b o t h  a l l o y i n g  and l o a d i n g  r a t e  o r  
l o a d i n g  c o m b i n a t i o n  (i  . e . ,  f a t i g u e  p l u s  o v e r -  
l o a d ) .  The r e s e a r c h  a l s o  showed t h a t  b o t h  
O+ and  IFS v a l u e s  i n c r e a s e d  w i t h  l o a d i n g  
r a t e  a s  d o e s  f r a c t u r e  t o u g h n e s s ,  s u g g e s t i n g  
t h a t  b o t h  O& and I F S  were r e l a t e d  to t h e  
c a r b u r i z e d  f r a c t u r e  t o u g h n e s s  o f  t h e  steel. 
Subsequent  w o r k ( 4 )  h a s  p o i n t e d  o u t  t h a t  a  zone  
of i n t e r g r a n u l a r  f r a c t u r e  a t  t h e  i n i t i a t i o n  
s i t e  may be a n  i n d i c a t i o n  t h a t  c r a c k  f o r m a t i o n  
r e s u l t e d  from a n  o v e r l o a d .  

More r e c e n t  l a b o r a t o r y  work o n  t h i s  com- 
b i n e d  l o a d i n g  program h a s  f o c u s e d  o n  t h e  e f f e c t s  
o f  a l l o y i n g  and p r o c e s s i n g  on t h e  v a l u e  o f  
Or+, i n  a n  e f f o r t  to  d e t e r m i n e  t h e  e x t e n t  t o  
which t h e  OLcr s t r e s s  and  impac t  f r a c t u r e  
s t r e s s  a r e  measurements  o f  t h e  same p r o p e r t y .  
The d a t a  have c o n t i n u e d  t o  show a  s t r o n g  c o r -  
r e l a t i o n  between O& and impac t  p r o p e r t i e s .  
However, t h e s e  r e s u l t s  have  a l s o  been i n s t r u -  
m e n t a l  i n  p r o v i d i n g  a  b r o a d e r  p e r s p e c t i v e  o n  
t h e  r e l a t i o n s h i p  o f  a l l o y i n g  and p r o c e s s i n g  t o  
t h e  h i g h - c y c l e  f a t i g u e  and toughness  p r o p e r t i e s  



o f  c a r b u r i z e d  s t e e l s .  Consequent ly ,  r e s u l t s  
from r e c e n t  and p r e v i o u s  i n v e s t i g a t i o n s  have 
been e v a l u a t e d  t o  e s t i m a t e  t h e  r e l a t i v e  impor- 
t a n c e  o f  p r o c e s s i n g  and a l l o y i n g  t o  t h e  o v e r a l l  
pe r formance  o f  c a r b u r i z e d  s t e e l s .  The f o l l o w i n g  
examples  o f  r e s e a r c h  d a t a  w i l l  be used t o  
i l l u s t r a t e  t h a t  p r o c e s s i n g  v a r i a t i o n s  ( i . e . ,  
c a r b u r i z i n g  o r  s u b s e q u e n t  p r o c e s s e s  l i k e  s h o t  - 
p e e n i n g ) ,  i n  g e n e r a l ,  seem t o  have a  dominant  
e f f e c t  on  t h e  h i g h - c y c l e  f a t i g u e  performance 
b u t  a  n e g l i g i b l e  e f f e c t  o n  t h e  toughness .  
A l l o y i n g ,  o n  t h e  o t h e r  hand,  w i l l  be shown t o  
have  v e r y  l i t t l e ,  o r  what  might  be  termed a  
second  o r d e r ,  e f f e c t  on  f a t i g u e  p r o p e r t i e s  and 
y e t  a  dominant  i n f l u e n c e  o n  t h e  impac t  and 
o v e r l o a d  c h a r a c t e r i s t i c s .  I n  e s s e n c e ,  what 
t h e s e  o b s e r v a t i o n s  s u g g e s t  is t h a t  t h e  tough- 
n e s s  o f  t h e  c a r b u r i z e d  p r o d u c t  w i l l  be l a r g e l y  
d e t e r m i n e d  by t h e  a l l o y  c o m p o s i t i o n ,  w h i l e  t h e  
f a t i g u e  p r o p e r t i e s  w i l l  be c o n t r o l l e d  by t h e  
t y p e  o f  p r o c e s s i n g  t h a t  is used.  

PROCEDURE 

Most o f  t h e  f a t i g u e ,  impac t  and combined 
l o a d  t e s t i n g  c o n d u c t e d  by t h i s  l a b o r a t o r y  h a s  
been  per formed u s i n g  t h e  specimen geometry 
shown i n  F i g u r e  2 .  The d e s i g n  s i m u l a t e s  a  g e a r  
t o o t h ,  and t h e  r o o t  s e c t i o n  d imens ions  a r e  v e r y  
s i m i l a r  t o  t h o s e  o f  t h e  g e a r s  shown i n  F i g -  
u r e  1. Loading is accompl i shed  i n  a  c a n t i l e v e r  
f a s h i o n .  Impac t  f r a c t u r e  t e s t i n g  is conduc ted  
w i t h  a  Charpy impac t  t e s t e r  i n  t h e  manner o f  a n  
I z o d  t e s t .  Combined l o a d i n g  t e s t s  and high-  
c y c l e  f a t i g u e  tests a r e  performed i n  a  c l o s e d -  
l o o p  s e r v o h y d r a u l i c  test sys tem under  l o a d  
c o n t r o l  u s i n g  a  f i x t u r e  s i m i l a r  t o  t h e  one  
shown i n  F i g u r e  3. O u t e r  f i b e r  s t r e s s  v a l u e s  
a r e  o b t a i n e d  d i r e c t l y  from measured l o a d  v a l u e s  
u s i n g  s i m p l e  ( e l a s t i c )  bending  moment r e l a t i o n -  
s h i p s  and a  s t r e s s  c o n c e n t r a t i o n  f a c t o r  r e p r e -  
s e n t a t i v e  o f  t h e  n o t c h  r o o t  r a d i u s  ( 1 . 5 6 ) .  
The OLcr v a l u e  i s  o b t a i n e d  based  on  l o a d -  
d e f l e c t i o n  measurements  where t h e  d e f l e c t i o n  is 
measured by c l i p  gauge .  F i g u r e  4 i l l u s t r a t e s  a  
t y p i c a l  l o a d - d e f l e c t i o n  c u r v e  o b t a i n e d  f o r  a  
c a r b u r i z e d  s t e e l  i n  monotonic bending.  The 
a b r u p t  d i s c o n t i n u i t y  between t h e  l i n e a r  and 
n o n - l i n e a r  b e h a v i o r  h a s  been c o r r e l a t e d  w i t h  
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F i g .  2 - T e s t  Specimen Geometry f o r  
Impac t ,  F a t i g u e  and Combined Load T e s t s  

F i g .  3 - F i x t u r e  f o r  F a t i g u e  
and Combined Loading T e s t s  
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F i g .  4 - Load v e r s u s  Disp lacement  
f o r  Monotonic Bending 



c r a c k  f o r m a t i o n  and h a s  been d e s i g n a t e d  t h e  
OLcr. A s i m i l a r  a p p r o a c h  h a s  been used  i n  
i m p a c t  and combined l o a d i n g  tests t o  d e t e r m i n e  
OLcr v a l u e s .  

Because t h e  c o n c e p t  o f  t h e  O b r  h a s  been 
i n s t r u m e n t a l  i n  deve lopment  o f  t h e  r e l a t i o n s h i p  
showing t h e  i n f l u e n c e  o f  p r o c e s s i n g  and a l l o y i n g  
on  p e r f o r m a n c e ,  i t  is u s e f u l  t o  r e v i e w  b r i e f l y  
some o f  t h e  r e c e n t  t e s t  o b s e r v a t i o n s .  One o f  
t h e  i n i t i a l  i n v e s t i g a t i o n s  f o c u s e d  o n  l o a d i n g  
r a t e  s e n s i t i v i t y  o f  O k r  and  f r a c t u r e .  The 
r e s u l t s  i l l u s t r a t e d  i n  F i g u r e  5 show f r a c t u r e  
stress and O k r  v a l u e s  o b t a i n e d  a t  d i f f e r e n t  
l o a d i n g  r a t e s  ( l o a d  c o n v e r t e d  t o  stress) i n  
monoton ic  bending.  Both t h e  OLcr and t h e  
f r a c t u r e  s t r e s s  a r e  h e a v i l y  d e p e n d e n t  on  t h e  
l o a d i n g  r a t e  under  which t h e y  a r e  measured.  
The v a l u e  o f  s t r e s s  o b t a i n e d  is p r o p o r t i o n a l  t o  
t h e  l o a d i n g  r a t e .  These r e s u l t s  a l s o  i l l u s t r a t e  
t h e  i n f l u e n c e  o f  a l l o y i n g  o n  t h e  IFS and OLcr 
v a l u e s  o b t a i n e d .  The h i g h e r  a l l o y e d  EX55 h a s  
h i g h e r  v a l u e s  o f  OLcr a n d  IFS a t  a l l  l o a d i n g  
r a t e s  t h a n  t h e  lower a l l o y  EX24 o r  18CrMo4. 

