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ABSTRACT 

An e x p e r i m e n t a l  program was under t aken  t o  e v a l u a t e  t h e  e f f e c t  of  induced  
compress ive  s t r e s s e s  due t o  v a r i o u s  peen ing  and t h e r m a l  t r e a t m e n t s  on t h e  
f a t i g u e  l i f e  of  a  b u t t  welded medium s t r e n g t h  s t e e l  (Cb-50). R e s i d u a l  s t r e s s e s  
were  measured u s i n g  x-ray d i f f r a c t i o n  and t h e  r e s u l t s  were compared w i t h  
h a r d n e s s  v a l u e s  t a k e n  a t  t h e  s u r f a c e  and t h r o u g h  t h e  t h i c k n e s s  o f  t h e  
specimens.  I t  was found t h a t  of a l l  p o s t  weld t r e a t m e n t s  s t u d i e d  t h e  s t r e s s  
peened specimens gave  t h e  most improvement i n  f a t i g u e  s t r e n g t h  o v e r  t h a t  of t h e  
as-welded c o n d i t i o n  and approached 82% of t h e  f a t i g u e  s t r e n g t h  of t h e  b a s e  
m e t a l  a t  a  f a t i g u e  l i f e  of  2 x l o 6  c y c l e s .  On t h e  o t h e r  hand a n n e a l i n g  o n l y  
showed a n  improvement of 14% over  t h a t  of t h e  as-welded c o n d i t i o n .  

It was found t h a t  a  good l i n e a r  c o r r e l a t i o n  e x i s t e d  between t h e  induced  
r e s i d u a l  s t r e s s e s  a t  t h e  t o e  of t h e  weld and t h e  f a t i g u e  s t r e n g t h  e v a l u a t e d  a t  
2 x  l o 6  c y c l e s .  However, f o r  r e s i d u a l  s t r e s s e s  of  l e s s  t h a n  130 MPa v e r y  
l i t t l e  improvement i n  f a t i g u e  s t r e n g t h  was e v i d e n t .  

S u r f a c e  r e s i d u a l  s t r e s s e s  were compared w i t h  Almen s t r i p  r e a d i n g s  and t h e  d e p t h  
of work ha rden ing .  I t  was found t h a t  t h e  Almen s t r i p  r e a d i n g s  d i d  n o t  g i v e  a s  
c o n s i s t e n t  a n  i n d i c a t i o n  of  work ha rden ing  a s  d i d  measurement of  t h e  r e s i d u a l  
s t r e s s e s .  
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INTRODUCTION 

The development  of r e s i d u a l  s t r e s s e s  i n  welded c o n s t r u c t i o n s  i s  i n t r i n s i c  t o  
t h e  we ld ing  p r o c e s s .  These  r e s i d u a l  s t r e s s e s  o f t e n  canno t  be e n t i r e l y  removed 
by pos t -hea t ing .  While  some i n v e s t i g a t o r s  (Munse, 1964)  have con tended  t h a t  
r e s i d u a l  s t r e s s e s  do n o t  have any s i g n i f i c a n t  i n f l u e n c e  on f a t i g u e  l i f e ,  o t h e r s  
such  a s  Dugdale (1959)  have demons t ra t ed  a  s u b s t a n t i a l  e f f e c t  i n  t h e  c a s e  of 
s m a l l  notched specimens.  Fur the rmore ,  i t  has  been known f o r  some t ime (Buh le r  
and Buchho l t z ,  1933; Horger  and N e i f e r t ,  1945)  t h a t  r e s i d u a l  s t r e s s e s  a r e  
r e d i s t r i b u t e d  d u r i n g  t h e  c o u r s e  of c y c l i c  t e n s i o n .  
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R e s i d u a l  s t r e s s e s  a r e  caused  by l o c a l  y i e l d i n g  i n  a n  o t h e r w i s e  e l a s t i c  body and 
f o r  most welded s t r u c t u r e s  t h e y  a r e  c o n f i n e d  t o  t h e  neighbourhood of t h e  
welds .  A model f o r  f o l l o w i n g  t h e  development  of r e s i d u a l  s t r e s s e s  h a s  been 
s u g g e s t e d  by P a r l a n e  (1981) .  T h i s  model e x p l a i n s  t h a t  t h e  magn i tude  of t h e  
r e s i d u a l  s t r e s s e s  i s  a  f u n c t i o n  of t h e  t e m p e r a t u r e  d i f f e r e n c e  between b a s e  
m a t e r i a l  and t h e  weld b u t t  and c a n  v a r y ,  depend ing  on t h e  c o n d i t i o n s ,  up t o  t h e  
y i e l d  s t r e s s .  

