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ABSTRACT 

T h i s  p a p e r  r e v i e w s  t h e  v a r i o u s  s o u r c e s  f o r  r e l a x a t i o n  o f  r e s i d u a l  s t r e s s e s  by 
t h e r m a l  and  m e c h a n i c a l  means .  S i n c e  r e s i d u a l  s t r e s s e s  i nduced  d u r i n g  m a n u f a c t u r i n g  
c a n  b e  d e t r i m e n t a l  t o  t h e  i n t e g r i t y  and s e r v i c e  b e h a v i o u r  o f  a  component ,  
s t r e s s  r e l i e f  o p e r a t i o n s  a r e  a n  i n t e g r a l  s t e p  i n  many p r o d u c t i o n  s e q u e n c e s .  
The b a s i c  p r i n c i p l e s  o f  t h e r m a l ,  m e c h a n i c a l  and v i b r a t i o n a l  me thods  o f  s t r e s s  
r e l i e f  a r e  o u t l i n e d .  B e n e f i c i a l  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 s  c a n  r e l a x  d u r i n g  
s e r v i c e  by t h e s e  same mechanisms,  l e a d i n g  t o  l o s s  o f  t h e i r  wor th .  S p e c i a l  

I 

emphas i s  i s  p l a c e d  on  f a t i g u e - i n d u c e d  r e l a x a t i o n .  A r e v i e w  o f  t h e  l i t e r a t u r e  
shows a  c o p i o u s  s u p p l y  o f  d a t a  w i t h  f ew  c o m p r e h e n s i v e  mode l s  f o r  p r e d i c t i n g  
s p e c i f i c  e f f e c t s .  

INTRODUCTION 

The need f o r  r e l a x i n g  m a n u f a c t u r i n g - i n d u c e d  r e s i d u a l  s t r e s s e s  encompasse s  a l l  
m a t e r i a l  t y p e s ,  i n c l u d i n g  m e t a l l i c ,  c e r a m i c ,  g l a s s  and p o l y m e r i c  s y s t e m s ,  a s  
w e l l  a s  s e m i c o n d u c t o r  and t h i n  f i l m  s t r u c t u r e s .  R e s i d u a l  s t r e s s e s  l o c k e d  i n  
d u r i n g  m a n u f a c t u r i n g  p r o c e s s e s  a r e  o f t e n  d e t r i m e n t a l  t o  t h e  i n t e g r i t y  and 
s e r v i c e  b e h a v i o u r  o f  componen t s .  S t r e s s  r e l i e f  i s  common i n  many p r o d u c t i o n  
o p e r a t i o n s ,  o f t e n  t a k i n g  p l a c e  d u r i n g  a n n e a l i n g  and o t h e r  t h e r m a l  t r e a m e n t s  
i n t e n d e d  f o r  u n r e l a t e d  p u r p o s e s .  F o r  i n s t a n c e ,  p o s t - w e l d  h e a t  t r e a t m e n t s  n o t  
o n l y  r e l a x  t h e  h i g h  t e n s i l e  s t r e s s e s  i n d u c e d  by d i f f e r e n t i a l  t h e r m a l  c o n t r a c t i o n ,  
b u t  a l s o  improve  m e t a l l u r g i c a l  p r o p e r t i e s  s u c h  a s  f r a c t u r e  t o u g h n e s s .  Whi le  
t h e r m a l  s t r e s s  r e l a x a t i o n  i s  t h o u g h t  t o  p r o d u c e  b e t t e r  d i m e n s i o n a l  s t a b i l i t y  
t h a n  o t h e r  me thods ,  some t imes  o n l y  modes t  r e d u c t i o n  c a n  b e  a c h i e v e d  b e c a u s e  o f  
m i c r o s t r u c t u r a l  l i m i t s  on t h e  t e m p e r a t u r e  r a n g e  a l l o w a b l e ,  o r  b e c a u s e  o f  h i g h  
c r e e p  r e s i s t a n c e  o f  t h e  m a t e r i a l .  When m i c r o s t r u c  t u r a l  e f f e c t s  o f  t h e r m a l  
t r e a t m e n t s  a r e  u n d e s i r a b l e ,  s t r e s s  r e l i e f  c a n  b e  a c h i e v e d  by m e c h a n i c a l  means .  
T h i s  i s  u s u a l l y  a c c o m p l i s h e d  by p l a s t i c a l l y  s t r e t c h i n g  o r  o v e r s t r e s s i n g  t h e  
m a t e r i a l  above  t h e  mono ton i c  y i e l d .  A l t e r n a t i v e  me thods  t h a t  r e d i s t r i b u t e  
r a t h e r  t h a n  r e l i e v e  t h e  r e s i d u a l  s t r e s s  s t a t e  i n c l u d e  v i b r a t i o n a l  s t r e s s  r e l i e f  
and e x p l o s i v e  o r  shock  l o a d i n g .  