The combined l o a d  t e s t i n g  program employs 
t h e  c o m p u t e r - c o n t r o l l e d  t e s t i n g  reg ime i l l u s -  
t r a t e d  i n  F i g u r e  6 .  I n t e r m i t t e n t  and  l i n e a r l y  
i n c r e a s i n g  o v e r l o a d  " s p i k e s "  a r e  programmed t o  
o c c u r  a f  t e r  e v e r y  1000 h i g h  f r e q u e n c y  ( c o n s t a n t  
a m p l i t u d e )  f a t i g u e  l o a d i n g  c y c l e s .  OLcr 
v a l u e s  a r e  e s t a b l i s h e d  a t  t h e  p o i n t  where t h e  
l o a d / d i s p l a c e m e n t  v a l u e s  o b t a i n e d  from t h e  peak 
v a l u e s  o f  t h e  o v e r l o a d  s p i k e s  a r e  n o  l o n g e r  
l i n e a r .  The c h a r a c t e r i s t i c s  o f  t h e  l o a d  v e r s u s  
d i s p l a c e m e n t  c u r v e  from t h i s  test program a r e  
v e r y  s i m i l a r  t o  t h e  c u r v e  shown i n  F i g u r e  4 
e x c e p t  t h a t  t h e  d a t a  a r e  d i s c r e t e  r a t h e r  t h a n  
c o n t i n u o u s .  F i g u r e  7 i l l u s t r a t e s  t h e  g e n e r a l  
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F i g .  7 - R e l a t i o n s h i p  Between IFS and 
OLcr f o r  V a r i o u s  Loading C o n d i t i o n s  

r e l a t i o n s h i p  o b s e r v e d  between IFS v a l u e s  and  
t h e  OLcr v a l u e s  o b t a i n e d  a t  v a r i o u s  l o a d i n g  
r a t e s  and a s  o b t a i n e d  i n  t h e  combined l o a d  
t e s t s .  A s  t h e  l o a d i n g  r a t e  d e c r e a s e s  o r  when 
t h e r e  i s  combined l o a d i n g ,  t h e  OLcr v a l u e  
a p p r o a c h e s  50% o f  t h e  measured IFS. The i l l u s -  
t r a t i o n  a l s o  i n d i c a t e s  t h a t  t h e  h i g h e r  t h e  IFS 
v a l u e  t h e  h i g h e r  t h e  OLcr v a l u e  r e g a r d l e s s  o f  
l o a d i n g  c o n d i t i o n .  

A b r i e f  e v a l u a t i o n  o f  t h e  i n f l u e n c e  o f  t h e  
h igh-cyc le  f a t i g u e  s t r e s s  d u r i n g  t h e  combined 
l o a d  t e s t  o n  measured O k r  v a l u e s  was a l s o  
u n d e r t a k e n .  R e s u l t s  a r e  shown i n  F i g u r e  8 f o r  
two low a l l o y  s t e e l s  e a c h  t e s t e d  a t  t h r e e  d i f -  
f e r e n t  l e v e l s  o f  f a t i g u e  s t r e s s .  The d a t a  i n -  
d i c a t e  t h a t  t h e  O b r  i s  d i r e c t l y  r e l a t e d  t o  
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F i g .  8 - E f f e c t  o f  High-Cycle F a t i g u e  S t r e s s  
L e v e l  on  Measured C r i t i c a l  Over load  V a l u e ,  OI,., 

t h e  h i g h - c y c l e  f a t i g u e  l o a d  imposed. With t h e  
e x c e p t i o n  o f  t h i s  e x p e r i m e n t ,  t h e  f a t i g u e  l o a d s  
were m a i n t a i n e d  a t  a  c o n s t a n t  v a l u e  o f  850 MPa 
(123  k s i )  . 

These  examples  i l l u s t r a t e  t h a t  t h e  v a l u e s  
o f  OLcr and IFS w i l l  be  v e r y  d e p e n d e n t  o n  t h e  
c i r c u m s t a n c e s  under  which t h e y  a r e  d e t e r m i n e d .  
The r e s u l t s  a l s o  s u g g e s t  t h a t ,  w h i l e  t h e s e  t e s t  
r e s u l t s  a r e  r e l a t e d  t o  t h e  p r o p e r t i e s  o f  t h e  
m a t e r i a l ,  t h e  OLcr and IFS v a l u e s  a r e  r e l a -  
t i v e  q u a n t i t i e s  and c a n  be  e x p e c t e d  t o  v a r y  
from o n e  a p p l i c a t i o n  t o  a n o t h e r .  T e s t  r e s u l t s  
o b t a i n e d  s o  f a r ,  however, i n d i c a t e  t h a t  e i t h e r  
t h e  IFS o r  t h e  OLcr c a n  b e  used  a s  a  r e l i a b l e  
i n d i c a t i o n  o f  t h e  a b i l i t y  o f  a  s t e e l  t o  r e s i s t  
c r a c k  i n i t i a t i o n  t h a t  would l e a d  t o  p remature  
f a t i g u e  f a i l u r e .  

RESULTS AND DISCUSSION 

FATIGUE PEWORMANCE - I n  t h e  e v a l u a t i o n  o f  
OL,, c h a r a c t e r i s t i c s ,  i t  became e v i d e n t  t h a t ,  
i n  g e n e r a l ,  a l l o y i n g  seemed to p l a y  a  much 
g r e a t e r  r o l e  t h a n  p r o c e s s i n g ,  a  s i t u a t i o n  s i m i -  
l a r  t o  what had been o b s e r v e d  f o r  impac t  prop-  
e r t i e s .  However, h i g h - c y c l e  f a t i g u e  r e s u l t s  
seemed t o  show j u s t  t h e  o p p o s i t e  t r e n d .  To il- 
l u s t r a t e  t h e  p o i n t ,  s e v e r a l  examples  o f  p ro-  
c e s s i n g  and a l l o y i n g  v a r i a t i o n s  w i l l  be  reviewed 
w i t h  r e s p e c t  t o  t h e  magni tude  o f  t h e i r  i n f l u e n c e  
o n  f a t i g u e  l i m i t  o r  O& and IFS v a l u e s .  

S h o t  Peen ing  - I t  is a  commonly a c c e p t e d  
f a c t  t h a t  s h o t  peen ing  w i l l  u s u a l l y  b o o s t  t h e  
h i g h - c y c l e  f a t i g u e  per formance  o f  a  c a r b u r i z e d  
p a r t .  T h i s  h a s  been d e m o n s t r a t e d  many t i m e s  i n  
l a b o r a t o r y  t e s t s  and i n  f i e l d  p e r f o r m a n c e .  The 
r e s u l t s  i n  F i g u r e  9 ,  showing n e a r l y  a  50% i n -  
c r e a s e  i n  t h e  f a t i g u e  l i m i t  f o r  a n  SAE 4028 
s t e e l ,  a r e  a  t y p i c a l  i l l u s t r a t i o n  o f  t h e  magni- 
t u d e  o f  t h e  improvement t h a t  s h o t  p e e n i n g  c a n  
produce  ( 5 ) .  Though t h e r e  may be  s e v e r a l  c h a n g e s  
t a k i n g  p l a c e  a t  t h e  s u r f a c e  a s  a  r e s u l t  o f  t h e  
p e e n i n g ,  t h e  most s i g n i f i c a n t  is t h e  d r a m a t i c  
i n c r e a s e  i n  c o m p r e s s i v e  r e s i d u a l  s t r e s s  which 
o c c u r s  a t  v e r y  s h a l l o w  d e p t h s  b e n e a t h  t h e  s u r -  
f a c e .  Our r e s e a r c h  h a s  shown t h a t  t h e  compres- 
s i v e  r e s i d u a l  s t r e s s  h a s  a  d i r e c t  i n f l u e n c e  on  
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F i g .  9  - High-Cycle F a t i g u e  P r o p e r t i e s  o f  
SAE 4028 B e f o r e  and A f t e r  Shot  Peen ing  
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F i g .  10 - High-Cycle F a t i g u e  T e s t  R e s u l t s  
f o r  C a r b o n i t r i d e d  EX24 and EX55 Cnmpased 
w i t h  C a r b u r i z e d  R e s u l t s  

f a t i g u e  p r o p e r t i e s  and t h a t  i t  is o f  g r e a t e s t  
v a l u e  when it  o c c u r s  a t  o r  v e r y  n e a r  t o  t h e  
s u r f a c e  o f  t h e  p a r t  ( 6 ) .  S h o t  peen ing  d o e s  pro-  
d u c e  t h i s  t y p e  o f  a n  i n c r e a s e  i n  c o m p r e s s i v e  
r e s i d u a l  s t r e s s  a t  t h e  v e r y  s u r f a c e  a n d ,  hence ,  
t h e  improved f a t i g u e  p r o p e r t i e s  a r e  t o  b e  
e x p e c t e d .  

