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ABSTRACT 

I n  most c a s e s ,  f a t i g u e  f a i l u r e  of  s t r u c t u r e s  s t a r t s  from t h e  s u r f a c e  of  m a t e r i a l s  
and p r o p a g a t e s  i n t o  t h e  i n s i d e .  T h e r e f o r e ,  v a r i o u s  s u r f a c e  t r e a t m e n t  p r o c e s s e s  
accompanied w i t h  compress ive  r e s i d u a l  s t r e s s  a r e  adopted t o  improve t h e  mechanical  
c h a r a c t e r i s t i c s  of s u r f a c e  l a y e r .  U n d e r s t a n d i n g  f a t i g u e  s u r f a c e  c r a c k  
p r o p a g a t i o n  is  e s s e n t i a l  t o  i n v e s t i g a t e  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  of  s u r f a c e  
s t r e n g t h e n e d  m a t e r i a l s .  About t h e  e f f e c t  o f  r e s i d u d l  s t r e s s e s  on t h e  through- 
t h i c k n e s s  c rack  p r o p a g a t i o n ,  i t  h a s  been  shown t h a t  t h e  d e c r e a s e  o f  growth r a t e  
by compressive r e s i d u a l  s t r e s s e s  and t h e  i n c r e a s e  by t e n s i l e  r e s i d u a l  s t r e s s e s  i n  
w e l d i n g ,  i n d u c t i o n  h a r d e n i n g ,  q u e n c h i n g  and temper ing ,  sho t -peen ing  111 and c o l d  
working.  I t  i s  a l s o  r e c o g n i z e d  t h a t  t h e  c r a c k  growth r a t e  i n  t h e  spec imens  w i t h  
r e s i d u a l  s t r e s s e s  can  be  c o r r e l a t e d  w i t h  t h a t  i n  t h e  ones  w i t h o u t  r e s i d u a l  s t r e s s  
i n  terms of  t h e  e f f e c t i v e  s t r e s s  i n t e n s i t y  based  on t h e  c r a c k  c l o s u r e .  Meanwhile 
i n  t h e  c a s e  of  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k  p r o p a g a t i o n ,  Kawahara 1-21 s u g g e s t e d  
t h a t  t h e  d i r e c t  a p p l i c a t i o n  of  P a r i s  fo rmula  u s i n g  n u m e r i c a l  s o l u t i o n s  of  s t r e s s  
i n t e n s i t y  f a c t o r  had n o t  much a d v a n t a g e s  i n  p r e c i s i o n  n o r  i n  s i m p l i f i c a t i o n  of 
a n a l y s e s .  

T h i s  r e p o r t  p r e s e n t s  t h e  e f f e c t  o f  compress ive  r e s i d u a l  s t r e s s e s  a f t e r  s h o t -  
p e e n i n g  on t h e  s u r f a c e  c r a c k  growth and on t h e  c r a c k  opening  b e h a v i o r  a l o n g  semi- 
e l l i p t i c a l  c r a c k  f r o n t  which i s  e s t i m a t e d  under  t h e  assumpt ion  t h a t  t h e  d a t a  f o r  
t h e  c r a c k  growth r a t e  a t  l o c a l  c r a c k  f r o n t  s h o u l d  obey P a r i s  law. 
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EXPERIHENTAL PROCEDURE 

The t e s t i n g  m a t e r i a l  was medium c a r b o n  s t e e l  S45C annea led  a t  810°C f o r  20 min. 
Mechanical  p r o p e r t i e s  a r e  shown i n  T a b l e  1. The specimens t e s t e d  had t h e  
t h i c k n e s s  of 2 .46 mm and a  s m a l l  h o l e  n o t c h  i n  t h e  c e n t e r  of  upper  s u r f a c e  a s  
shown i n  F i g .  1. Specimens were  o f  two k i n d s :  (1)  unpeened specimens which were 
tempered a t  650°C f o r  1 h r  a f t e r  d r i l l i n g  t h e  h o l e  n o t c h ,  ( 2 )  shot-peened 
specimens which were n o t c h e d  a f t e r  smoothening t h e  s u r f a c e  roughness  due t o  s h o t -  
p e e n i n g .  Shot-peening c o n d i t i o n s  a r e  shown i n  Table  2. 



TABLE 1 Mechanica l  p r o p e r t i e s  

Mechanical Properties ( S45C ! 