R e l a x a t i o n  o f  r e s i d u a l  s t r e s s e s  c a n  a l s o  o c c u r  d u r i n g  t h e  l i f e  o f  a  component 
and c a n  l e a d  t o  a l t e r e d  p r o p e r t i e s .  C y c l i c  f a t i g u e  and c r e e p  c a n  r e s u l t  i n  a  
r e d i s t r i b u t i o n  o f  t h e  i n i t i a l  e l a s t i c  r e s i d u a l  s t r e s s e s ,  l e a d i n g  t o  s t r e s s  



M. R .  James 

r e l a x a t i o n  d u r i n g  s e r v i c e .  'This i s  e s p e c i a l 1  y  t r u e  o f  s h o r t - r n n g c  r ~ s i d u n l  
s t r e s s e s  t h a t  e x i s t  a s  a  consequence  o f  l o c a l  p l a s t i c  d e f o r m a t i o n .  T h e s e  
s t r e s s e s  a r e  s i g n i f i c a n t l y  a l t e r e d  by c y c l i c  o r  t h e r m a l  s o f t e n i n g  t h a t  r e s u l t s  
i n  d i s l o c a t i o n  mo t ion  and a l t e r a t i o n  o f  t h e  e l a s t i c  s t r e s s  s t a t e .  C r e e p  and 
r e c o v e r y  e f f e c t s  c a u s e  t ime -dependen t  s t r e s s  r e l a x a t i o n  o f  s t a t i c a l l y  l o a d e d  
p a r t s .  

T h e s e  e f f e c t s  a r e  d i s c u s s e d  i n  more d e t a i l  by s e p a r a t i n g  them i n t o  t h e r m a l ,  
m e c h a n i c a l  and v i b r a t o r y  s t r e s s  r e l i e f  o p e r a t i o n s .  W i t h i n  t h e  l i m i t e d  s c o p e  o f  
t h i s  r e v i e w ,  a t t e n t i o n  i s  f o c u s e d  on  t h e  mechanisms i n v o l v e d  d u r i n g  t h e  i n d i v i d u a l  
r e l a x a t i o n  p r o c e s s e s ,  wlii l e  i l l u s t r a t i n g  t h e  u s e  and p rob l ems  o f  e a c h  t c c h n i q u e  
wit-h rnough r e f e r e n c e s  t o  g i v e  t h e  r e a d e r  s o u r c e s  f o r  s o l u t i o n s  t o  s p e c i f i c  
p rob l ems .  

THERMAL STRESS RELAXATION 

P r o c e d u r e s  and Mechanisms 

I s o t h e r m a l  s t r e s s  r e l i e f  i n v o l v e s  t h e  u n i f o r m  h e a t i n g  o f  a  p a r t  o r  s e c t i o n  t o  a  
s u i t a b l e  t e m p e r a t u r e ,  h o l d i n g  a t  t h i s  t e m p e r a t u r e  f o r  a  p e r i o d  o f  t i m e ,  f o l l o w e d  
by s l o w  c o o l i n g  t o  p r e v e n t  t h e  r e i n t r o d u c t i o n  o f  t h e r m a l  s t r e s s e s .  T h i s  i s  
u s u a l l y  done  i n  a n  a i r  c i r c u l a t i o n  f u r n a c e  w i t h  good c o n t r o l  o v e r  t h e  s p e c i f i e d  
t h e r m a l  c y c l e .  C rane  [ l ] ,  i n  a n  ove rv i ew  o f  t h e r m a l  m e t h o d s ,  comments o n  t h e  
u s e  o f  low t h e r m a l  mass  f u r n a c e s  made o f  l i g h t w e i g h t  p a n e l s  t h a t  a r e  a s s e m b l e d  
o n - s i t e .  The s t r u c t u r e  i t s e l f  becomes t h e  f u r n a c e ,  u s i n g  r a d i a n t  e l e c t r i c  
e l e m e n t s  f o r  t h e  h e a t i n g  sy s t em and o v e r a l l  t h e r m a l  e f f i c i e n c i e s  a s  h i g h  a s  
55%. 

T h r e e  p r ima ry  mechanisms c a u s e  r e l a x a t i o n  of  t h e  l o c k e d - i n  s t r e s s e s .  A t  
t e m p e r a t u r e s  h i g h  enough t o  c a u s e  a  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  m a t e r i a l  y i e l d  
s t r e n g t h ,  p l a s t i c i t y  mechanisms r e l i e v e  t h e  e l a s t i c  s t r a i n  t h r o u g h  r a p i d  t h e r m a l  
a c t i v a t i o n  o f  d i s l o c a t i o n s .  T h i s  r e q u i r e s  t h a t  a  component  b e  h e a t e d  t o  a  
t e m p e r a t u r e  where  i t s  y i e l d  s t r e n g t h  a p p r o a c h e s  a  v a l u e  t h a t  c o r r e s p o n d s  t o  a n  
a c c e p t a b l e  l e v e l  o f  r e s i d u a l  s t r e s s .  U n f o r t u n a t e l y ,  t h i s  u s u a l l y  a p p r o a c h e s  o r  
e x c e e d s  t h a t  o f  t h e  s o l u t i o n - a n n e a l i n g  t e m p e r a t u r e .  A t t e n d a n t  d e c r e a s e s  i n  
m e c h a n i c a l  p r o p e r t i e s  t h a t  r e m a i n  a f t e r  s l o w  c o o l i n g  d i c t a t e  t h a t  t h i s  r e l a t i v e l y  
t i m e - i n d e p e n d e n t ,  h i g h  t e m p e r a t u r e  mechanism o f t e n  c a n n o t  b e  u t i l i z e d .  At  
l o w e r  t e m p e r a t u r e s ,  c l a s s i c a l  d i f f u s i o n a l  c r e e p  e n a b l e s  t h e  c o u n t e r b a l a n c i n g  
r e g i o n s  of  t e n s i l e  and c o m p r e s s i v e  s t r e s s e s  t o  c o n t r a c t  o r  expand s l i g h t l y ,  and 
t h u s  t o  r e d i s t r i b u t e .  P r e c i p i t a t i o n  and a g e i n g  e f f e c t s  a l s o  c a u s e  volume 
c h a n g e s  t h a t  c an  r e l a x  e l a s t i c  s t r e s s .  These  p r o c e s s e s  a r e  t i m e - d e p e n d e n t ,  and  
s i g n i f i c a n t  t r a d e o f f s  mus t  b e  made i n  d e t e r m i n i n g  t h e  a p p r o p r i a t e  t e m p e r a t u r e  I 
a n d  d u r a t i o n  r e q u i r e d .  At low t e m p e r a t u r e s ,  m i c r o p l a s t i c  s t r a i n  t h a t  o c c u r s  
d u e  t o  t h e r m a l  g l i d e  ( r a t h e r  t h a n  c l i m b )  o f  d i s l o c a t i o n s  e n a b l e s  t h e  r e l a x a t i o n  
o f  h i g h  t e n s i l e  s t r e s s e s .  T h i s  p r o c e s s  i s  o n l y  weak ly  t e m p e r a t u r e -  and t ime -  
d e p e n d e n t  and  d o e s  not f u l l y  r e l i e v e  t h e  s t r e s s  s t a t e .  I t  i s  e a s i l y  s u p p r e s s e d  
by  a g e i n g  t r e a t m e n t s  t h a t  may t a k e  p l a c e  p r i o r  t o  s t r e s s  r e l i e v i n g .  