C a r b o n i t r i d i n g  - Another  p r o c e s s  known t o  
i n f l u e n c e  h i g h - c y c l e  f a t i g u e  (and o t h e r  s u r f a c e  
p r o p e r t i e s  s u c h  a s  c o r r o s i o n  and wear )  is c a r -  
b o n i t r i d i n g ,  where a  p a r t i a l  p r e s s u r e  o f  n i t r o -  
gen  i s  i n t r o d u c e d  d u r i n g  t h e  c a r b u r i z a t i o n .  ' 

F i g u r e  1 0  i l l u s t r a t e s  t h e  improvement i n  f a t i g u e  
l i m i t  t h a t  c a n  r e s u l t  from s u c h  a  p r o c e s s .  I n  
t h i s  example,"  c a r b o n i t r i d i n g ,  a s  compared to  
c o n v e n t i o n a l  c a r b u r  i z i n g ,  i n c r e a s e d  t h e  f a t i g u e  
l i m i t  o f  EX24 ( a  CrMo a l t e r n a t e  f o r  SAE 8620) 
by a b o u t  28% and t h a t  o f  EX55 ( a  h i g h  a l l o y  
NiCrMo c a r b u r i z i n g  g r a d e )  was i n c r e a s e d  by 
a b o u t  3 7 % .  I n  c o n t r a s t  t o  c o n v e n t i o n a l  c a r -  
b o n i t r i d i n g ,  t h i s  p r o c e s s  produced a  h i g h  f r a c -  
t i o n  o f  r e t a i n e d  a u s t e n i t e  i n  a  v e r y  t h i n  l a y e r  

* C a r b o n i t r i d i n g  performed by Komatsu, L t d . ,  
u s i n g  a  s p e c i a l l y  d e s i g n e d  "KH" p r o c e s s  ( 7 )  . 



on  t h e  s u r f a c e ,  a p p r o x i m a t e l y  0 .2  nun (0.008 i n . )  
t h i c k .  The l a y e r  was t h i n  enough so t h a t  HRC 
h a r d n e s s  v a l u e s  were n o t  i n f l u e n c e d .  However, 
under  s t r e s s  t h e  a u s t e n i t e  t r a n s f o r m e d  to mar- 
t e n s i t e ,  p r o d u c i n g  an i n c r e a s e  i n  t h e  compres- 
s i v e  r e s i d u a l  s t r e s s  i n  a  manner s i m i l a r  t o  
s h o t  p e e n i n g .  Re ta ined  a u s t e n i t e  measurements  
b e f o r e  and a f t e r  t e s t i n g  i n d i c a t e d  a u s t e n i t e  
t r a n s f o r m a t i o n  o c c u r r e d  d u r i n g  t e s t i n g .  Though 
r e s i d u a l  s t r e s s  measurements  were n o t  o b t a i n e d ,  
t h e  improvement i n  f a t i g u e  l i m i t  was p r o b a b l y  
r e l a t e d  t o  t h e  i n c r e a s e  i n  c o m p r e s s i v e  r e s i d u a l  
s t r e s s  produced by t h e  t r a n s f o r m a t i o n  o f  a u s -  
t e n i t e  under  s t r e s s .  Although t h e  more h i g h l y  
a l l o y e d  EX55 had b e t t e r  f a t i g u e  p r o p e r t i e s  t h a n  
EX24, t h e  p e r c e n t a g e  i n c r e a s e  a t t r i b u t a b l e  to 
c a r b o n i t r i d i n g  was g r e a t e r  t h a n  t h a t  a s s o c i a t e d  
w i t h  t h e  change  i n  a l l o y  c o n t e n t ,  which i l l u s -  
t r a t e s  t h e  p r i m a r y  i n f l u e n c e  o f  p r o c e s s i n g  and 
s e c o n d a r y  i n f l u e n c e  o f  a l l o y i n g  o n  t h e  h igh-  
c y c l e  f a t i g u e  p r o p e r t i e s .  

Deep F r e e z i n q  - I n  t h e  above  i n s t a n c e ;  t h e  
n i t r o g e n  a n d ,  h e n c e ,  t h e  h i g h  r e t a i n e d  a u s t e n i t e  
l a y e r  was c o n f i n e d  t o  a  t h i n  l a y e r  o n  t h e  s u r -  
f a c e .  I n  t h e  i l l u s t r a t i o n  o f  h i g h - c y c l e  f a t i g u e  
d a t a  shown i n  F i g u r e  11, t h e  EX55 s t e e l  was 
c a r b o n i t r i d e d  u s i n g  a  more c o n v e n t i o n a l  p r o c e s s  
t h a t  p r o d u c e s  d e e p e r  n i t r o g e n  p e n e t r a t i o n .  ( 5 )  
I n  t h e  c a r b o n i t r i d e d  and tempered c o n d i t i o n ,  
t h e  f a t i g u e  l i m i t  v a l u e s  were v e r y  s i m i l a r  t o  
t h o s e  o b t a i n e d  i n  F i g u r e  1 0  f o r  t h e  EX55 s t e e l .  
I n  c o n t r a s t  t o  t h e  p r e v i o u s  example ,  i n  t h i s  
i n v e s t i g a t i o n  t h e  r e t a i n e d  a u s t e n i t e  was d e e p e r ,  
up to a b o u t  0 . 8  mm (0.03 i n . ) ,  and s u r f a c e  
h a r d n e s s  was a d v e r s e l y  a f f e c t e d .  The t r a n s -  
f o r m a t i o n  o f  t h e  r e t a i n e d  austenite by s u b - z e r o  
t r e a t m e n t  and temper ing  r e s u l t e d  i n  a  s u b s t a n -  
t i a l  f a t i g u e  l i m i t  r e d u c t i o n  o f  a b o u t  60% a 3  
compared w i t h  t h e  u n t r e a t e d  c o n d i t i o n .  R e s i d u a l  
s t r e s s  measurements  i n  t h e  sub-zero  t r e a t e d  
s teel  showed a  h i g h  t e n s i l e  r e s i d u a l  s t r e s s  i n  
t h e  u n t r a n s f o r m e d  p o r t i o n  o f  t h e  a u s t e n i t e  p h a s e  
which was assumed t o  b e  r e l a t e d  t o  t h e  poor 
f a t i g u e  per formance  ( 5 )  . 

A l l o y i n q  - The above t h r e e  examples  i l l u s -  
t r a t e  t h e  maqnitude o f  t h e  e f f e c t  t h a t  p r o -  
c e s s i n g  c a n  have o n  t h e  f a t i g u e  p e r f o r m a n c e  o f  
c a r b u r i z e d  o r  c a r b o n i t r i d e d  s t e e l s .  Along w i t h  
c h a n g e s  i n  p r o c e s s i n g ,  t h e  a s s u m p t i o n  is o f t e n  

CYCLES 

F i g .  11 - High-Cycle F a t i g u e  R e s u l t s  f o r  Car -  
b o n i t r i d e d  EX55 B e f o r e  and A f t e r  Deep F r e e z i n g  

made t h a t  c h a n g e s  i n  t h e  a l l o y  c o n t e n t  o f  a  
s t e e l  c a n  a l s o  i n f l u e n c e  t h e  h i g h - c y c l e  f a t i g u e  
per formance .  However, t h e  e x p e r i e n c e  i n  t h i s  
l a b o r a t o r y  is t h a t  t h e  i n f l u e n c e  o f  a l l o y i n g  
v a r i a t i o n s  ( o t h e r  t h a n  c o r e  c a r b o n )  would have 
t o  be r e g a r d e d  a s  a  "second o r d e r "  e f f e c t  i n  
comparison t o  t h a t  o f  p r o c e s s i n g  u n l e s s  t h a t  
a l l o y i n g  s i g n i f i c a n t l y  a l t e r s  t h e  m i c r o s t r u c t u r e  
o r  h a r d n e s s  a t  t h e  s u r f a c e  o f  t h e  c a r b u r i z e d  
c a s e .  The f o l l o w i n g  examples  i l l u s t r a t e  t h e  
p o i n t .  

F i g u r e  1 2  i l l u s t r a t e s  t h e  h igh-cyc le  
f a t i g u e  per formance  i n  a  l a b o r a t o r y  t e s t  o f  two 
low a l l o y  s t e e l s  (EX24 and 18CrMo4) and one  h i g h  
a l l o y  g r a d e  (EX55). The steels were p r o c e s s e d  
and t e s t e d  i n  a  s i m i l a r  manner, and i t  was 
a p p a r e n t  t h a t  t h e  d i f f e r e n c e s  were n o t  s i g n i f i -  
c a n t .  I n  t h i s  i n s t a n c e ,  a l l o y i n g  d i d  n o t  p l a y  
a  major  r o l e  i n  t h e  f a t i g u e  per formance .  I n  
a n o t h e r  i n v e s t i g a t i o n ,  t h r e e  c a r b u r i z e d  s t e e l s  
c o n s i s t i n g  o f  CrMo and NiMo t y p e s  were p r o c e s s e d  
and t e s t e d  i n  a  s i m i l a r  manner w i t h  r e s u l t s  a s  
shown i n  F i g u r e  1 3 .  The h a r d e n a b i l i t y  r a n g e  o f  
t h e s e  s t e e l s  was between 4 1  and 56 mm (1.6 and 
2.2 i n . ) .  Again,  t h e  c o n c l u s i o n  was t h a t  t h e  
a l l o y  v a r i a t i o n  d i d  n o t  have a  major  i n f l u e n c e  
on  f a t i g u e  per formance .  
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F i g .  1 2  - High-Cycle F a t i g u e  R e s u l t s  f o r  
S i m i l a r l y  P r o c e s s e d  Low and High A l l o y  
C a r b u r i z e d  S t e e l s  



CYCLES TO FAILURE 

F i g .  1 3  - High-Cycle F a t i g u e  R e s u l t s  f o r  Simi-  
l a r l y  P r o c e s s e d  L o w  A l l o y  C a r b u r i z e d  S t e e l s  