The i n v e s t i g a t i o n  of t h e  e f f e c t  o f  r e s i d u a l  s t r e s s e s  r e q u i r e s  t h e  s t u d y  of t h e  
i n f l u e n c e  on t h e  endurance  a n d / o r  f a t i g u e  l i m i t  and t h e  i n f l u e n c e  of t h e  c y c l i c  
s t r e s s e s  on  t h e  r e d i s t r i b u t i o n  o f  t h e  r e s i d u a l  s t r e s s e s .  P a r k e r  ( 1 9 5 7 ) ,  T a l l  
(1964) ,  Munse ( 1 9 6 4 ) ,  Gurney and Maddox ( 1 9 7 3 ) ,  H a r r i s o n  (1981)  among o t h e r s  
have obse rved  t h a t  t h e  f a t i g u e  s t r e n g t h  o f  s t r e s s  r e l i e v e d  b u t t  welded j o i n t s  
was improved o v e r  t h o s e  i n  t h e  as-welded c o n d i t i o n .  I n  p a r t i c u l a r ,  H a r r i s o n  
(1981)  showed t h a t  when t h e  a p p l i e d  s t r e s s  r a n g e  was p u r e l y  t e n s i l e  t h e  
r e s i d u a l  s t r e s s  had l i t t l e  e f f e c t  b u t  t h a t  i f  t h e  s t r e s s  c y c l e  p a s s e d  t h r o u g h  
z e r o  t h e  c o m p r e s s i v e  components appea red  t o  be  more damaging. 

The we ld ing  p r o c e s s  i s  a  complex one and depends  on many v a r i a b l e s .  Thus ,  t o  
i n v e s t i g a t e  t h e  i n f l u e n c e  of r e s i d u a l  s t r e s s e s  on t h e  f a t i g u e  l i f e  of welded 
j o i n t s  t h e  e x p e r i m e n t s  must be done unde r  c l o s e l y  c o n t r o l l e d  c o n d i t i o n s .  Most 
of t h e  s t u d i e s  on t h e  f a t i g u e  l i f e  of welded j o i n t s  r e p o r t e d  i n  t h e  l i t e r a t u r e  
have shown t h a t  a p p r o p r i a t e  mechan ica l  a n d / o r  t h e r m a l  t r e a t m e n t s  h a v e  improved 
t h e  f a t i g u e  l i f e  b u t  t h e  manner i n  which t h e  r e s i d u a l  s t r e s s e s  i n t e r a c t  w i t h  
t h e  a p p l i e d  c y c l i c  s t r e s s  and t h e  changes  t h a t  o c c u r  d u r i n g  c y c l i n g  i s  l e s s  
known. The o b j e c t  o f  t h i s  pape r  i s  t o  show how t h e  c y c l i c  l o a d i n g  i n  t h e  
f a t i g u e  c y c l e  a f f e c t s  t h e  d i s t r i b u t i o n  of r e s i d u a l  s t r e s s e s  i n  b u t t  welded 
j o i n t s .  I n  a  s u b s e q u e n t  pape r  a  m a t h e m a t i c a l  model w i l l  be  deve loped  f o r  
p r e d i c t i o n  of t h e  c r a c k  i n i t i a t i o n  and p r o p a g a t i o n  p h a s e s  t a k i n g  i n t o  a c c o u n t  
t h e  r e s i d u a l  s t r e s s  behav iou r  n o t e d  h e r e .  

EXPERIMENTAL 

The e x p e r i m e n t s  were  d e s i g n e d  t o  o b t a i n  t h e  b a s e  m a t e r i a l  p r o p e r t i e s  f o r  t h e  
p r e d i c t i o n  of t o t a l  f a t i g u e  l i f e  and t o  d e t e r m i n e  t h e  e x p e r i m e n t a l  d a t a  (S-N 
c u r v e )  f o r  m e c h a n i c a l l y  and t h e r m a l l y  t r e a t e d  welded j o i n t s .  High c y c l e  
p u l s a t i n g  t e n s i o n  t e s t s  were  performed and t h e  magn i tude  of t h e  r e s i d u a l  
s t r e s s e s  and t h e  e f f e c t  o f  t h e s e  on t h e  f a t i g u e  l i f e  was o b s e r v e d .  F a t i g u e  
t e s t i n g  was conduc ted  on a n  MTS c losed - loop  s e r v o - c o n t r o l l e d  h y d r a u l i c  t e s t  
sys t em.  