T y p i c a l  s t r e s s  r e l i e f  t e m p e r a t u r e s  f o r  low a l l o y  f e r r i t i c  s t e e l s  a r e  be tween  
595 and 675"C,and 900 t o  1065°C f o r  h i g h  a l l o y  s t e e l s  [ 2 ] .  The d u r a t i o n  c a n  
b e  e s t i m a t e d  by  e x a m i n i n g  t h e  i n f l u e n c e  o f  t e m p e r a t u r e  o n  t h e  c r e e p  and y i e l d  
s t r e n g t h  of t h e  m a t e r i a l .  t lowever,  o v e r  many o f  t h e  t e m p e r a t u r e  r a n g e s  emp loyed ,  
b o t h  p l a s t i c i t y  and c r e e p  p r o c e s s e s  o c c u r  s i m u l t a n e o u s l y ,  mak ing  a c c u r a t e  
m o d e l l i n g  o f  t h e  b e h a v i o u r  d i f f i c u l t .  As a  r e s u l t ,  d e t e r m i n a t i o n  o f  t h e  t ime -  
t e m p e r a t u r e  r a n g e  i s  o f t e n  a c c o m p l i s h e d  e x p e r i m e n t a l l y .  Whi l e  t h e  d w e l l  t i m e  
i s  i m p o r t a n t ,  c r e e p  i s  a  l o g a r i t h m i c  p r o c e s s  s u c h  t h a t  mos t  r e l i e f  o b t a i n e d  a t  
a  g i v e n  t e m p e r a t u r e  i s  a c h i e v e d  r e l a t i v e l y  r a p i d l y ,  a s  shown by t h e  d a t a  i n  
F i g .  I .  [ f e a t  t r e a t m e n t s  of  I t o  4 h a r e  t y p i c a l .  'Throop e t  a l .  r 3 1  have  shown 
t h a t  t l ~ i  s can be  spcct led  u p  i n  c c r t ~ i n  c i r r ~ m s t a ~ i c c s  b y  u s i n g  nonuni  f o r m  r a t h e r  
t h a n  i s o t h e r m a l  h e a t i n g  and c o o l i n g .  I n  a u t o f r e t t a g e d  c y l i n d e r s ,  t h e  magn i tude  



Fig. 1 Effect of annealing time on the fractional. residual stress 
of mild steel [lo]. 

of relaxation was significantly greater in the presence of thermal gradients as 
compared to uniform heating. This may be unique because of the combined compressive 
stresses induced during autofrettage and the thermal stresses induced near the 
bore, but the example shows that uniform thermal exposure may not be necessary. 
In fact, Woodward et al. [ 4 1  report stress relief experiments on Alloy 600 
steam generator tubing, using induction heating with thermal exposures of 30 s 
to 4 min. Obviously, the use of such rapid thermal heating and temperature 
gradients must be approached with caution. In investigating the relief of 
residual tensile stresses in injection-molded plastics, Thompson and White [51 
found that thermal gradient annealing left tensile stresses at the surface. 

Often of more importance than the time is the choice of temperature because of 
the significant microstructural changes that can take place. Stainless steels, 
for instance, require considerable care so as not to be sensitized to stress 
corrosion cracking through chromium depletion that occurs as a result of chromium 
carbide formation. Many industrial and professional societies cognizant of 
such problems have published recommended specifications for stress-relieving 
heat treatments. Metals Handbook [ 6 ] ,  for instance, provides general data on 
low carbon and mild steels, austenitic stainless steels, tool steels, and 
aluminium, copper, lead, magnesium, nickel and titanium alloys. Problems of 
corrosion sensitization, recrystallization and grain growth, hydrogen 
embrittlement, ageing and precipitation reactions are elaborated on. In general, 
however, detailed procedures and estimates of the expected degree of relaxation 
are not specified. This necessitates the use of experimental studies to 
determine adequate and useful heat treatments. 
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E x p e r i m e n t a l  S t u d i e s  