Another  i n v e s t i g a t i o n  was d i r e c t e d  a t  
e v a l u a t i n g  t h e  e f f e c t s  o n  f a t i g u e  per formance  
o f  t w o  steels a s  a  f u n c t i o n  o f  c a r b u r i z i n g  tem- 
p e r a t u r e ,  a n d  r e h e a t  f o l l o w i n g  c a r b u r i z i n g ( 8 ) .  
The d a t a  i n  F i g u r e  1 4  i l l u s t r a t e  t h e  f a t i g u e  
r e s u l t s  f o l l o w i n g  t h e  programs  shown a t  t h e  
bo t tom o f  t h e  f i g u r e .  The t w o  s t e e l s  were EX30 
and  SAE 8720. These s t e e l s  have  h a r d e n a b i l i t y  
and c o r e  c a r b o n  l e v e l s  a s  shown i n  T a b l e  1. 
The r e s u l t s  i n d i c a t e d  t h a t  t h e  EX30 had ,  on  
a v e r a g e ,  a b o u t  a  30% h i g h e r  f a t i g u e  l i m i t  t h a n  
t h e  SAE 8720 s t e e l .  A t  f i r s t  g l a n c e  o n e  might  
c o n c l u d e  t h a t  a l l o y i n g  d i d  have  a n  e f f e c t  o n  t h e  
f a t i g u e  per formance  o f  t h e s e  steels. However, 
p a r t  o f  t h i s  d i f f e r e n c e  c o u l d  be r e l a t e d  to  t h e  
d i f f e r e n c e  i n  t h e  c o r e  c a r b o n  l e v e l s ,  s i n c e  
p u b l i s h e d  work h a s  shown t h a t  lower c o r e  c a r b o n  
is f a v o r e d  f o r  h igh-cyc le  f a t i g u e  p r o p e r t i e s ( 9 ) .  

The r e s u l t s  from F i g u r e s  12-14 s u g g e s t  
t h a t  a l l o y i n g  v a r i a t i o n s  d o  n o t  have a s  l a r g e  
a n  e f f e c t  o n  f a t i g u e  p r o p e r t i e s  a s  v a r i o u s  p ro-  
c e s s i n g  t e c h n i q u e s .  These  tests d o  n o t  t a k e  
i n t o  c o n s i d e r a t i o n  t h e  e f f e c t  o f  a l l o y i n g  on  
c a s e  h a r d e n a b i l i t y ,  o r  o n  n o n - m a r t e n s i t i c  
t r a n s f o r m a t i o n  t h a t  c a n  o c c u r  i n  a l l o y  (Cr and 
Mn) d e p l e t i o n  zones  a t  t h e  s u r f a c e .  T h e r e f o r e ,  
i t  must  be n o t e d  t h a t  a l l o y i n g  may v e r y  w e l l  

T a b l e  1 
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F i g .  1 4  - High-Cycle F a t i g u e  L i m i t  Values  
f o r  Two S t e e l s  a s  a  F u n c t i o n  o f  P r o c e s s i n g  

i n f l u e n c e  f a t i g u e  p e r f o r m a n c e ,  b u t  i n  ways t h a t  
are n o t  a p p a r e n t  i n  most  l a b o r a t o r y  tests. 
However, based  o n  t h e  d a t a  t h a t  have been ob- 
t a i n e d ,  it is c o n c l u d e d  t h a t  t h e  e f f e c t  o f  
a l l o y i n g  o n  h i g h - c y c l e  f a t i g u e  per formance  is 
o f  s e c o n d a r y  i m p o r t a n c e  to t h a t  o f  p r o c e s s i n g .  

TOUGHNESS 
P r o c e s s i n q  - Because  p u b l i s h e d  t h e o r e t i -  

c a l  ( 1 0 )  and e x p e r i m e n t a l  ( 3 )  r e s u l t s  have shown 
a r e l a t i o n s h i p  between f r a c t u r e  t o u g h n e s s  
c h a r a c t e r i s t i c s  o f  a  c a r b u r i z e d  s t e e l  and t h e  
measured IFS and OLcr v a l u e s ,  t h e  IFS and  
Ok, :  v a l u e s  w i l l  b e  used  a s  measures  o f  t h e  
t o u g h n e s s  o f  t h e  s t e e l  i n  t h e  c a r b u r i z e d  condi -  
t i o n .  IFS  and O k r  d a t a  a r e  n o t  a v a i l a b l e  
f o r  a l l  o f  t h e  examples  p r e s e n t e d  i n  t h e  p r e v i -  
o u s  s e c t i o n .  However, where t h e s e  d a t a  d o  
e x i s t ,  t h e y  i n d i c a t e  t h a t  p r o c e s s i n g  h a s  o n l y  
a  s e c o n d a r y  e f f e c t  o n  t h e  t o u g h n e s s  and t h a t  
a l l o y i n g  h a s  a  p r i m a r y  e f f e c t .  A rev iew o f  t h e  
I F S  and O k r  d a t a  from some o f  t h e s e  e a r l i e r  
e x a m p l e s  w i l l  i l l u s t r a t e  t h a t ,  i n  most c a s e s ,  
p r o c e s s e s  t h a t  i n f l u e n c e  f a t i g u e  per formance  d o  
n o t  have a  major  e f f e c t  o n  t o u g h n e s s  c h a r a c t e r -  
istics. 

The e f f e c t  o f  s h o t  p e e n i n g  o n  t o u g h n e s s  a s  
compared w i t h  f a t i g u e  p r o p e r t i e s  is shown i n  
F i g u r e  1 5 .  High-cyc le  f a t i g u e  l i m i t  v a l u e s  f o r  
c a r b u r i z e d  and tempered  spec imens  (from Fig-  
u r e  9 )  a r e  c o n t r a s t e d  w i t h  t h e  IFS v a l u e s  ob- 
t a i n e d  b e f o r e  a n d  a f t e r  peen ing .  Whereas t h e  
f a t i g u e  l i m i t  is i n c r e a s e d  by a b o u t  40% by 
p e e n i n g ,  IFS  v a l u e s  a r e  u n a f f e c t e d .  
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HIGH-CYCLE FATIGUE C R I T I C A L  OVERLOAD 

F i g .  16 - Comparison o f  High-Cycle F a t i g u e  and 
C r i t i c a l  Over load  (Combined Loading)  R e s u l t s  
f o r  C a r b u r i z e d  ( C )  and C a r b o n i t r i d e d  ( C N )  
Specimens o f  EX24 and EX55 

IMPACT FRACTURE STRESS 

F i g .  17  - Comparison o f  High-Cycle F a t i g u e  and 
Impact  F r a c t u r e  R e s u l t s  o f  C o n v e n t i o n a l l y  Car- 
b o n i t r i d e d  EX55 B e f o r e  and A f t e r  Deep F r e e z i n g  

A s i m i l a r  comparison is shown i n  F i g u r e  1 6  
f o r  t h e  e f f e c t  o f  c a r b o n i t r i d i n g  o n  f a t i g u e  and 
t o u g h n e s s  p r o p e r t i e s .  I n  t h i s  i n s t a n c e ,  a  com- 
p a r i s o n  i s  shown between t h e  f a t i g u e  l i m i t  
v a l u e s  ( o b t a i n e d  from F i g u r e  1 0 )  and  t h e  O k r  
v a l u e s .  A s  shown f o r  s h o t  p e e n i n g ,  p r o c e s s i n g  
( c a r b o n i t r i d i n g )  h a s  a  major  e f f e c t  on  t h e  
f a t i g u e  p r o p e r t i e s  and l i t t l e  o r  no b e n e f i c i a l  
e f f e c t  o n  t h e  t o u g h n e s s  ( c r i t i c a l  o v e r l o a d  
s t ress) .  However, t h e  d i f f e r e n c e  i n  t h e  OLcr 
v a l u e s  between t h e  two steels i n d i c a t e s  t h a t  
a l l o y i n g  h a s  a  major  i n f l u e n c e  o n  t h e  t o u g h n e s s  
o f  t h e  c a r b u r i z e d  steel ( b u t  n o t  o n  t h e  h igh-  
c y c l e  f a t i g u e  r e s u l t s ) .  Note t h a t  t h e  a v e r a g e  
OLcr v a l u e s  f o r  EX55 a r e  32% g r e a t e r  t h a n  
t h o s e  f o r  EX24. 

A compar i son  between t h e  f a t i g u e  l i m i t  
and IFS r e s u l t s  f o r  t h e  sub-zero  t r e a t e d  s t e e l s  
( i n t r o d u c e d  i n  F i g u r e  11) is  shown i n  F i g -  
u r e  1 7 .  The f r e e z e  t r e a t m e n t  which dropped t h e  
f a t i g u e  l i m i t  o f  t h e  EX55 by o v e r  50% i s  shown 
t o  have no e f f e c t  a t  a l l  o n  t h e  i m p a c t  p r o p e r -  
t i e s .  I n  g e n e r a l ,  t h e s e  t h r e e  examples  c l e a r l y  
i l l u s t r a t e  t h a t  f a t i g u e  and t o u g h n e s s  p r o p e r t i e s  
c a n  v a r y  i n d e p e n d e n t l y  o f  o n e  a n o t h e r .  