I I 1 I 

[ Heat Treatment 810 ? , ZOrnin., A 1 

(Heat t r e a t m e n t  8100C, 20 min . ,  A)  

$0 3 
Hole notch 

Thickness h=2,46 

..-0 -- 0 
N m + ,  * 

F i g .  1 Specimen c o n f i g u r a t i o n  

A f u l l y  r e v e r s e d  bending l o a d  was produced by a  Schenck t y p e  bending  f a t i g u e  
machine.  The h a l f  c r a c k  l e n g t h  b a t  t h e  s u r f a c e  was mcnsured hy r e p l i c a t i n g  
method u s i n g  a  microscope w i t h  X50 m a g n i f i c a t i o n .  The c r a c k  shapc e v o l c ~ t i o n  
b e h a v i o r  was observed  by temper c o l o r  t e c h n i q u e .  

The r e s i d u a l  s t r e s s  d i s t r i b u t i o n  i n  t h e  d i r e c t i o n  o f  t h e  d e p t h  was measured by 
t h e  s u c c e s s i v e  chemica l  p o l i s h i n g  method u s i n g  202 n i t r i c  a c i d .  Changes of  s u r f a c e  
r e s i d u a l  s t r e s s  i n  t h e  a x i a l  d i r e c t i o n  were measured d u r i n g  t h e  f a t i g u e  p r o c e s s  
by t h e  0°-45O X-ray method, u s i n g  C r  anode.  

TABLE 2  Shot-peening c o n d i t i o n s  

Sho t -~een ina  Conditions 

Shot-size @0.6 c u t w i r e  

Wheel speed 78.5 (m /set) 

Flow ra te  of shot 35 (Kg/min) 



The crack  c l o s u r e  behavior  was observed by t h e  e l a s t i c  compliance method [3]. 
The crack  opening l e v e l  uOp was determined on t h e  diagram r e p r e s e n t i n g  t h e  
r e l a t i o n s h i p  between the  maximum bending s t r e s s  and t h e  ou tpu t  of a  s t r a i n  gauge 
loca t ed  on t h e  c e n t r a l  p o i n t  of t h e  bottom s u r f a c e .  

Crack opening r a t i o :  U = (omax - Uop)/(Umax - omin) (1)  

AK a t  an a r b i t r a r y  p o i n t  on a  s e m i - e l l i p t i c a l  c rack  f r o n t  was c a l c u l a t e d  by 
Newman-Raju's equa t ions  [ 4 ] ,  i n  which t e n s i l e  s t r e s s  component was c a l c u l a t e d  
from the  s h i f t i n g  of n e u t r a l  p l ane  accompanied wi th  t h e  s u r f a c e  c r ack  growth. 

RESULT AND ANALYSIS OF THE TESTING 

The micro-Vickers hardness  ( load:  200 g f )  of shot-peened s u r f a c e  was 320, which 
was 110 h i g h e r  than  t h a t  of t he  unpeened one. F igure  2  shows t h e  r e s i d u a l  s t r e s s  
p a t t e r n .  The r e s i d u a l  s t r e s s  i n  t h e  e q u i - b i a x i a l  s t r e s s  cond i t i on  showed t h e  
maximum va lue  j u s t  below the  s u r f a c e ,  a s  o f t e n  seen  i n  t h e  case  of c e n t r i f u g a l  
type  machine, and a cons t an t  t e n s i l e  s t r e s s  i n  t h e  c e n t r a l  p a r t  of  t h e  specimen. 
The compressive r e s i d u a l  s t r e s s e s  a t  t h e  s u r f a c e  went down t o  t he  h a l f  of t h e  
i n i t i a l  v a l u e  u n t i l  lo4 cyc l e s  under t h e  s t r e s s  ampli tude ranging  from 83% t o  
110% of t h e  y i e l d i n g  s t r e s s ,  a f t e r  t h a t  sma l l  decrease  fo l lowed,  and dropped 
r a p i d l y  b e f o r e  f i n a l  f a i l u r e  (Fig.  3 ) .  

A Perpendicular to I 

longitudinal axis 1 

I 
Fig .  2  Res idual  s t r e s s  p a t t e r n  

The crack  i n i t i a t i o n  a t  t h e  edge of  h o l e  no tch  was observed e a r l y  when t h e  c y c l i c  
r a t i o  n/Nf was about 0 . 1  both  i n  t h e  unpeened and shot-peened specimens, t h e n  
c r ack  p ropaga t ion  per iod  occupied a  s u b s t a n t i a l  p a r t  of the  t o t a l  l i f e .  The 
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Fig .  3  Change of  r e s i d u a l  s t r e s s  due t o  s t r e s s  cyc l e s  

crack shape e v o l u t i o n  diagram (Fig .  4)  shows t h a t  t h e  crack  shape e v o l u t i o n  does 
not  depend on s t r e s s  ampli tude and r e s i d u a l  s t r e s s  and work hardening  a f t e r  
shot-peening.  The r e l a t i o n s h i p  between t h e  c r ack  l eng th  b  and the  crack  depth a 
can be e s t a b l i s h e d  by l e a s t  squa re  method, a s  i n  t h e  ca se  of s h o r t  and deep 
i n i t i a l  f law,  a s  fo l lows ,  

where exper imenta l  cons t an t  A = 0.169. 