F a t i g u e  Specimens 

The h i g h  c y c l e  f a t i g u e  spec imens  were  made by we ld ing  two 127 mm wide  by 
6.35 mm t h i c k  p l a t e s  o u t  of a s - r o l l e d  Columbium-50 s t e e l  (0 .02% C, 1 .2% Mn, 
0 .04% P, 0.05% S  and 0 .005% Cb). T h i s  s t e e l  was s e l e c t e d  f o r  i t s  w e l d a b i l i t y  
a n d  r e l a t i v e l y  h i g h  y i e l d  s t r e n g t h .  The p l a t e  edges  were machined s t r a j g h t  and 
b e v e l l e d  a t  45O t o  a  d e p t h  of a b o u t  1 .6  mm. An a u t o m a t i c  submerged a r c  we ld ing  
p r o c e s s  was used f o r  a  double-vee b u t t  weld .  The w e l d i n g  e l e c t r o d e  was a n  
Oxweld #36 (0 .14% C ,  2.0% Mn, 0.017% P, 0 .024% S and 0.05% S i ) .  The we lds  were  
a l l  f l o u r o s c o p e d ,  and some u l t r a s o n i c a l l y ,  t o  c h e c k  f o r  f l a w s  and t h e n  sawn 
i n t o  76 mm wide s t r i p s  w i t h  t h e  weld a x i s  t r a n s v e r s e  t o  t h e  saw c u t .  The 
l o n g i t u d i n a l  e d g e s  of t h e  welded spec imens  were  machined p a r a l l e l  u s i n g  a  
m i l l i n g  c u t t e r .  

S u r f  a c e  T r e a t m e n t s  

The s u r f a c e s  of t h e  we lds  a s  w e l l  a s  t h e  a d j a c e n t  b a s e  m e t a l  were  s u b j e c t e d  t o  
t h e  f o l l o w i n g  m e c h a n i c a l  s u r f a c e  t r e a t m e n t s :  
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(1 )  s i n g l e  p o i n t  hammer (6 .4  mm d iameter )  
(2 )  m u l t i p l e  p o i n t  hammer (19 n e e d l e s  o f  3.2 mm d iameter  each)  
( 3 )  g l a s s  s h o t  beads (0.2-0.3 mm d iameter )  
( 4 )  s t e e l  s h o t  (0.6-1.2 mm d iameter )  

The exposure t ime  f o r  t h e  s i n g l e  and m u l t i p l e  hammer peening was between 25 and 
35 s p e r  650 mm-2 of  s u r f a c e  a r e a  covered.  The d u r a t i o n  of  exposure f o r  t h e  
g l a s s  and s t e e l  s h o t  was s i x  and e i g h t  minutes r e s p e c t i v e l y .  Visua l  checks 
were made t o  ensure  t h e  weld t o e  and a d j a c e n t  base m e t a l  was even ly  covered.  
To a s s i s t  i n  t h i s  a  dye p e n e t r a n t  a long  w i t h  an  u l t r a v i o l e t  l i g h t  was used.  
F u l l  coverage of  t h e  s u r f a c e  dur ing  peening removed t h e  c o a t i n g  s o  t h a t  
incomplete coverage was d e t e c t e d  by t h e  u l t r a v i o l e t  l i g h t .  I n  a d d i t i o n  t o  
us ing  s t a n d a r d  s i z e  Almen s t r i p s  t h e  d e p t h  of  peening was measured by 
s e c t i o n i n g  n e a r  t h e  t o e  of t h e  weld a  p l a n e  i n c l i n e d  approximately 10' t o  t h e  
peened s u r f a c e  and measuring hardness  u s i n g  a Knoop i n d e n t o r  and 300 g l o a d  
(Faulkner  and Bellow, 1972). 

A f i f t h  t echnique  f o r  inducing compressive r e s i d u a l  s t r e s s e s  was achieved by 
t e n s i l e  p re load ing .  The welded specimens were preloaded t o  approximately 90% 
of t h e  y i e l d  of  t h e  base  metal .  E l e c t r i c a l  r e s i s t a n c e  s t r a i n  gauges were 
a p p l i e d  t o  t h e  base  meta l  a d j a c e n t  t o  t h e  weld t o  ensure  t h a t  t h e  base meta l  
remained e l a s t i c .  The r a t e  of p re load ing  was 7.5 kN min-l. S t r e s s  
measurements were made us ing  a n  x-ray d i f f r a c t i o n  technique .  