R e s u l t s  f rom Razim(2)  ment ioned  e a r l i e r  
i n d i c a t e d  t h a t  h i g h e r  s u r f a c e  c a r b o n  l e v e l s  
would r e s u l t  i n  lower i n i t i a l  c r a c k  s t r e n g t h  
v a l u e s .  I n  t h i s  c o n t e x t ,  t h e  s u r f a c e  c a r b o n  
l e v e l  would be  c o n s i d e r e d  a  p r o c e s s  r e l a t e d  
v a r i a b l e .  Hence, t h i s  s i t u a t i o n  would r e p r e -  
s e n t  a n  e x c e p t i o n  t o  t h e  g e n e r a l i z a t i o n  t h a t  
p r o c e s s i n g  d o e s  n o t  have  a  major  e f f e c t  o n  
t o u g h n e s s  c h a r a c t e r i s t i c s .  I n  a  r e c e n t  i n v e s -  
t i g a t i o n ,  t h e  i n f l u e n c e  o f  s u r f a c e  c a r b o n  l e v e l  
o n  OTTr v a 1 e e s  wes reexamined:  C a r i n n  con- 
c e n t r a t i o n  p r o f i l e s  f o r  t h e  s t e e l s  i n v o l v e d  a r e  
shown i n  F i g u r e  1 8 .  R e s u l t s  o f  t h e  i n v e s t i g a -  
t i o n  shown i n  F i g u r e  1 9  compare t h e  OLcr 
v a l u e s  o b t a i n e d  i n  b o t h  s l o w  bend ( m n o t o n i c  
t e s t i n g )  and combined l o a d  ( c y c l i c  t e s t i n g )  f o r  
t h e  t w o  l o w  a l l o y  s t e e l s .  A s  would be  e x p e c t e d ,  
r e s u l t s  f o r  t h e  bombined l o a d i n g  a r e  lower and 
t h e r e  is v e r y  good agreement  i n  t h e  t r e n d s  
between t h e  monotonic and combined l o a d  t e s t  
r e s u l t s .  OLcr v a l u e s  show a  s l i g h t  d e c r e a s e  
w i t h  i n c r e a s i n g  s u r f a c e  c a r b o n  l e v e l s ,  b u t  sub-  
s t a n t i a l l y  less t h a n  t h a t  p r e d i c t e d  by R a z i m ( 2 ) .  
One o f  t h e  r e a s o n s  f o r  t h e  d e c r e a s e  i n  OLpr 
w i t h  s u r f a c e  c a r b o n  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  
c o u l d  be  because  t h e  c a s e  d e p t h  i n c r e a s e d  w i t h  
s u r f a c e  c a r b o n  l e v e l s .  The n e g a t i v e  i n f l u e n c e  
o f  c a s e  d e p t h  o n  t o u g h n e s s  w i l l  be  d i s c u s s e d  
s u b s e q u e n t l y .  

T h e o r e t i c a l  models  have  been employed t o  
i s o l a t e  t h e  i n f l u e n c e  o f  f a c t o r s  s u c h  a s  com- 
p r e s s i v e  r e s i d u a l  s t r e s s  and f r a c t u r e  t o u g h n e s s  
o n  t h e  f a t i g u e  and t o u g h n e s s  p r o p e r t i e s  o f  
c a r b u r i z e d  s t e e l s  ( 6  , l o )  . These models  have 
shown t h a t  v a r i a b l e s  w i t h  a s t r o n g  i n f l u e n c e  o n  
s u r f a c e  compress ive  r e s i d u a l  s t r e s s  l e v e l s  w i l l  
a l s o  have  a  s t r o n g  i n f l u e n c e  o n  t h e  h igh-cyc le  
f a t i g u e  p r o p e r t i e s .  C o n v e r s e l y ,  t h o s e  f a c t o r s  
i n f l u e n c i n g  f r a c t u r e  t o u g h n e s s  w i l l  have a  
s t r o n g  i n f l u e n c e  o n  impac t  p r o p e r t i e s .  The 
examples  d e s c r i b e d  above i l l u s t r a t e  t h e  d e g r e e  
t o  which p r o c e s s i n g  v a r i a t i o n s  c a n  i n f l u e n c e  
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F i g .  1 8  - Carbon P r o f i l e s  Obta ined  i n  S t e e l s  
f o r  Use i n  Combined Load T e s t i n g  

f a t i g u e  p r o p e r t i e s .  The r e a s o n  t h a t  t h e  c h a n g e s  
i n  p r o c e s s i n g  d o  n o t  p roduce  c h a n g e s  i n  t h e  
i m p a c t  p r o p e r t i e s  is because  t h e r e  is i n s u f f i -  
c i e n t  change  i n  t h e  f r a c t u r e  t o u g h n e s s .  The 
p r o c e s s i n g  examples  d e s c r i b e d  i n  F i g u r e s  1 5 ,  1 6  
and 1 7  i n f l u e n c e  t h e  s u r f a c e  o f  t h e  specimen 
and n o t  d e e p  i n  t h e  c a s e  o r  t h e  c o r e .  

A l l o y i n q  - Changes i n  c o m p o s i t i o n  and c o r e  
m i c r o s t r u c t u r e  s h o u l d  be e x p e c t e d  t o  p roduce  
d i f f e r e n c e s  i n  f r a c t u r e  t o u g h n e s s .  The assump- 
t i o n  made e a r l i e r  was t h a t  c h a n g e s  i n  f r a c t u r e  
t o u g h n e s s  would be  r e f l e c t e d  i n  t h e  I F S  and 
OLcr r e s u l t s .  F i g u r e  20 shows t h e  b e h a v i o r  
p r e d i c t e d '  f rom t h e o r e t i c a l  model ing ( 1 0 )  f o r  t h e  
I F S  w i t h  changes  i n  t h e  c o r e  f r a c t u r e  t o u g h n e s s  
f o r  two c a r b u r i z e d  c a s e  d e p t h s .  The model p r e -  
d i c t s  lower v a l u e s  o f  IFS f o r  d e e p e r  c a s e  d e p t h s  
( h e n c e ,  t h e  r e d u c t i o n  i n  OLcr w i t h  d e e p e r  
c a s e  d e p t h s  shown i n  F i g u r e s  1 8  and 1 9 ) .  How-  
e v e r ,  t h e r e  i s  a  s t r o n g  p o s i t i v e  c o r r e l a t i o n  
between c o r e  f r a c t u r e  t o u g h n e s s  and IFS v a l u e s .  
R e s u l t s  from a  s e r i e s  o f  l a b o r a t o r y  i n v e s t i g a -  
t i o n s  w i l l  be used t o  d e s c r i b e  t h e  a c t u a l  mag- 
n i t u d e  o f  t h i s  e f f e c t .  

One c o m p o s i t i o n  v a r i a b l e  c l e a r l y  a s s o c i a t e d  
w i t h  a  r e d u c t i o n  i n  f r a c t u r e  t o u g h n e s s  i s  phos- 
p h o r u s  c o n t e n t .  Under most c i r c u m s t a n c e s ,  
h i g h e r  phosphorus  w i l l  r e s u l t  i n  s u b s t a n t i a l l y  
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F i g .  1 9  - I n f l u e n c e  o f  S u r f a c e  Carbon L e v e l  o n  
OLcr Values Obta ined  i n  Slow Bend (Monotonic)  
and  Combined Load T e s t i n g  

FRACTURE TOUGHNESS, ksi & 
40 50 60 70 8 0  

9f 450 
3000 

" ' I " " "  
EFFECTIVE CASE DEPTHS - A = O 7 5 m n ( O 0 3 1 n )  --- B = I O m n ( O 0 4 1 n )  - 400  

t .x 

,- 2500 - 
W CL 

,- D: ,- 

,A, /' V1 

V) - 350 Z 

V1 
m 

4 2000 - - 300 2 
DEPTH + 

2 / / 5 
c , / CASE 

- 250 

U 
3 1500 - //' 

DEPTH 2 
E 

B 
/ - 200 5 

I I I I 1 1150  
40  50 6 0  70 8 0  90 100 

FaACTURE TOUGHNESS.  pah hi 

F i g .  20 - R e l a t i o n s h i p  P r e d i c t e d  Between Core 
F r a c t u r e  Toughness and Impac t  F r a c t u r e  S t r e s s  
a t  Two Case Depths 

lower  f r a c t u r e  t o u g h n e s s  v a l u e s .  I n  a r e c e n t  
i n v e s t i g a t i o n ,  t h e  i n f l u e n c e  o f  phosphorus  and 
n i t r o g e n  l e v e l s  o n  s e v e r a l  MnCr and  CrMo t y p e  
s t e e l s  was d e t e r m i n e d .  F o u r t e e n  h e a t s  o f  steel 
w i t h  c o m p o s i t i o n s  a s  shown i n  T a b l e  2  were 
c a r b u r i z e d  and t e s t e d .  Average IFS and OLcr 
v a l u e s  f o r  t h e  v a r i o u s  t y p e s  o f  s t e e l  a r e  shown 
i n  F i g u r e  21. Both n i t r o g e n  and  phosphorus  were 
shown t o  be d e t r i m e n t a l  t o  t o u g h n e s s .  Though 
t h i s  i n v e s t i g a t i o n  was u n d e r t a k e n  to i l l u s t r a t e  
t h e  advantage  o f  molybdenum g r a d e  c a r b u r i z i n g  
steels o v e r  MnCr t y p e s  a t  s i m i l a r  i m p u r i t y  
l e v e l s ,  t h e  r e s u l t s  a l s o  c o n f i r m  t h e  r e l a t i o n -  
s h i p  shown p r e v i o u s l y  i n  F i g u r e  20 between 
f r a c t u r e  t o u g h n e s s  and IFS v a l u e s .  