P e r t a i n e n t  d a t a  a r e  o f t e n  r e q u i r e d  t o  d e t e r m i n e  t h e  e f f e c t i v e n e s s  o f  a  g i v e n  
t h e r m a l  t r e a t m e n t .  A  ma jo r  p rob l em i n  t h e s e  i n v e s t i g a t i o n s  i s  q u a n t i f i c a t i o n  
of  t h e  r e s i d u a l  s t r e s s  l e v e l s .  One o f  t h e  mos t  a c c e p t e d  me thods  o f  r e s i d u a l  
s t r e s s  d e t e r m i n a t j o n  i n v o l v e s  x - r a y  d i f f r a c t i o n  whe re  t h e  n e a r  s u r f a c e  s t r e s s e s  
a r e  e v a l u a t e d .  P o t t e r  and M i l l a r d  171  and D i e s n e r  C81 have  u sed  t h i s  t e c h n i q u e  
t o  s t u d y  t h e  t h e r m a l  s t a b i l i t y  o f  c o m p r e s s i v e  s t r e s s e s  i n d u c e d  by s h o t  p e e n i n g .  
The f o r m e r  d e m o n s t r a t e d  s u b s t a n t i a l  r e d u c t i o n  o f  c o m p r e s s i v e  s t r e s s e s  i n  7075-T6 
a l umin ium a t  r a t h e r  low t e m p e r a t u r e s  and l o n g  t i m e s  ( 2 2 5 " ~  f o r  20  h ) ,  and 
D i e s n e r  deve loped  m a s t e r  s t r e s s  r e l i e f  t i m e - t e m p e r a t u r e  c u r v e s  f o r  AISI 52100 
and tl-11 s t e e l s .  D i e s n e r  measured  t h e  t h r o u g h - L h i c k n e s s  s t r e s s  d i s t r i b u t i o n  by 
r e m o v a l  o f  s u c c e s s i v e  s u r f a c e  l a y e r s .  A l s o  u s i n g  x - r a y  d i f f r a c t i o n ,  Amin and 
Ganesh  [ 9 1  showed t h a t  t h e r m a l  r e l i e f  o f  c o l d - r o l l i n g  i n d u c e d  s t r e s s e s  i n  Cu-2% 
Be a l l o y  s t r i p s  was e f f e c t i v e ,  b u t  m e c h a n i c a l  s t r e s s  r e l i e f  u s i n g  r o l l e r  l e v e l l i n g  
was n o t .  

The S a c h s  b o r e - o u t  method i s  e f f e c t i v e  when 1.ong-range m a c r o s t r e s s e s  i nduced  by 
t h e r m a l  g r a d i e n t s  a r e  measu red .  T h i s  t e c h n i q u e  was u s e d  by Adeyemi e t  a l .  1101  
on m i l d  s t e e l ,  Bakaev and Vainerman [ I l l  on  h a r d f a c e d  s t e e l  s h a f t s ,  m n d e r s o n  
e t  a l .  [ 1 2 ]  on  a  U-2.4% N i  a l l o y  t o  d e t e r m i n e  t h e  d e g r e e  of  r e l a x a t i o n .  Laye r  
r e m o v a l  p r o c e d u r e s  a r e  a l s o  o f t e n  u s e d .  Thompson and Whi t e  [ 5 1  e v a l u a t e d  t h e  
u s e  o f  t h i s  t e c h n i q u e  i n  n e a t  po lymer s  and f i b r e - r e i n f o r c e d  p o l y m e r s ,  and 
c o n c l u d e d  t h a t  t h e  v a r i a t i o n  o f  s t i f f n e s s  w i t h  d e p t h  t y p i c a l  o f  c o m p o s i t e s  d o e s  
n o t  s e r i o u s l y  a f f e c t  t h e  c a l c u l a t i o n s .  Thakka r  and  Broutman L131 c a l c u l a t e d  
t h e  a c t i v a t i o n  e n e r g y  r e q u i r e d  t o  r e l e a s e  r e s i d u a l  s t r e s s e s  i n  cold-worked 
p o l y c a r b o n a t e  u s i n g  t h e  l a y e r  r emova l  t e c h n i q u e .  They found  t h a t  s m a l l  p e r  
c e n t  r e d u c t i o n s  i n  t h i c k n e s s  ( t h e  method u s e d  t o  i n t r o d u c e  t h e  c o l d  work)  
i m p a r t  o n l y  s u r f a c e  t e n s i l e  s t r e s s e s  t h a t  c a n  b e  r e l a x e d  by a n n e a l i n g  a t  50°C. 
L a r g e  r e d u c t i o n s  d u r i n g  r o l l i n g  a l s o  c a u s e  a  h i g h  d e g r e e  o f  m o l e c u l a r  o r i e n t a t i o n  
t h a t  c a n n o t  be  s u b s t a n t i a l l y  r e l a x e d  below 125°C  ( T  = 1 5 0 " ~ ) .  