Another s u r f a c e  t r e a t m e n t  eva lua ted  was s t r e s s  peening where t h e  specimens were 
preloaded f i r s t  t o  90% of  t h e  y i e l d  of t h e  base m e t a l  and t h e n  peened. A 
v a r i a t i o n  of t h i s  was a l s o  t r i e d  by f i r s t  peening and then  pre load ing .  I n  b o t h  
t h e s e  c a s e s  t h e  s t r e s s e s  were measured b e f o r e  and a f t e r  t h e  t r e a t m e n t .  

To s tudy  t h e  e f f e c t  of  annea l ing  on t h e  f a t i g u e  l i f e  some specimens were 
annealed a t  550°C f o r  30 min. and s lowly  cooled ( 5  t o  6 h r s ) .  

Fa t igue  T e s t i n g  

Specimens were mounted i n  t h e  f a t i g u e  machine and a u n i a x i a l  c y c l i c  t e n s f o n  
l o a d  was a p p l i e d .  The dynamic peak l o a d  was c o n t r o l l e d  and t h e  t e s t  was 
s topped a u t o m a t i c a l l y ,  due t o  a  change i n  s t r a i n  response ,  when a s m a l l  f a t i g u e  
c rack  occur red .  The i n i t i a t e d  c rack  was checked w i t h  dye p e n e t r a n t  and 
u l t r a v i o l e t  l i g h t .  The t e s t  was t h e n  s t a r t e d  a g a i n  t o  o b t a i n  t h e  p ropaga t ion  
l i f e  of t h e  specimen u n t i l  complete f r a c t u r e  occur red .  

Measurement o f  R e s i d u a l  S t r e s s e s  

A l l  s t r e s s  measurements were performed u s i n g  t h e  Thomas-B double  exposure x-ray 
d i f f r a c t i o n  technique  ( S p r o u l l ,  1946 ; C u l l i t y ,  1978). The x-ray method was 
c a l i b r a t e d  w i t h  s t r a i n  gauges and o t h e r  t echniques  y i e l d i n g  good c o r r e l a t i o n s  
between t h e  v a r i o u s  methods a s  shown i n  Fig.  1. Before each  specimen was 
t e s t e d  i n  f a t i g u e  t h e  r e s i d u a l  s t r e s s e s  were measured a t  t h e  t o e  o f  t h e  weld. 
Addi t iona l  s t r e s s  measurements were made f o r  s e l e c t e d  specimens a t  v a r i o u s  
s t a g e s  i n  t h e  f a t i g u e  l i f e  and a t  t h e  end of  f a t i g u e  c y c l i n g .  Res idua l  
s t r e s s e s  were a l s o  measured a c r o s s  t h e  t h i c k n e s s  of t h e  base  m e t a l  and a c r o s s  
t h e  t h i c k n e s s  of  t h e  b u t t  welded specimens t o  examine t h e  p resence  of  any 
s t r e s s  g r a d i e n t .  To compensate f o r  t h e  s e l e c t i v e  a c t i o n  of t h e  x-rays a t  l e a s t  
t h r e e  exposures t o  e a c h  s e t t i n g  were taken.  
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F i g .  1. C a l i b r a t i o n  of x-ray s t r e s s  measurements  w i t h  o t h e r  t e c h n i q u e s .  

Hardness  T e s t s  

Hardness  t e s t s  were c a r r i e d  o u t  on  peened and unpeened welded specimens.  The 
peening i n t e n s i t y ,  a s  measured by s u r f a c e  h a r d n e s s ,  and t h e  d e p t h  of work 
ha rden ing  were measured w i t h  a  Knoop i n d e n t o r .  Micro-hardness  r e a d i n g s  were  
o b t a i n e d  a t  t h e  weld t o e ,  untempered weld m e t a l  and t h e  tempered weld m e t a l  
zones  f o r  t h e  u n t r e a t e d  specimens u s i n g  a  V i c k e r ' s  i n d e n t o r  and a  300 g  l o a d .  

RESULTS 

D i s t r i b u t i o n  o f  Welding R e s i d u a l  S t r e s s e s  

The d i s t r i b u t i o n  of r e s i d u a l  s t r e s s e s  was measured a c r o s s  t h e  we ld ing  j o i n t .  
S i n c e  most f a t i g u e  c r a c k s  o r i g i n a t e d  on t h e  "second pass"  s i d e  of t h e  weld t h i s  
was t h e  s i d e  on which most s t r e s s  measurements  were  made. T y p i c a l  r e s i d u a l  
s t r e s s  p a t t e r n s  f o r  t h r e e  specimens a r e  shown i n  F ig .  2.  

" 1  Width, w 

F i g .  2.  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  n e a r  t h e  t o e  of  t h e  weld.  