Although t h e  d e l e t e r i o u s  e f f e c t  o f  phos- 
p h o r u s  on  IFS c a n  be e x p e c t e d ,  i t  is n o t  s o  w e l l  
known t h a t  c o r e  n i t r o g e n  l e v e l s  a l s o  i n f l u e n c e  
f r a c t u r e  p r o p e r t i e s .  E a r l i e r  work p u b l i s h e d  by 
t h i s  l a b o r a t o r y  i n d i c a t e d  t h a t  n i t r o g e n  c o u l d  
be  d e l e t e r i o u s ( l 1 ) .  These  r e s u l t s  a r e  a l s o  
c o n s i s t e n t  w i t h  t h e  r e p o r t e d  u s e  o f  boron  i n  a n  



T a b l e  2  

Compos i t ions  o f  S t e e l s  Used f o r  I n v e s t i g a t i o n  o f  
N i t r o g e n  and Phosphorus  E f f e c t s  
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F i g .  2 1  - Comparison o f  Impact  F r a c t u r e  S t r e s s  
( I F S )  and C r i t i c a l  Over load  V a l u e s  f o r  MnCr and 
CrMo S t e e l s  w i t h  High N i t r o g e n  and Phosphorus  
L e v e l s  

u n p r o t e c t e d  a d d i t i o n  t o  c a r b u r  i z e d  s t e e l s  to  
s c a v a n g e  n i t r o g e n  f o r  improved t o u g h n e s s .  The 
e f f e c t  o f  n i t r o g e n  was n o t  a s  d r a s t i c  a s  t h a t  
o f  phosphorus  ( f o r  t h e  r a n g e  o f  N and  P l e v e l s  
s t u d i e d ) ,  b u t  t h e  magnitude o f  t h e  e f f e c t  was 
s i m i l a r  to t h e  d i f f e r e n c e  i n  IFS and OLcr 
v a l u e s  between t h e  MnCr and CrMo s t e e l s .  S o  
f a r  t h e  i n f l u e n c e  o f  phosphorus  and  n i t r o g e n  
o n  h i g h - c y c l e  f a t i g u e  p r o p e r  t i e s  h a s  n o t  been  
d e t e r m i n e d .  

Another  a l l o y i n g  f a c t o r  t h a t  h a s  been shown 
to i n f l u e n c e  f r a c t u r e  p r o p e r t i e s  is t h e  aluminum 
c o n t e n t  o f  t h e  s t e e l  (11). R e s u l t s  i n  t h e  upper  
g r a p h  o f  F i g u r e  22 show a n  i n v e r s e  c o r r e l a t i o n  
between aluminum c o n t e n t  and t h e  IFS  v a l u e s  o f  
f i v e  d i f f e r e n t  s t e e l s .  The g r a p h  i n  t h e  lower  
p o r t i o n  o f  F i g u r e  22 i n d i c a t e s  t h a t  t h e  e f f e c t  
o f  aluminum was a c t u a l l y  a n  i n d i r e c t  e f f e c t  i n  
t h a t  c h a n g e s  i n  t h e  aluminum l e v e l s  r e s u l t e d  
i n  v a r i a t i o n  i n  g r a i n  s i z e .  The g r a i n  s i z e  
i n f l u e n c e  o n  h a r d e n a b i l i t y  ( l a r g e r  g r a i n  s i z e  
p roduced  h i g h e r  h a r d e n a b i l i t y )  r e s u l t e d  i n  
d i f f e r e n t  c o r e  m i c r o s t r u c t u r e s  and ,  hence ,  d i f -  
f e r e n c e s  i n  t h e  c o r e  f r a c t u r e  t o u g h n e s s  which 
r e g i s t e r e d  a s  lower IFS v a l u e s  f o r  f i n e r  g r a i n e d  
s t e e l s .  
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CARBURIZEO GRAIN SIZE 

F i g .  2 2  - I n f  h e n c e  o f  Aluminum o n  Impac t  Frac-  
t u r e  S t r e s s  ( I F S )  Through Changes i n  C a r b u r i z e d  
G r a i n  S i z e  

PROGRAM 3 
DIFFERENT CARBURIZING AND QUENCHING TEMPERATURES 

F i g .  2 3  - Impac t  F r a c t u r e  S t r e s s  V a l u e s  f o r  
Two S t e e l s  a s  a F u n c t i o n  o f  P r o c e s s i n g  

The above examples emphas ize  t h e  i n f l u e n c e  
o f  compos i t ion  o n  IFS r e s u l t s .  However, when 
p r o c e s s i n g  h a s  a n  e f f e c t  o n  c o r e  m i c r o s t r u c t u r e ,  
changes  i n  f r a c t u r e  t o u g h n e s s  c a n  r e s u l t  and 
d i f f e r e n c e s  i n  IFS v a l u e s  m i g h t  be  e x p e c t e d .  
Changes i n  p r o c e s s i n g  t e m p e r a t u r e s  t h a t  were 
shown i n  F i g u r e  1 4  t o  p roduce  c h a n g e s  i n  f a t i g u e  
p r o p e r t i e s  a l s o  i n f l u e n c e d  IFS r e s u l t s  a s  shown 
i n  F i g u r e  23. The f a c t  t h a t  EX30 was s e n s i t i v e  
t o  d i f f e r e n t  p r o c e s s i n g  p a t h s  and  SAE 8720 was 
n o t  may be r e l a t e d  t o  t h e  c o r e  c a r b o n  l e v e l  and 
t h e  c o r r e s p o n d i n g  d i f f e r e n c e s  i n  Ac3 tempera-  
t u r e s  o f  t h e  s t e e l s .  These r e s u l t s  i l l u s t r a t e  
t h e  d i f f e r e n c e  between p r o c e s s e s  t h a t  i n f l u e n c e  
o n l y  t h e  o u t e r  c a s e  r e g i o n s  o f  t h e  c a r b u r i z e d  
p a r t  ( i .e . ,  s h o t  p e e n i n g ,  s u r f a c e  c a r b o n  l e v e l ,  
r e t a i n e d  a u s t e n i t e ,  e t c . , )  and t h o s e  p r o c e s s e s  
t h a t  i n f l u e n c e  b o t h  c a s e  and c o r e  ( i .e . ,  quench 
t e m p e r a t u r e  and quenching  r a t e ) .  Those p r o -  
c e s s e s  changing  o n l y  s u r f a c e  c h a r a c t e r i s t i c s  
o f  t h e  c a s e  w i l l  have a  dominant  i n f l u e n c e  o n  
f a t i g u e  b u t  a  n e g l i g i b l e  e f f e c t  o n  t o u g h n e s s .  
However, p r o c e s s e s  t h a t  a l s o  change  p r o p e r t i e s  
i n  t h e  c a s e - c o r e  o r  c o r e  r e g i o n s  c a n  b e  e x p e c t e d  
t o  i n f l u e n c e  bo th  f a t i g u e  and t o u g h n e s s  r e s u l t s .  

Because o f  t h e  p r i c e  o f  m a t e r i a l s ,  o n e  
major c o n c e r n  is t h e  e x t e n t  t o  which a l l o y  
d e s i g n  i n f l u e n c e s  per formance .  R e s u l t s  shown 
i n  c o n n e c t i o n  w i t h  F i g u r e s  9 t h r o u g h  1 4  i n d i -  
c a t e d  t h a t  a l l o y i n g  h a s  a  r e l a t i v e l y  minor r o l e  
i n  d e t e r m i n i n g  f a t i g u e  c h a r a c t e r i s t i c s .  The 
s m a l l  test specimen s i z e  used  f o r  mos t  l a b o r a -  
t o r y  t e s t i n g  is n o t  v e r y  s e n s i t i v e  to  d i f f e r -  
e n c e s  i n  c a s e  h a r d e n a b i l i t y  and it t e n d s  t o  
minimize e f f e c t s  o f  s u r f a c e  o x i d a t i o n .  These  
a r e  areas i n  which a l l o y i n g  makes a  s i g n i f i c a n t  
c o n t r i b u t i o n  t o  f a t i g u e  per formance .  The o v e r -  
a l l  i n f l u e n c e  o f  a l l o y i n g ,  though ,  a p p e a r s  t o  
be l e s s  i m p o r t a n t  t h a n  t h a t  o f  p r o c e s s i n g  t o  
h i g h - c y c l e  f a t i g u e  per formance .  C o n v e r s e l y ,  
a l l o y i n g  w i l l  have a  p r i m a r y  i n f l u e n c e  o n  t h e  
f r a c t u r e  c h a r a c t e r i s t i c s  o f  a  c a r b u r i z e d  steel. 
Because o f  t h e  c o n n e c t i o n  between t h e  IFS and  
O k r ,  t h e  t o u g h n e s s  is more i m p o r t a n t  i n  ap-  
p l i c a t i o n s  where l o a d i n g  is o t h e r  t h a n  p u r e  
f a t i g u e .  I n  o r d e r  to a v o i d  p r e m a t u r e  f a t i g u e  
f a i l u r e  under combined l o a d i n g  s i t u a t i o n s ,  i t  
is n e c e s s a r y  t o  a v o i d  c a s e  c r a c k i n g  which is a  
t o u g h n e s s  r e l a t e d  p r o p e r t y .  