From equa t ion  (3) 

Besides,  t h e  crack  opening r a t i o  U was expressed  approximately a s  fo l lows ,  

U = 0.6  + 0.027 b  : Unpeened, : U = 0156 Shot-peened (5)  

An a n a l y s i s  of t h e  geometry of F ig .  5  g ives  t h e  l o c a l  c rack  growth d i s t a n c e  dl, 
then  dZ/dN i s  c a l c u l a t e d  by us ing  t h e  d a t a  of N - b r e l a t i o n s  and equa t ion  (3) .  
F igure  6  shows the  r e l a t i o n s  between l o c a l  c r ack  growth r a t e  dZldN and Keff ,  
which cannot be t r e a t e d  by P a r i s  formula.  The through-thickness c rack  growth 
r a t e  i n  a x i a l  loading  t e s t  was dl/dN = 3.12 x  ( K ~ ~ ~ ) ~ . " ,  two-dot cha in  l i n e  
a s  seen  i n  F ig .  6. lThe growth r a t e  i n  shot-peened speclmens was 10-r than  t h a t  
i n  unpeened ones both i n  t h e  d i r e c t i o n  of t h e  width  and t h e  depth ,  and n e a r l y  
equa l  t o  t h a t  when b was longe r  t han  about  3  mrn. 

The crack  opening r a t i o  a long s e m i - e l l i p t i c a l  c r ack  f r o n t  f o r  unpeened and 
shot-peened specimens was e s t ima ted  by comparing t h e  Newman-Raju's Keff w i th  t h e  
Keff on the  s o l i d  l i n e  i n  Fig.  6  cor responding t o  t h e  same growth r a t e  f o r  each 
s t r e s s  ampl i tude  (Fig .  7) .  The changing behav io r  of e s t ima ted  U with  t h e  depth 
from s u r f a c e  d id  n o t  depend on t h e  l e n g t h  of c rack  b ,  and t h e  d i f f e r e n c e  of U 
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o Unpeened 

A Shot - peened 

0 Least square line 

Fig.  4 Crack shape evo lu t ion  diagram 

between a t  t h e  s u r f a c e  and t h e  maximum depth p o i n t  was about 0.3 f o r  unpeened 
ones and 0 .2  f o r  shot-peened ones,  when b was about 3 m. It i s  c l e a r l y  
recognized t h a t  t h e  compressive r e s i d u a l  s t r e s s  i n  t h e  s u r f a c e  l a y e r  dec reases  
the  crack opening r a t i o ,  s h a r p l y  when the  s t r e s s  ampli tude i s  low. 

The r e s u l t s  obta ined i n  t h i s  s tudy sugges t  t h a t  t he  s u r f a c e  crack opens g radua l ly  
from the  s u r f a c e  t o  t h e  i n s i d e  wi th  t h e  i n c r e a s e  of bending s t r e s s  (Fig.  8), and 
based on t h i s  model t h e  a p p l i c a t i o n  of P a r i s  formula has  much advantages i n  
s u r f a c e  crack propagat ion  ana lyses .  



Fig. 5 A semi-elliptical crack extends into another 
semi-elliptical crack 



F i g .  6 Crack growth r a t e  dZldN a t  a r b i t r a r y  p o i n t s  on e l l i p t i c a l  
c r a c k  f r o n t  v s  Keff of  unpeened and shot-peened spec imens  

I : : : : : : : : : : ,  

343 

C : : : : : : : : : : ,  

0 0.5 1 .O 
Depth from surface Z ( mm ) 

( a) Unpeened ( b Shot -peened 

F i g .  7 E s t i m a t e d  c r a c k  opening  r a t i o  a l o n g  s e m i - e l l i p t i c a l  c r a c k s  
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Compressive Tensile 
bending stress * bending stress 

F i g .  8  Schemat ic  of s u r f a c e  c r a c k  opening  b e h a v i o r  under  p l a n e  bending  
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