R e s i d u a l  S t r e s s e s  and F a t i g u e  89 

From t h i s  f i g u r e  i t  i s  c l e a r  t h a t  t h e  r e s i d u a l  s t r e s s e s  a r e  maximum t e n s i l e  
(140-170 MPa) a c r o s s  t h e  weld and d e c r e a s e  t o  compress ive  s t r e s s e s  between 
100-120 MPa 30 mm away from t h e  c e n t e r  of t h e  weld.  

I n  a n o t h e r  t e s t  t h r e e  u n t r e a t e d  specimens were  c y c l e d  a t  d i f f e r e n t  s t r e s s  
l e v e l s  0-145 MPa f o r  0 . 5  x  lo5  c y c l e s ,  0-165 MPa f o r  lo3  c y c l e s ,  and 
0-265 MPa f o r  lo5 c y c l e s  and t h e  t e s t  t e r m i n a t e d  b e f o r e  f a t i g u e  c r a c k s  
i n i t i a t e d  t o  e v a l u a t e  t h e  e f f e c t  of  c y c l i n g  on t h e  r e d i s t r i b u t i o n  of t h e  
o r i g i n a l  r e s i d u a l  s t r e s s  p a t t e r n  obse rved  i n  F i g .  2. These r e s u l t s  a r e  shown 
i n  F i g .  3. Although t h e  number of c y c l e s  and dynamic l o a d s  were  d i f f e r e n t  i n  
each  c a s e  t h e  r e s u l t s  show t h a t  t h e  r e s i d u a l  s t r e s s  p a t t e r n  changed,  depend ing  
on dynamic l o a d ,  d u r i n g  f a t i g u e  c y c l i n g  and t h a t  f o r  t h e  165  MPa dynamic l o a d  
t h e  p a t t e r n  had changed a t  l o 3  c y c l e s .  

o Stress 165.5 MPa, 1,200 cycles 

2 1 0 Stress 144.8 MPa, 57.200 cycles 

2 200 A Stress 265.5 MPa, 100,300 cycles 

-loo'-- Width, w 

F i g .  3. D i s t r i b u t i o n  o f  r e s i d u a l  s t r e s s e s  a f t e r  f a t i g u e  c y c l i n g .  

0 Before preloading 

A After preloading 
200 r 

" Width, w 
-200 

Fig .  4. Change i n  r e s i d u a l  s t r e s s  p a t t e r n  a f t e r  p r e l o a d i n g .  

Measurement of  r e s i d u a l  s t r e s s e s  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  weld were  made 
where i t  was found t h a t  t h e  compress ive  s t r e s s e s  e x i s t e d  t o  a  d e p t h  of a b o u t  
0.08 mm whereas  on  t h e  s u r f a c e  of  t h e  b a s e  m e t a l  compress ive  s t r e s s e s  between 
21-35 MPa were measured.  

Compressive S t r e s s e s  o f  S u r f a c e  T r e a t e d  Welds 

To e v a l u a t e  t h e  e f f e c t  o f  t e n s i l e  p r e l o a d i n g  r e s i d u a l  s t r e s s e s  were  measured 
n e a r  t h e  t o e  of  t h e  weld b e f o r e  and a f t e r  p r e l o a d i n g .  A t y p i c a l  r e s u l t  i s  
shown i n  F i g .  4 where a n  i n i t i a l  t e n s i l e  r e s i d u a l  s t r e s s  of  1 5 0  MPaLchanged t o  
a  compress ive  s t r e s s  of a b o u t  50 MPa a f t e r  p r e l o a d i n g .  O t h e r  t e s t s  showed t h e  
same r e s u l t  e x c e p t  t h a t  t h e r e  was l e s s  u n i f o r m i t y  i n  s t r e s s  d i s t r i b u t i o n  
observed a f t e r  t h a n  b e f o r e  p r e l o a d i n g .  
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Res idua l  s t r e s s e s  were a l s o  measured on specimens b e f o r e  and a f t e r  mechanical  
s u r f a c e  t r e a t m e n t .  F igure  5 shows t h e  manner i n  which t h e  t e n s i l e  r e s i d u a l  
s t r e s s e s  a c r o s s  t h e  weld were modif ied t o  a lmos t  uniformly compressive s t r e s s e s  
a f t e r  peening. The s i n g l e  and m u l t i p l e  p o i n t  hammer peening y i e l d e d  r e s i d u a l  
compressive s t r e s s e s  of 150 MPa and 170 MPa r e s p e c t i v e l y  whereas t h e  g l a s s  and 
s t e e l  s h o t  compressive r e s i d u a l  s t r e s s e s  were measured a t  60 MPa and 110 MPa 
r e s p e c t i v e l y .  For  comparison t h e  r e s i d u a l  s t r e s s e s  f o r  a n  annea led  specimen 
were near  zero.  The r e s u l t s  of s t r e s s  peening showed a compressive r e s i d u a l  
s t r e s s  of 170 MPa and no d i f f e r e n c e  was no ted  whether  t h e  specimen was peened 
and then  preloaded o r  preloaded and t h e n  peened. 