g  

T h e s e  t e c h n i q u e s ,  a l t h o u g h  q u a n t i t a t i v e ,  a r e  t e d i o u s  and t ime-consuming,  and 
many s i m p l e r  me thods  c a n  b e  u s e d  f o r  q u a l i t a t i v e  d e t e r m i n a t i o n s .  The u s e  o f  
s p l i t  r i n g s  and l o n g i t u d i n a l  s p l i t t i n g  h a s  been  d e s c r i b e d  by Brown e t  a l .  1141  
and Adeyemi e t  a l .  [ l o ] ,  r e s p e c t i v e l y ,  i n  s t e e l  a l l o y s  and by ~ a v a l 5 ]  i n  
T i  a l l o y s .  Fox 1161  d e s c r i b e s  a  number o f  s i m p l e  s t r e s s  r e l a x a t i o n  t e s t s  on  
Cu a n d  Cu a l l o y s ,  s u c h  a s  v i b r a t i o n  o f  a  w i r e  and  a  t a p e r e d  beam bend ing  f i x t u r e  
t h a t  c o u l d  b e  a p p l i e d  t o  t h e  t e s t i n g  o f  t h e r m a l  s t r e s s  r e l i e f .  Woodward e t  a l .  
[ 4 1  t e s t e d  i n  s i t u  s t r e s s  r e l i e f  o f  s t e a m  g e n e r a t o r  t u b i n g  by o b s e r v i n g  i . t s  
s u s c e p t i b i l i t y  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  i n  a  s u l f u r  c o n t a i n i n g  env i ronmen t .  
T h e s e  s i m p l e  t e c h n i q u e s  a r e  u s u a l l y  u sed  t o  d e t e r m i n e  p e r  c e n t  r e d u c t i o n s  f o r  
t i m e - t e m p e r a t u r e  c u r v e s ;  and when combined w i t h  m e t a l l o g r a p h i c  e x a m i n a t i o n  t o  
e n s u r e  m i c r o s t r u c t u r a l  s t a b i l i t y ,  t h e y  a r e  q u i t e  a d e q u a t e  i n  many c i r c u m s t a n c e s .  

E x p e r i m e n t a l  s t u d i e s  on t h e  i s o t h e r m a l  s t r e s s  r e l i e f  o f  t h i n  f i l m  s t r e s s e s  a r e  
o f  t e n  done  by m e a s u r i n g  t h e  c u r v a t u r e  o f  t h e  f i l m  and s u b s t r a t e .  Se shan  and 
E e r N i s s e  [ 1 7 ]  s t u d i e d  t h e  a n n e a l i n g  o f  r e s i d u a l  s t r e s s e s  i n  i o n  implaned S i  
l a y e r s  and found  t h r e e  d i s t i n c t  s t a g e s ,  w i t h  t h e  t h i r d  s t a g e  ( a b o u t  4 5 0 " ~ )  
b e i n g  t h e  most  e f f e c t i v e  due  t o  e p i t a x i a l  r e g r o w t h  o f  t h e  amorphous l a y e r .  
They m o d e l l e d  t h e i r  o b s e r v a t i o n s  emp loy ing  t h e  maximum s h e a r  s t r e s s .  Blaauw 
C181 u s e d  sample  c u r v a t u r e  measu red  by t h e  beam d e f l e c t i o n  method and found  
t h a t  t e m p e r a t u r e s  o f  500-700°C r e l i e v e d  t h e  t e n s i l e  s t r e s s e s  i n  c h e m i c a l  vapou r  
d e p o s i t e d  S i 0 2  f i l m s  ( b o t h  doped and undoped )  o n  GaAs s u b s t r a t e s .  However,  
p l a sma-enhanced  CVD f i l m s  o f  SiNx c o u l d  n o t  b e  s t r e s s - r e l i e v e d  a t  t h e s e  
t e m p e r a t u r e s .  K i n b a r a  e t  a l .  [ 1 9 1  a l s o  u s e d  s u b s t r a t e  b e n d i n g  t o  s t u d y  s t r e s s e s  
i n  MgF2 f i l m s  o n  s i n g l e - c r y s t a l  q u a r t z  s u b s t r a t e s .  Nob le  and Reed [20 ]  f ound  
t h a t  "bak ing"  a t  750°C r e l i e v e d  t h e  r e s i d u a l  s t r e s s e s  i n  N i -  and  C r - p l a t e d  AISI  
8740 h a r d e n e d  s t e e l .  Abermann e t  a l .  C211 u s e d  a  c a n t i l e v e r  t e c h n i q u e  f o r  
n e a s u r i n g  i n t e r n a l  s t r e s s  i n  t h i n  f i l m s  and d i s c u s s e d  Lhe n e c e s s a r y  c o r r e c t i o n s  
f o r  t h e r m a l  e f f e c t s  i n  t h e  s u b s t r a t e .  P a r k e r  LZ21 found  t h a t  t h e  s t r e s s  s t a t e  
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i n  e l e c t r o l e s s .  N i  c o a t i n g s  was d e p e n d e n t  on  t h e  p h o s p h o r u s  c o n t e n t  o f  t h e  
b a t h .  E i g h t  p e r  c e n t  phospho rus  b a t h s  r e s u l t e d  i n  t e n s i l e  s t r e s s ,  b u t  i n c r e a s i n g  
t h e  c o n t e n t  t o  12% r e s u l t e d  i n  c o m p r e s s i v e  s t r e s s e s .  H e a t  t r e a t m e n t  above  
250°C i n c r e a s e s  t h e  t e n s i l e  s t r e s s e s  due  t o  volume s h r i n k a g e  t h a t  o c c u r s  d u r i n g  
n i c k e l  phosph ide  p r e c i p i t a t i o n  and N i  c r y s t a l l i z a t i o n .  Nir [ 23 ]  u s e d  s i m p l e  
o p t i c a l  m j c r o s c o p y  t o  s t u d y  t h e  s t r e s s  r e l i e f  i n  d i a m o n d - l i k e  c a r b o n  f i l m s  t h a t  
o c c u r r e d  f rom e l a s t i c  c r a c k  f o r m a t i o n .  The o p t i c a l  p a t t e r n s  o f  b u c k l i n g  and 
c r a c k i n g  we re  r e l a t e d  t o  t h e  s t r e s s  d i s t r i b u t i o n .  Of c o u r s e ,  more c o m p l i c a t e d  
measurement  t e c h n i q u e s  have  a l s o  been  a p p a l i e d  t o  t h i n  f i l m s .  Moser and Beserman 
1 2 4 1  used Raman s p e c t r o s c o p y  t o  m o n i t o r  s t r a i n s  i n d u c e d  i n t o  t h e  S i  l a y e r  by 
t h e  t h e r m a l  mismatch  be tween  S i  and a  s a p p h i r e  s u b s t r a t e .  Vander S t r a t e n  and 
M e t s e l a a r  (251  u sed  x - r a y  l a t t i c e  c o n s t a n t  measu remen t s  t o  m o n i t o r  t h e  i n t e r n a l  
s t r e s s  i n  l i q u i d  p h a s e  e p i t a x i a l  g rowth  o f  s i n g l e  c r y s t a l  o x i d i c  m a g n e t i c  
b u b b l e  m a t e r i a l s .  