The i n f l u e n c e  o f  i n d i v i d u a l  a l l o y i n g  e l e -  
m e n t s  o n  t o u g h n e s s  is d i f f i c u l t  t o  q u a n t i f y  
b e c a u s e  o f  t h e  m u l t i t u d e  o f  v a r i a b l e s  t h a t  must  
b e  c o n t r o l l e d .  Chromium h a s  been i d e n t i f i e d  
i n  s e v e r a l  i n s t a n c e s  a s  b e i n g  d e t r i m e n t a l  to  
t o u g h n e s s  r e l a t e d  c a r b u r  i z e d  p r o p e r t i e s  ( 2 , 1 2 )  . 
C o n v e r s e l y ,  n i c k e l  h a s  been a s s o c i a t e d  w i t h  
improved t o u g h n e s s  c h a r a c t e r i s t i c s ( 1 ) .  I n  o r d e r  
t o  d e l i n e a t e  t h e  i n f l u e n c e  o f  molybdenum o n  
f r a c t u r e  p r o p e r t i e s ,  t h e  r e s u l t s  f o r  a  l a r g e  
number o f  s t e e l  h e a t s  f rom p r i o r  i n v e s t i g a t i o n s  
were  e v a l u a t e d .  Values  f o r  t h e  IFS f o r  s t e e l s  
w i t h  more t h a n  0.10% molybdenum were compared 
w i t h  steels w i t h  l e s s  t h a n  t h i s  amount a s  a  
f u n c t i o n  o f  t h e  c o r e  h a r d e n a b i l i t y  l e v e l .  
Compos i t ions  f o r  t h e s e  s t e e l s  a r e  shown i n  
T a b l e s  3a and 3b. S i n c e  many i n v e s t i g a t i o n s  
were  i n v o l v e d ,  i t  was n o t  p o s s i b l e  to  s e p a r a t e  
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T a b l e  3 a  

C o m p o s i t i o n s  o f  High ( > 0 . 1 0 % )  M o  C a r b u r i z i n g  Grades  Used i n  
A n a l y s i s  o f  Impact  F r a c t u r e  Range ( i n  F i g u r e  24)  

E lement ,  W t - %  
Core 

H a r d e n a b i l i t y ,  
4,  mm ( i n . )  

IPS ,  
MPa ( k s i )  

a?  = l a b o r a t o r y  h e a t .  Other  d e s i g n a t i o n s  r e f e r  t o  commerc ia l  s t e e l  h e a t s .  

t h e  e f f e c t s  o f  c a s e  d e p t h  and s u r f a c e  c a r b o n  
v a r i a b l e s .  The r e s u l t s  o f  a  l e a s t  s q u a r e s  f i t  
o f  t h e  IFS v e r s u s  DI d a t a  a r e  shown by t h e  
b a n d s  ( r e p r e s e n t i n g  o n e  s t a n d a r d  d e v i a t i o n )  a t  
t h e  t o p  o f  F i g u r e  24. Only a  l i m i t e d  amount o f  
d a t a  h a s  been o b t a i n e d  o n  t h e  O&, (combined 
l o a d i n g )  a s  a  f u n c t i o n  o f  h a r d e n a b i l i t y .  T h i s  
i s  shown i n  t h e  c e n t r a l  p o r t i o n  o f  F i g u r e  24 
r e p r e s e n t e d  by t h e  s c a t t e r  band c o v e r i n g  t h e  
r a n g e  o v e r  which v a l u e s  have  been o b t a i n e d .  
The p a r a l l e l  r e l a t i o n s h i p  w i t h  t h e  IFS  is v e r y  
e v i d e n t .  A l s o  shown i n  t h i s  f i g u r e  is t h e  
s c a t t e r  band f o r  t h e  h i g h - c y c l e  f a t i g u e  l i m i t s .  
The r e s u l t s  shown i n  F i g u r e  24 d o  n o t  i n c l u d e  
s t e e l s  w i t h  i n t e n t i o n a l  aluminum, phosphorus  o r  
n i t r o g e n  v a r i a t i o n s ,  and t h e  r e s u l t s  may be  
c o n s i d e r e d  r e p r e s e n t a t i v e  o f  a  wide range  o f  
c a r b u r i z i n g  g r a d e s .  

F i g u r e  24 d e s c r i b e s  t h e  r e l a t i o n s h i p  o f  
a l l o y i n g  ( o r  h a r d e n a b i l i t y )  t o  f a t i g u e  and 
t o u g h n e s s  p r o p e r t i e s  and c l e a r l y  i l l u s t r a t e s  
why t o u g h n e s s  is i m p o r t a n t  t o  f a t i g u e  per form-  
a n c e  i n  combined l o a d i n g  a p p l i c a t i o n s .  R e s u l t s  
p r e s e n t e d  e a r l i e r  s t r e s s e d  t h a t  f a t i g u e  p r o p e r -  
t i e s  were c o n t r o l l e d  t o  a  g r e a t e r  e x t e n t  by t h e  
p r o c e s s i n g  t h a n  t h e  a l l o y i n g  c o m b i n a t i o n  o r  
h a r d e n a b i l i t y .  Hence, F i g u r e  24 shows n o  i n -  
c r e a s e  i n  f a t i g u e  l i m i t  w i t h  h a r d e n a b i l i t y .  
Above t h e  f a t i g u e  l i m i t ,  t hough ,  t h e  e f f e c t  o f  
a l l o y i n g  o n  t h e  OL,, v a l u e  is a p p a r e n t .  Thus 
i t  is c l e a r  t h a t  once  s t r e s s e s  above t h e  f a t i g u e  
l i m i t  a r e  e n c o u n t e r e d ,  t h e  v a r i a b l e s  g o v e r n i n g  
per formance  a r e  no l o n g e r  t h o s e  r e l a t e d  t o  p ro-  
c e s s i n g  b u t ,  i n s t e a d ,  t h o s e  a s s o c i a t e d  w i t h  t h e  
t o u g h n e s s  c h a r a c t e r i s t i c s  o f  t h e  s t e e l .  S t a t e d  
d i f f e r e n t l y ,  t h e  s t e e l  c a n  be p r o c e s s e d  f o r  
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Compos i t ions  o f  Low (50 .10%)  Mo C a r b u r i z i n g  Grades  Used i n  
A n a l y s i s  o f  I m p a c t  F r a c t u r e  Range ( i n  F i g u r e  24)  

E lement ,  W t - %  
Core  

H a r d e n a b i l i t y ,  
mm ( i n . )  

109  (4 .3 )  
64 ( 2 . 5 )  
38 ( 1 . 5 )  
5 1  (2 .0 )  
33  (1 .3 )  
4 1  ( 1 . 6 )  
5 1  (2 .0 )  
30 ( 1 . 2 )  
36 (1 .4 )  
4 1  ( 1 . 6 )  
4 1  (1.6)  
4 1  ( 1 . 6 )  

'P = l a b o r a t o r y  h e a t .  O t h e r  d e s i g n a t i o n s  r e f e r  
to commerc ia l  s teel  h e a t s .  

b ~ l s o  c o n t a i n s  0.11%V. 
C 

A l s o  c o n t a i n s  0.10%V. 

JOMINY HARDENABILITY (01). i n .  
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IMPACT FRACTURE 7 

FATIGUE LIMIT RANGE loo 
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JOMINY HARDENABILITY (Dl). im 

F i g .  24 - R e l a t i o n s h i p  o f  Core H a r d e n a b i l i t y  
t o  IFS ,  O k r  and High-Cycle F a t i g u e  L i m i t  

IFS , 
MPa ( k s i )  

2680 ( 3 8 8 )  
2850 (414)  
3030 ( 4 3 9 )  
2850 (413)  
2250 ( 3 2 6 )  
2080 (301)  
1960 ( 2 8 5 )  
2610 ( 3 7 8 )  
1840 ( 2 6 7 )  
2100 ( 3 0 5 )  
2570 ( 3 7 3 )  
2680 ( 3 8 8 )  

optimum h i g h - c y c l e  f a t i g u e  p e r f o r m a n c e ,  b u t ,  t o  
t h e  e x t e n t  t h a t  s t r e s s e s  above t h e  f a t i g u e  l i m i t  
a r e  e n c o u n t e r e d ,  t h e  a l l o y  mus t  be d e s i g n e d  w i t h  
a d e q u a t e  t o u g h n e s s .  