v Annealed (0 MPa) 

A Glass shot (-62 MPa) 
A Steelshot(-1 10  MPa) 

Single point hammer(-152 MPa) 
0 Multiple point hammer (-1 72 MPa) 
H Stress peening (peening 8 preloaded)(-172 MPa) 
r Stress peening (preloaded 8 peened)(-172 MPa) 
0 Stress measurements before peening 

C Initial residual stress 
pistribution 

200 

40 20 0  20 4 0 m m  

Width, w 

F i g .  5. Compressive s t r e s s e s  by v a r i o u s  methods. 

F a t i g u e  R e s u l t s  

A summary of f a t i g u e  r e s u l t s  i s  shown i n  F ig .  6. Each curve  was drawn through 
t h e  mean of a t  l e a s t  f o u r  t e s t s  a t  each t e s t  l o a d  and f o r  each  curve  t h e  t e s t  
was run a t  f o u r  and sometimes f i v e  d i f f e r e n t  s t r e s s  l e v e l s .  From t h e s e  r e s u l t s  
i t  i s  seen  t h a t  a t  a l i f e  of 2 x 106 c y c l e s  t h e  f a t i g u e  s t r e n g t h  of t h e  
as-welded c o n d i t i o n  was 145 MPa o r  43% of t h e  base m e t a l  which was a t  340 MPa. 
Table 1 summarizes t h e  f a t i g u e  s t r e n g t h s  a t  2 x lo6  c y c l e s  i n  o r d e r  of 
improvement from t h e  as-welded c o n d i t i o n  t o  t h e  base m e t a l  

From Fig .  6 and Tab le  1 i t  is  e v i d e n t  t h a t  s t r e s s  peening improved t h e  f a t i g u e  
s t r e n g t h  from t h e  as-welded c o n d i t i o n  more t h a n  any o t h e r  t r e a t m e n t  s t u d i e d .  
From t h e  r e s i d u a l  s t r e s s  p a t t e r n s  i n  F i g .  5 i t  was shown t h a t  t h e r e  was l i t t l e  
d i s t i n c t i o n  i n  s t r e s s  peening whether t h e  specimen was peened b e f o r e  o r  a f t e r  
t e n s i l e  p re load ing .  T h i s  same r e s u l t  was noted i n  t h e  f a t i g u e  r e s u l t s  and t h u s  
i n  F i g .  6 and Tab le  1 both  r e s u l t s  were combined and noted a s  " s t r e s s  peened". 
The nex t  b e s t  s u r f a c e  t r e a t m e n t s  were ach ieved  w i t h  t h e  m u l t i p l e  p o i n t  and 
s i n g l e  p o i n t  hammer peening and s t e e l  s h o t .  Each of t h e s e  showed about  t h e  
same improvement 70-79% over  t h e  as-welded c o n d i t i o n .  As might be expec ted  t h e  
b e n e f i t s  of g l a s s  s h o t ,  whi le  measurable a t  40% b e t t e r  than  t h e  as-welded 
c o n d i t i o n ,  were n o t  a s  pronounced a s  f o r  t h e  h e a v i e r  peened s u r f a c e s .  F i n a l l y ,  
annea l ing  and p r e l o a d i n g  produced o n l y  s m a l l  improvements of 14-17% over  t h e  
as-welded c o n d i t i o n .  
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Parent material 
A Single point hammer 
+ Tensile preloading 

Untreated weld 
Glass shot peened 

v Steel shot peened 
0 Stress peened (peened first 8 then loaded) 

A Stress peened (loaded first 8 then peened) 
6 Multiple point hammer 

r Annealed 

Total number of cycles to failure, NT 

Fig.  6 Comparison of  f a t i g u e  t e s t s .  