E x p e r i m e n t a l  measu remen t s  have  l e d  t o  t h e  deve lopmen t  o f  s e v e r a l  q u a l i t a t i v e  
mode l s  f o r  p r e d i c t i n g  t h e  d e g r e e  o f  s t r e s s  r e l a x a t i o n .  F o r  i n s t a n c e ,  t h e  
s t u d i e s  by Brown e t  a l .  C14I showed t h a t  t h e  r e l a x a t i o n  accompanying t e m p e r i n g  
o f  ha rdened  s t e e l  r e s u l t s  f r om t h e  l o c a l  volume change  d u r i n g  t h e  
p r e c i p i t a t i o n  o f  c a r b i d e  p a r t i c l e s  i n  t h e  m a r t e n s i t i c  m a t r i x .  I n  t h i s  c a s e ,  
t h e  f r a c t i o n a l  s t r e s s  r e l a x a t i o n  was i n d e p e n d e n t  o f  t h e  m a g n i t u d e  o f  s t r e s s .  
However,  Adeyemi e t  a l .  [ l o ]  c a l c u l a t e d  a c t i v a t i o n  e n e r g i e s  f o r  s t r e s s  r e l i e f  
o f  c o l d - e x t r u d e d  m i l d  s t e e l  b a r s ,  and t h e y  found  t h e s e  e n e r g i e s  t o  be  d e p e n d e n t  
o n  s t r e s s  r a t h e r  t h a n  t e m p e r a t u r e .  A n a l y t i c a l  e s t i m a t e s  o f  t h e  e f f e c t i v e n e s s  
o f  r e s i d u a l  s t r e s s  r e l a x a t i o n  h a v e  a l s o  been  made. Bu rge r  and S u n d y r i n  C261 
u s e d  s t r a i n  c o m p a t i b i l i t y  e q u a t i o n s  and p l a s t i c  f l o w  t h e o r y  t o  c a l c u l a t e  t h e r m a l  
s t r e s s  s t a t e s ,  and t h e y  showed t h a t  t h e r m a l  c y c l i n g  u n d e r  l o a d  c a n  r a p i d l y  
d e c r e a s e  t h e  s u r f a c e  s t r e s s e s  i n  s u c h  components  a s  t u r b i n e  b l a d e s .  Sunds t rom 
e t  a l .  [ 27 ]  h a v e  s t u d i e d  t h e  i n f l u e n c e  o f  m u l t i a x i a l i t y  on  t h e r m a l  s t r e s s  
r e l a x a t i o n  u s i n g  c o m p a t i b i l i t y  o f  s t r a i n  e q u a t i o n s  pe r fo rmed  on  t h i c k - w a l l e d  
t u b e s .  To s i m u l a t e  a  weldment  where  t h e  b o u n d a r i e s  a r e  c o n s t r a i n e d  and t h u s  
r e d u c e  t h e  r e l a x a t i o n  r a t e ,  o n e  p r i n c i p a l  s t r e s s  d i r e c t i o n  was assumed t o  be  
f i x e d  by r e s t r a i n t .  They c o n c l u d e d  t h a t  t h e  r a t e  o f  r e l a x a t i o n  was c o n t r o l l e d  
m a i n l y  by t h e  peak  s t r e s s  s t a t e .  Even i n  t h i c k  weldments  o f  p r e s s u r e  v e s s e l  
A533B s t e e l ,  h e a t  t r e a t m e n t s  c o r r e s p o n d i n g  t o  commerc i a l  p r a c t i c e  we re  shown t o  
r e d u c e  t h e  r e s i d u a l  s t e s s  p e a k s  by a t  l e a s t  70%. F i d l e r  and Hepworth [ 2 8 ]  h a v e  
a d v o c a t e d  t h e  u s e  o f  t h e  L a r s o n - M i l l e r  p a r a m e t e r  t o  p r e d i c t  t h e  r e l a x a t i o n  r a t e  
o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  and Cr-Mo s t e e l s .  The L a r s o n - M i l l e r  p a r a m e t e r  
is  d e f i n e d  by t h e  e q u a t i o n  

