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ABSTRACT 

111   no st c s c ~ s c s ,  S.~tiguc! Sai ltlrc o i  s t r u c ~ u i - c > s  s t C l i  1s  1 r c ) m  tlrc' ~ L I I  1 C L C L '  O L  IrtLlCc>i i , i l s  
a n ~ l  p ropaga tes  i n t o  tlie i n s i d e .  T l ~ e r c P o r e ,  v ~ r i o u s  s u r f a c e  t redtoient  p rocesses  
accompanied w i t h  compressive 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  1  a y e r .  Understanding f a t i g u e  s u r f  ace  c rack  
p ropaga t ion  i s  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  of r e s i d u d l  s t r e s s e s  on tlie through- 
t h i c k n e s s  craclc p r o p a g a t i o n ,  i t  has  been shown t11nL the decrease  of  growth r d 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 d l  s t r e s s e s  i n  
welding,  i n d u c t i o n  h a r d e n i n g ,  quenching arid tempering,  shot-peening [ I ]  and t o l d  
working.  I t  i s  a l s o  recognized  t h a t  t h e  c rack  growth r a t e  i n  t h e  specimens wi th  
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 wi thou t  r e s i d u a l  s t r e s s  
i n  terms of  Lhe e f f e c t i v e  s t r e s s  i n t e n s i L y  11,lsctl on the  cr'lcl, c l o s u ~ - e .  PIean\dlile 
i n  t h e  c a s e  o l  s e m i - e l l i p t i c a l  s u r i a c e  craclc p r o p a g a l i o n ,  Kawahara 121 suggested 
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  formula u s i n g  numerical  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 advan tages  i n  p r e c i s i o n  nor  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 .  

Th is  r e p o r t  p r e s e n t s  t h e  e f f e c t  of compressive r e s i d u a l  s t r e s s e s  a f t e r  sho t -  
peening on t h e  s u r f a c e  c r a c k  growth and on t h e  c rack  opening behav ior  a long  semi- 
e l l i p t i c a l  craclc Front  which i s  e s t i m a t e d  under the  ,*ssumption t l i a t  t h e  d a t a  f o r  
t h e  c rack  growth r a t e  a t  l o c a l  c r a c k  f r o n t  should obey P a r i s  law. 
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EXPERIMENTAL PROCEDURE 

The t e s t i n g  m a t e r i a l  was medium carbon sLee l  S45C anuc;lled a t  810°C f o r  70 min. 
Mechanical p r o p e r t i e s  a r e  shown i n  Table 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  smal l  h o l e  no tch  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 of two k i n d s :  (1)  tinpeened 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 notc,hed a f t e r  smoothening t h e  s u r f a c e  roughness due t o  sho t -  
peeni  r ~ g .  Shot-peen i n g  condi Lions a r e  sliown i n  Tab1 e  2 .  
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A f u l l y  r e v e r s e d  bend ing  l o a d  was produced by a  Schenck t y p e  bend ing  f a t i g u e  
machine.  The h a l f  craclc l e n g t h  b a t  t h e  s u r f a c e  was measured by r e p l i c a t i n g  
method u s i n g  a  mic roscope  ~ r i  ttl X50 m a g n i f i c a t i o n .  The c r a c k  shape  e v o l u t i o n  
b e h a v i o r  was obse rved  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 l ~ e  dep th  was mcclsurrd 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  rnethod u s i n g  LO7 n i ~ r i c  , i c i d .  Cll,rnge\ of s u r r L l r c  
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  I r e r e  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  Cr axode.  

TABLE 2 Shot-peening condi  t i o n s  - 

Shot-peening Conditions 

Shot- s ize @0.6 c u t  wire 

Wheel  speed 78.5 (m /set) 

Flow ra te  of shot 35  (Kg/min) 

Intensi ty ( Arc height ) 0.3 (mm) 

Coverage = l o 0  ( % )  



The craclc c l o s u r e  behav ior  was observed by t h e  p l a s t i c  conipliance n ~ t l i o d  f31. 
The cr,icL opening 1 eve1 riop was determined on t l ~ e  t l i  agr<~rn r c p r c s e n t i  n g  Lhc 
re1 ~ t i o n s l i i  p betveen tlle maximum bending s  L r t ~ s s  and tile outpiiL or a s t r  d i n  gauge 
l o c a t e d  on t h e  c e n t r a l  p o i n t  of t h e  bot tom s u r f a c e .  

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  craclc f r o n t  was c a l c u l a t e d  by 
Newman-Raju's e q u a t i o n s  [&I, i n  which t e n s i l e  s t r e s s  component rras c a l c u l a t e d  
from t h e  s h i f t i n g  of n e u t r a l  p l a n e  accompanied rzitli the  s u r f a c e  c rack  grorrLh. 