TABLE 1 Fat igue  S t r e n g t h s  a t  2 x l o 6  Cycles 

Treatment MPa @ % Improvement % of base 
26106 c y c l e s  over  as-welded meta l  

Base meta l  
S t r e s s e d  peened 
M u l t i p l e  p o i n t  
S i n g l e  p o i n t  
S t e e l  s h o t  
Glass  s h o t  
T e n s i l e  p re load  
Annealed 
As-welded 

From t h e  d a t a  p l o t t e d  i n  Fig. 6 a n  induced s t r e s s  v a l u e  was c a l c u l a t e d  a s  t h e  
a b s o l u t e  v a l u e  of  t h e  d i f f e r e n c e  between t h e  i n i t i a l  r e s i d u a l  s t r e s s  a t  t h e  t o e  
of t h e  weld (150 MPa) and t h e  induced compressive s t r e s s  due t o  v a r i o u s  forms 
of p o s t  welding t rea tment .  The f a t i g u e  s t r e n g t h  was e v a l u a t e d  a t  2 x 106 
c y c l e s .  The induced s t r e s s  was p l o t t e d  a g a i n s t  t h e  improvement i n  f a t i g u e  
s t r e n g t h  o v e r  t h e  as-welded c o n d i t i o n  and shown i n  Fig.  7. A f o u r t h  o r d e r  
polynomial curve  was f i t t e d  th rough  t h e  d a t a  and t h e  e q u a t i o n  i s  shown i n  
Fig.  7. I n  a d d i t i o n ,  two s t r a i g h t  l i n e s  were drawn through t h e  d a t a ,  one was 
drawn a s  a  " b e s t  f i t "  s t r a i g h t  l i n e  th rough  t h e  measured d a t a  b u t  n o t  i n c l u d i n g  
t h e  o r i g i n ,  t h e  o t h e r  was drawn assuming t h e  o r i g i n  was a  v a l i d  exper imenta l  
p o i n t .  For t h e  two s t r a i g h t  l i n e s ,  w i t h  and wi thout  t a k i n g  t h e  o r i g i n  as a 
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d a t a  p o i n t ,  t h e  c o r r e l a t i o n  c o - e f f i c i e n t s  were 0.91 and 0.96 r e s p e c t i v e l y .  As 
might be expected t h e  r e s u l t s  show t h a t  a s  t h e  induced compressive s t r e s s  due 
t o  pos t  welding t r e a t m e n t  i n c r e a s e s  s o  does t h e  f a t i g u e  s t r e n g t h .  

v Annealed 
x Tensile prebading // 

- A Glassshot 
A Steelshot 

0 Single point hammer 
0 Multiple point hammer 

0 Stress peening 

ASC 

F i g .  7 .  Improvement i n  f a t i g u e  s t r e n g t h  a s  a  f u n c t i o n  of induced s t r e s s .  

I f  t h e  l i n e a r  c o r r e l a t i o n  of t h e  d a t a  (wi thou t  i n c l u d i n g  t h e  o r i g i n )  i s  
accep ted  a s  v a l i d  t h e n  f o r  induced s t r e s s e s  of l e s s  t h a n  130 MPa t h e r e  i s  no 
improvement i n  f a t i g u e  s t r e n g t h  over  t h e  as-welded c o n d i t i o n .  

Depth of Work Hardening 

It i s  i n t e r e s t i n g  t o  n o t e  t h e  d e p t h  of work harden ing  a s  a  consequence of t h e  
v a r i o u s  pos t - t rea tments  s t u d i e d .  The d a t a  showing t h e  Knoop hardness  (300  g  
l o a d )  v e r s u s  t h e  d e p t h  from t h e  s u r f a c e  a r e  p l o t t e d  i n  F i g .  8. The g l a s s  s h o t  
produced a d e p t h  of work hardening of 0.2 mm, f o r  s t e e l  s h o t  t h e  d e p t h  was 
0.43 mm, f o r  m u l t i p l e  and s i n g l e  p o i n t  peening t h e  d e p t h  was 0.69 mm and 
0.76 mm r e s p e c t i v e l y  and f o r  both forms of s t r e s s  peening t h e  d e p t h  of work 
hardening was 0.7 mm. 

A  c o n s i s t e n t  t r e n d  was found between t h e  r e s i d u a l  s t r e s s  l e v e l s  and t h e  d e p t h  
of work hardening.  Although t h e  d e p t h  of work harden ing  was s l i g h t l y  more 
(0.76 v s  0.69 mm) f o r  s i n g l e  po in t  than  f o r  m u l t i p l e  p o i n t  hammer peening t h e  
improvement i n  f a t i g u e  s t r e n g t h  by m u l t i p l e  p o i n t  hammer peening was g r e a t e r .  
T h i s  was p robab ly  t h e  r e s u l t  of i n s u f f i c i e n t  peening a p p l i e d  a t  t h e  weld t o e  
due t o  t h e  l a r g e  r a d i u s  of t h e  peening hammer. However, t h e  compressive 
r e s i d u a l  s t r e s s  l e v e l  was h i g h e r  f o r  m u l t i p l e  p o i n t  hammer peening t h a n  f o r  
s i n g l e  p o i n t  hammer peening.  