whe re  i s  t h e  t e s t  t e m p e r a t u r e  i n  d e g r e e s  Rank ine  and i s  t h e  r u p t u r e  t i m e  i n  
h o u r s .  C  i s  a  c o n s t a n t  whose v a l u e  i s  a p p r o x i m a t e l y  20 f o r  low a l l o y  s t e e l s .  
T h i s  p a r a m e t e r ,  and o t h e r s  l i k e  i t  [ 2 9 1 ,  a r e  u s e d  t o  r e l a t e  c r e e p  p r o p e r t i e s  a t  
d i f f e r e n t  t e m p e r a t u r e s  and c a n  p r o v i d e  a  means o f  d e t e r m i n i n g  t h e  p r o p e r  t i m e  
o f  i s o t h e r m a l  h e a t  t r e a t m e n t  f o r  a l l o y s  whe re  c r e e p  d a t a  a r e  a v a i l a b l e .  As a n  
e x a m p l e ,  Dawson and J a c k s o n  [ 3 0 1  were  a b l e  t o  u s e  c r e e p  d a t a  t o  p r e d i c t  t h e  
r e l a x a t i o n  o f  r e s i d u a l  s t r e s s  i n  a u t o f r e t t a g e d  c y l i n d e r s .  F i d l e r  [ 311  u s e d  
c r e e p  d a t a  i n  a  c o m p u t e r - s i m u l a t e d  s t r e s s  r e l i e f  o f  t h i c k  weld  s t r u c t u r e s  t o  
d e r i v e  t h e  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  i n  a  CrMoV-2CrMo weld  a f t e r  v a r i o u s  
p e r i o d s  of  h e a t  t r e a t m e n t .  They c o n c l u d e d  t h a t  t h e  B r i t i s h  S t a n d a r d  c o d e  o f  1 
h  a t  700°C p e r  25 mm o f  t h i c k n e s s  was  s u f f i c i e n t  t o  r e l a x  t h e  s u r f a c e  a x i a l  
s t r e s s ,  b u t  t h a t  i n t e r n a l  hoop s t r e s s e s  g r e a t e r  t h a n  t h a t  t o l e r a b l e  f rom a  
d e f e c t  a s s e s s m e n t  we re  s t i l l  p r e s e n t ,  and  r e q u i r e d  a t  l e a s t  2  h  t h e r m a l  t r e a t m e n t  
t o  r e l a x  s u f f i c i e n t l y ,  a s  s p e c i f i e d  by CEGB S t a n d a r d  23584. V i n c k i e r  and 
Dhooge E321 combined m e t a l l u r g i c a l  and m e c h a n i c a l  phenomena t a k i n g  p l a c e  d u r i n g  
t h e r m a l  s t r e s s  r e l i e f  t o  d e s c r i b e  t h e  deve lopmen t  o f  r e h e a t  c r a c k i n g  i n  h i g h  
a l l o y  s t e e l s .  Whi l e  n o t  i n  g e n e r a l  u s e ,  sucli  p r e d i c t i o n s  c a n  b e  h e l p f u l  i n  
d e t e r m i n i n g  t i m e  t e m p e r a t u r e  r a n g e s  w i t h o u t  e x p e n s i v e  t e s t i n g .  



3 54 M .  R .  James 

A n a l y t i c a l  t r e a t m e n t s  have  a l s o  b ~ e n  conduc t ed  f o r  c e r a m i c s .  Evans  and C l a r k e  
L 3 3 1  d e s c r i b e  me thods  f o r  c a l c u l a t i n g  t h e  r e l a x a t i o n  o f  r e s i d u a l  s t r e s s e s  
deve loped  a t  t h e  m i c r o s t r u c t u r a l  l e v e l  b e c a u s e  o f  t h e r m a l  c o n t r a c t i o n  i nhomogene i t y .  
The r a t e  o f  r e l a x a t i o n  was shown t o  be  a  s t r o n g  f u n c t i o n  o f  t h e  m i c r o s t r u c t u r e ,  
w i t h  r a p i d  r e l a x a t i o n  o b t a i n a b l e  i n  f i n e  g r a i n e d  m a t e r i a l s  o r  i n  m a t e r i a l s  
c o n t a i n i n g  a n  amorphous  bounda ry  phase  t h a t  p r o v i d e s  v i s c o u s  f l o w .  T r e e  e t  a l .  
E341 found t h a t  quench  t e n s i l e  s t r e s s e s  i n  a l umin ium o x i d e s  c o u l d  n o t  be  t h e r m a l l y  
r e l i e v e d  b e c a u s e  o f  s u b c r i t i c a l  m i c r o c r a c k  g rowth  t h a t  t a k e s  p l a c e  a t  t e m p e r a t u r e s  
h r l o w  t h a t  r e q u i r e d  f o r  d i f f u s i o n a l  c r e e p .  A s  shown i n  F i g .  2 ,  t h e  minimum 
s ~ v e s s  in t v n s i t y  KC) r r q u i r ~ d  f o r  s u b c r i  t i c a l  c r a c k  g r o w t h  d e c r e a s e s  w i t h  t e m p e r a t u r e  
s u c h  t h a t  t h e  t e n s i l e  c t r e s s  f i e l d  by  i t s e l f  p r o v i d e s  enough e n e r g y  f o r  c r a c k  
gt-cxgtl~.  ' I h i c  r c s u l l s  i n  e l n - t i c  r c l n x n t j o n  o f  t h c  r c s i t l u a l  s t r e s s  s t a t e ,  b u t  
i n  a manner d e t r i m e n t a l  t o  t h e  l o a d - b e a r i n g  c a p a b i l i t y  o f  a  b r i t t l e  c e r a m i c .  
T h u s ,  o n l y  when t h e  t e n s i l e  s t r e s s e s  a r e  s u f f i c i e n t l y  low c a n  h i g h  enough 
t e m p e r a t u r e s  he  a c h i e v e d  t o  e n a b l e  d i f f u s i o n a l  c r e e p  mechanisms t o  r e l a x  t h e  
s t r e s s e s  i n  a  s a f e  manner .  