KSULT AND ANALYSIS OF THE: TESTING 

The micro-Vicliers ha rdness  ( l o a d :  200 g f )  of shot-peened s u r f a c e  uas  3 3 0 ,  which 
was 110 h i g h e r  t h a n  t h a t  of t h e  unpeened one. F i g u r e  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  c o n d i t i o n  slior~ed t'rle 
niaximtm v a l u e  j u s t  below t h e  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 c o n s t a n 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. 
I'lle compressive r e s i d u a l  s t r e s s e s  a t  t h e  stlrc,lce ~ ~ e n t  down t o  Lhe h ~ l f  of the  
i 11 i L ~ ~ I  I vL1 L I I I ~  i 1 10' '  r y ~  l c s  L I I I C I L \ ~  L I ~ c  sti-+.>>s <imp I i L , I ~ < X  ~.111giiig r i  ~ ~ n i  S 3 ' LL) 

1 102 01 tlrc yieltlilng s t r e s s ,  a1tC.r t l i ,~L s u ~ ~  l l  t leil il,~si, Lo1 lowtiJ, i~ni l  i l l  oppeil 
r a p i d l y  becore  f i n a l  f a i l u r e  ( F i g .  3 ) .  

F i g .  2 Res idua l  s t r e s s  p a t t e r n  

T l ~ e  craclc i n i t i a t i o n  a t  t h e  edge of h o l e  no tch  w a s  observed e a r l y  when t h e  c y c l i c  
r a t i o  ? L / l d f  1.13s about  0 . 1  both i n  t h e  unpecnrzcl ,~nd  slloL-peencil sp r~c imcns ,  t l~i ' l i  
c rack  p ropaga t ion  per iod  occupi ed a  s u b s  t a n t i c l l  p a r t  o f  the  toLal l i  i e .  ' 1 h ~  
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F i g .  3 Change o f  r e s i d u a l  s t r e s s  due t o  s t r e s s  c y c l e s  

c rack  shapc e v o l u t i o n  diagram (F ig .  4 )  shows t h a t  t h e  c rack  shape e v o l u t i o n  does 
n o t  d e ~ e n d  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 harden ing  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 rack  l e n g t h  b and t h e  
can be  e s t a b l i s h e d  by l e a s t  s q u a r e  method, a s  i n  t h e  c a s e  of s h o r t  
i n i t i a l  f l a w ,  a s  f o l l o w s ,  

where exper imenta l  c o n s t a n t  A = 0.169. 

From e q u a t i o n  ( 3 )  

c r a c k  dep th  a 
and deep 

Bes ides ,  t h e  c rack  opening r a t i o  U was expressed  approximately a s  f o l l o w s ,  

U = 0 .6  + 0.027 b : Unpeened, : U = 0 .56  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  dlldnl 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 e q u a t i o n  ( 3 ) .  
F i g u r e  6  shows t h e  r e l a t i o n s  between l o c a l  c r a c k  growth r a t e  d l /dN and K e f f ,  
which cannot  be t r e a t e d  by P a r i s  formula.  The th rough- th ickness  c r a c k  growth 
r a t e  i n  a x i a l  load ing  t e s t  was dl/& = 3.12 x lo-' ( K ~ ~ ~ ) ~ . ~ ~ ,  two-dot cha in  l i n e  
a s  s e e n  i n  F ig .  6.  the growth r a t e  i n  shot-peened specimens was lor*r than  t h a t  
i n  unpeened ones bo th  i n  t h e  d i r e c t i o n  of t h e  width and t h e  dep th ,  and n e a r l y  
e q u a l  t o  t h a t  when b was l o n g e r  than about  3  mnl. 

The c rack  opening r a t i o  a long  s e m i - e l l i p t i c a l  c rack  f r o n t  f o r  unpeened and 
shot-peened specimens was e s t i m a t e d  by comparing t h e  Newman-Raju's Keff w i t h  t h e  
Keff on t h e  s o l i d  l i n e  i n  F ig .  6 cor responding  t o  t h e  same growth r a t e  f o r  each 
s t r e s s  ampli tude (F ig .  7 ) .  The changing behav ior  of e s t i m a t e d  U w i t h  t h e  dep th  
from s u r f a c e  d i d  n o t  depend on t h e  l e n g t h  of c rack  11,  and t h e  d i f f e r e i l c e  of U 
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F i g .  4 Crack shape e v o l u t i o n  diagram 

between a t  t h e  s u r f a c e  and t h e  maximum dep th  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 nun. 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  decreases  
t h e  c r a c k  opening r a t i o ,  s h a r p l y  when t h e  s t r e s s  ampl i tude  i s  low. 

The r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  sugges t  t h a t  t h e  s u r f a c e  c r a c k  opens g r a d u a l l y  
from t h e  s u r f a c e  t o  t h e  i n s i d e  w i t h  t h e  i n c r e a s e  of bending s t r e s s  (F ig .  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  
su r fL lce  c r a c k  p ropaga t ion  a n a l  y s e s .  



F i g .  5 A 9c~rni -c~l l  i p t i c a l  c r a c k  e x t e n d s  i n t o  , i no thc r  
semi-c.1 1 i p ~ i c . 1 1  cr'lck 
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Axial loadng test 

0 Unpeened 

11 Shol peered 

F i g .  6 Crack growth r a t e  dl/& 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 h  f r o n t  vs Keff  o f  unpeened and shot-peened s p i ~ ~ ~ i r i l e n s  

A : : : : : : : : : ; ,  
0 0 5 10 

. . 
0 0 5 10 

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  open ing  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 Tensi\e 
bending stress bending stress 

L-..._._.___ _... _...-" / "'..' ....... 
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front f ron t  

F ig .  8 Schematic of s u r f a c e  c rack  opening behavior  under p lane  bending 
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