As i t  i s  q u i t e  common t o  measure peening i n t e n s i t y  by means of Almen s t r i p  
t e s t s  a  comparison between Almen s t r i p  r e a d i n g s  and d e p t h  of work harden ing  i s  
shown i n  F i g .  9. Also  shown i n  F i g .  9  i s  t h e  induced compressive r e s i d u a l  
s t r e s s  v e r s u s  t h e  d e p t h  of work hardening.  These two p l o t s  show t h a t  t h e  d e p t h  
of work hardening c o r r e l a t e s  b e t t e r  w i t h  r e s i d u a l  s t r e s s  t h a n  w i t h  t h e  Almen 
s t r i p  v a l u e s .  Ev iden t  from Fig.  9 i s  t h e  f a c t  t h a t  t h e  d e p t h  of work harden ing  
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approached a  c o n s t a n t  
170 MPa. 

v a l u e  of 0 .9  mm a t  a n  induced  compress ive  s t r e s s  o f  

0 Untreated plate 

Glass shot peened (0.203 mm) 
v Steel shot peened (0.432 mm) 

- A Single point hammer peened (0.762 mm) 

0 Muliole point hammer peened (0.686 mm) 
A Stress peened (loaded 8 peened) (0.71 mm) 

kn 0 Stress peened (peened 8 loaded) (0.71 mm) 

Depth of work hardening, h 

F i g .  8. Hardness  v e r s u s  d e p t h  of  work ha rden ing .  

0 Residual stress vs. Almen strip intensity 

0 Depth of work hardening vs. -200 r induced compressive residual stress 

0.0025 0025  0.25 2.5 mm 

Depth of work hardening, h 

001  N 0 1 N  

Almen "N" strip 

F i g .  9. Depth of work ha rden ing  and Almen s t r i p  i n t e n s i t y  
v e r s u s  induced r e s i d u a l  s t r e s s .  

CONCLUSIONS 

A s e r i e s  of  e x p e r i m e n t s  were conducted t o  e v a l u a t e  t h e  i n f l u e n c e  of  r e s i d u a l  
s t r e s s e s  on t h e  f a t i g u e  l i f e  of  a  but t -welded medium s t r e n g t h  s t e e l .  A v a r i e t y  
of p o s t  weld mechan ica l  and t h e r m a l  t r e a t m e n t s  were  e v a l u a t e d  and i t  was found 
by s t r e s s  r e l i e v i n g  and i n d u c i n g  compress ive  r e s i d u a l  s t r e s s e s  t h e  improvement 
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i n  f a t i g u e  s t r e n g t h  a t  a  l i f e  of  2 x lo6  c y c l e s  c o u l d  be  a s  much a s  93% o v e r  
t h e  as-welded c o n d i t i o n .  Of t h e  p o s t  weld  t r e a t m e n t s  e v a l u a t e d  s t r e s s  p e e n i n g  
p r o v i d e d  t h e  niost improvement  w h e r e a s  a n n e a l i n g  p r o v i d e d  t h e  l e a s t  a t  o n l y  14% 
o v e r  t l le  as-we Ldecl c o n d i t i o n .  

The  d e p t h  o f  work h a r d e n i n g  due  t o  p e e n i n g  i n c r e a s e d  e x p o n e n t i a l l y  and 
a p p r o a c h e d  a  c o n s t a n t  d e p t h  of  0 . 9  mm a s  t h e  s u r f a c e  r e s i d u a l  s t r e s s  of  1 7 0  MPa 
was a t t a i n e d .  

F i n a l l y ,  i t  was f o u n d  t h a t  t h e r e  was a  good l i n e a r  c o r r e l a t i o n  be tween the 
i nduced  c o m p r e s s i v e  s t r e s s  due  t o  p o s t  weld  su r r acc .  t r e , l t n i cn t  and t l le  f <i t  i g u c  
s t r e n g t h  e v a l u a t e d  a t  L  x  1 0 6  c y c l e s .  F o r  r e s i d u a l  s t r e s s e s  l e s s  Lhan 
1 3 0  MPa no b e n e f i c i a l  e f f e c t  i n  f a t i g u e  l i f e  i s  t o  be  e x p e c t e d .  
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