The i l l u s t r a t i o n  i n  F i g u r e  24 a l s o  p r o v i d e s  
a n  e x p l a n a t i o n  o f  how t h e  per fo rmance  o f  a  c a r -  
b u r i z e d  steel may be governed  by t h e  t o u g h n e s s  
and y e t  f a i l  i n  c i r c u m s t a n c e s  which a p p e a r  
t o  be o f  a  f a t i g u e  n a t u r e .  I n  many combined 
l o a d i n g  a p p l i c a t i o n s ,  s t r e s s e s  i n  t h e  r a n g e  o f  
t h e  O&, w i l l  be  r e s p o n s i b l e  f o r  i n i t i a t i n g  a  
c r a c k  which w i l l  p r o p a g a t e  under  t h e  f a t i g u e  
l o a d  imposed. C l e a r l y  t h e  p a r t  w i l l  have f a i l e d  
i n  f a t i g u e ,  b u t  t h e  f a i l u r e  was a  r e s u l t  o f  
i n s u f f i c i e n t  t o u g h n e s s  i n  t h e  form o f  a n  i n a d e -  
q u a t e  OLcr v a l u e  f o r  t h e  a p p l i c a t i o n .  I n  
t h i s  i l l u s t r a t i o n  improving t h e  f a t i g u e  p r o p e r -  
ties would n o t  improve t h e  per fo rmance  o f  t h e  
p a r t  b e c a u s e  o f  t h e  r e l a t i v e  independence  o f  
f a t i g u e  and t o u g h n e s s  p r o p e r t i e s .  I t  is r e a l l y  
t h e  t o u g h n e s s  o f  t h e  p a r t  which n e e d s  t o  be 
improved.  Hence, when a  f a i l u r e  d o e s  o c c u r ,  i t  
i s  e s s e n t i a l  t o  d e t e r m i n e  whe ther  l o a d s  above 
t h e  f a t i g u e  l i m i t  were e n c o u n t e r e d  i n  o r d e r  t o  
d e t e r m i n e  which p r o p e r t y  n e e d s  t o  be improved.  



SUMMARY 

S p e c i f i c  examples have been used t o  i l l u s -  
t r a t e  t h e  r e l a t i v e  independence  o f  h i g h - c y c l e  
f a t i g u e  and toughness  c h a r a c t e r i s t i c s  o f  c a r -  
b u r i z e d  s t e e l s .  P r o c e s s e s  such  a s  s h o t  p e e n i n g ,  
c a r b o n i t r i d i n g  and d e e p  f r e e z i n g  i n f l u e n c e  o n l y  
t h e  o u t e r  s u r f a c e  o f  t h e  c a s e  a n d ,  t h e r e f o r e ,  - 
o n l y  change t h e  f a t i g u e  c h a r a c t e r i s t i c s .  Though 
a l l o y i n g  h a s  o n l y  a  s e c o n d a r y  i n f l u e n c e  o n  
f a t i g u e  p r o p e r t i e s ,  i t  is a l m o s t  c o m p l e t e l y  
r e s p o n s i b l e  f o r  d e t e r m i n i n g  t h e  t o u g h n e s s  o f  
t h e  c a r b u r i z e d  p a r t .  

From t h e  s t a n d p o i n t  o f  f a i l u r e  a n a l y s i s ,  
t h e n ,  i t  i s  most i m p o r t a n t  t o  i d e n t i f y  t h e  
r e a s o n  f o r  t h e  c r a c k  i n i t i a t i o n  e v e n t ,  i .e. ,  
whether  from a n  i n c l u s i o n  o r  a n  o v e r l o a d .  I t  
i s  n o t  a d e q u a t e  t o  i n d i c a t e  t h a t  t h e  c r a c k  
p r o p a g a t e d  i n  f a t i g u e .  I n  c a r b u r i z e d  m a t e r i a l s  
t h i s  is o f t e n  v e r y  d i f f i c u l t .  Hence, a n  ade-  
q u a t e  a n a l y s i s  may r e q u i r e  t h a t  t h e  l o a d s  o n  
t h e  p a r t  be  a n a l y z e d  t o  d e t e r m i n e  whether  
s t r e s s e s  above t h e  f a t i g u e  l i m i t  a r e  b e i n g  
e n c o u n t e r e d .  Once t h e  l o a d i n g  c o n d i t i o n s  
c a n  be compared w i t h  f a t i g u e  l i m i t  and OLcr 
v a l u e s  f o r  t h e  m a t e r i a l  and p r o c e s s  i n v o l v e d ,  
t h e n  recommendations f o r  p r o p e r  r e m e d i a l  a c t i o n  
c a n  be made. 

The r e s e a r c h  on  combined l o a d  and i m p a c t  
f r a c t u r e  t e s t i n g  h a s  shown t h a t  t h e  v a l u e  o f  
e i t h e r  t h e  IFS ( i m p a c t  f r a c t u r e  s t r e s s )  o r  
OLcr ( c r i t i c a l  o v e r l o a d )  c a n  be used  a s  a  
r e l i a b l e  b u t  r e l a t i v e  measure  o f  t h e  t o u g h n e s s  
o f  a  c a r b u r i z e d  s t e e l .  T h i s  t e s t i n g  h a s  a l s o  
shown t h a t  t h e  v a l u e  o f  t h e  OLcr s t r e s s  w i l l  
be s e n s i  t i v e  t o  t h e  l o a d i n g  c o n d i t i o n s  encoun-  
t e r e d  i n  t h e  a p p l i c a t i o n .  

ACKNOWLEDGEMENT 

The a u t h o r  would l i k e  t o  acknowledge 
t h e  major c o n t r i b u t i o n s  o f  Dan Diesburg  and 
Chongmin K i m  t o  t h e  r e s e a r c h  d e s c r i b e d  i n  t h i s  
p a p e r .  The a u t h o r  would a l s o  l i k e  t o  r e c o g n i z e  
Ken B a t e s  f o r  t h e  a s s i s t a n c e  he  p r o v i d e d  i n  
development  o f  t h e  combined l o a d i n g  t e s t .  

REFERENCES 

1. J .  R .  Eagan and C. H .  S h e l t o n ,  "Recent  T e s t  
Data on S e l e c t i o n  o f  A l l o y  S t e e l s  f o r  G e a r s  
and B e a r i n g s , "  SAE Paper  N o .  720301,  1972 .  

2 .  C. Razim, "Some F a c t s  and C o n s i d e r a t i o n s  
o f  T r e n d s  i n  Gear S t e e l s  f o r  t h e  Automotive 
I n d u s t r y , "  i n  A l l o y s  f o r  t h e  E i g h t i e s ,  
R .  Q .  B a r r ,  Ed . ,  Climax Molybdenum Co. ,  

3 .  T.  B .  ~ a m e r o n  and D .  E. D i e s b u r g ,  "The S i g -  
n i f i c a n c e  o f  t h e  Impact  F r a c t u r e  S t r e n g t h  

D .  E. Diesburg ,  "Crack I n i t i a t i o n  F r a c t u r e  
Appearance,"  T r a n s m i s s i o n s ,  1, 1983.  

C. K i m ,  D.  E .  Diesburg  and  R. M .  Buck, 
" I n f l u e n c e  o f  Sub-Zero and Shot-Peening 
T r e a t m e n t s  o n  Impac t  and F a t i g u e  F r a c t u r e  
P r o p e r t i e s  o f  Case-Hardened S t e e l s , "  
J o u r n a l  o f  Heat  T r e a t i n g ,  May 1981 ,  
pp 43-53. 

C. K i m ,  D .  E. Diesburg and G .  T. E l d i s ,  
" E f f e c t  o f  R e s i d u a l  S t r e s s  o n  F a t i g u e  
F r a c t u r e  o f  Case-Hardened S t e e l s , "  ASTM 
STP 776 (1981) , pp 224-234. 

K .  Nakamura, K .  Mihara ,  Y .  K i b a y s h i  and 
T. N a i t o ,  "Improvement on  t h e  F a t i g u e  
S t r e n g t h  o f  Case Hardened G e a r s  by a  
New Heat  Trea tment  P r o c e s s , "  SAE Paper  
No. 821102, 1983.  

T. B. Cameron, "The E f f e c t  o f  C a r b u r i z i n g  
Tempera ture  on  t h e  F a t i g u e  C h a r a c t e r i s t i c s  
o f  SAE 8720 and EX30," AMAX M a t e r i a l s  
Research  C e n t e r  Repor t  J-4670, August  1984.  

T. B. Cameron, D.  E. Diesburg and C. K i m ,  
" F a t i g u e  and Over l o a d  F r a c t u r e  o f  Carbu- 
r i z e d  S t e e l s , "  J o u r n a l  o f  M e t a l s ,  J u l y  
1983 ,  pp 37-41. 

C. K i m  and D .  E.  Diesburg ,  " F r a c t u r e  i n  
Case-Hardened S t e e l s  i n  Bending ,"  Engr .  
F r a c t u r e  Mech., 18  ( 1 1 ,  pp 69-82, 1983 .  

T. B .  Cameron and D .  E. D i e s b u r g ,  "The 
I n f l u e n c e  o f  Aluminum, N i t r o g e n  and Phos- 
p h o r u s  o n  F r a c t u r e  P r o p e r t i e s  o f  C a r b u r i z e d  
CrMo and MnCr S t e e l s , "  i n  Mechanica l  
Working and S t e e l  P r o c e s s i n g  X I X ,  A I M E ,  
Warrenda le ,  PA, 1982 ,  p p  540-562. 

1 2 .  D. E. D i e s b u r g ,  G. T. E l d i s  and  H. N .  
Lander ,  "Chromium-Free S t e e l s  f o r  Car - 
b u r i z i n g , "  p r e s e n t e d  a t  "Trends i n  C r i t i c a l  
M a t e r i a l s  Requi rements  f o r  S t e e l s  f o r  t h e  
F u t u r e , "  V a n d e r b i l t  Univ. ,  Oct .  1982.  

o f  a  C a r b u r i z e d  S t e e l , "  pp 17-32 i n  Case- 
Hardened S t e e l s ,  D .  E. D i e s b u r g ,  Ed . ,  