I 

TEMPERATURE 

F i g .  2 S c h e m a t i c  of  r e l a t i v e  magn i tude  o f  r e s i d u a l  s t r e s s  j - n t e n s i t y  
f a c t o r  w i t h  c o r r e s p o n d i n g  v a l u e s  f o r  f a s t  f r a c t u r e  ( K ~ ~ )  and minimum 

v a l u e  (K ) r e q u i r e d  f o r  s u b c r i t i c a l  c r a c k  g rowth .  From T r e e  e t  a 1  [ 3 4 ] .  

Post -Weld  Hea t  T r e a t m e n t s  

T h e r m a l  s t r e s s  r e l i e f  i s  p e r h a p s  more o f t e n  u s e d  i n  we ldmen t s  whe re  peak t e n s i l e  
s t r e s s e s  o c c u r  w i t h  m a g n i t u d e s  t h a t  a p p r o a c h  o r  exceed  t h e  nomina l  y i e l d  s t r e n g t h  
o f  a m a t e r i a l .  S i m u l t a n e o u s l y ,  t h e  weld  m e t a l  and  h e a t  a f f e c t e d  zone  o f t e n  
h a v e  poo r  m i c r o s t r u c t u r e s  o f f e r i n g  low f r a c t u r e  t o u g h n e s s  and  d u c t i l i t y .  As a 
c o n s e q u e n c e ,  c o n s i d e r a b l e  a t t e n t i o n  h a s  been p l a c e d  o n  p o s t - w e l d  h e a t  t r e a t m e n t s  
w i t h  a  v iew towards  i m p r o v i n g  the  s a f e t y  of a  s t r u c t u r e  f r om b r i t t l e  f r a c t u r e ,  
mak ing  i t  more t o l e r a n t  of d e f e c t s ,  and r e d u c i n g  t h e  r e s i d u a l  s t r e s s  s t a t e  f o r  
l o w e r  f a t i g u e  c r a c k  g rowth  and s t r e s s  c o r r o s i o n  c r a c k i n g  r a t e s .  Because  o f  t h e  
i m p o r t a n c e  o f  t h i s  p r o c e s s  t o  i n d u s t r y ,  e s p e c i a l l y  t h e  e l e c t r i c  power i n d u s t r y ,  
many i n d u s t r i a l  and p r o f e s s i o n a l  s o c i e t i e s  h a v e  d e v e l o p e d  e x t e n s i v e  r e q u i r e m e n t s  
o n  t h e  r a t e s  o f  h e a t i n g ,  s o a k i n g  and c o o l i n g .  A p a r t i a l  r e v i e w  o f  t h e s e  h a s  
I)cen pub1 i  shed by Co t t  r c l l  135  1 ,  ,ind many o t h e r  l ) . lpers  p r r t  i r ien l  t o  r c s i t l u a l  
s L ~ c s s  i n  welds  c a n  be found  i n  Re f .  36 .  Agapak i s  eL a l .  1371  p u b l i s h e d  a  
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l i t e r a t u r e  s u r v e y  o f  s t r e s s  r e l i e v i n g  i n  s t r u c t u r a l  we ldmen t s ,  s o  no a t t e m p t  i s  
made h e r e  t o  summarize t h e s e  f i n d i n g s .  Much i n f o r m a t i o n  p e r t a i n i n g  t o  
m i c r o s t r u c t u r a l  m o d i f i c a t i o n ,  r e s i d u a l  s t r e s s  r e l a x a t i o n ,  s t r e s s  r e l i e f  c r a c k i n g ,  
and f a t i g u e  c r a c k  p r o p a g a t i o n  i n  welded j o i n t s  can  be  found i n  t h e s e  r e f e r e n c e s .  

Cold T r e a t i n g  

Res idua l  s t r e s s e s  f r e q u e n t l y  r e s u l t  from nonuniform t h e r m a l  c o n t r a c t i o n  due t o  
t empera tu re  g r n d i  e n t s  through t h e  t h i c k n e s s .  C h a r a c t e r  i s  t i c a l l y ,  t h e  r e s i d u a l  
s t r e s s e s  a r e  compress ive  a t  t h e  s u r f a c e  and t e n s i l e  i n  t h e  i n t e r i o r  u n l e s s  a  
phase  change o c c u r s  d u r i n g  q n c n c h i n g .  'The u s e  of c o l d  t r e a t i n g  Lo induce  mild  
s t r e s s  r e l i e f  and t o  a c t  a s  a  s t a b i l i z i n g  t r e a t m e n t  h a s  proved b e n e f i c i a l ,  b o t h  
i n  c a s t i n g s  and machined p a r t s  [21.  O f t e n ,  t h i s  o c c u r s  due  t o  s t a b i l i z a t i o n  o f  
un t r ans fo rmed  p r o d u c t s  l e f t  a f t e r  t h e  quench.  H i l l  e t  a l .  [381 have proposed 
a n  " u p h i l l H  t r e a t m e n t  of such  s e v e r i t y  a s  t o  d e v e l o p  r e s i d u a l  s t r e s s e s  t h a t  
c o u n t e r a c t  t h6se  formed d u r i n g  a  h i g h  t e m p e r a t u r e  quench.  I n  t h i s  c a s e ,  t h e  
p a r t  i s  c o o l e d  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e s  and t h e n  s u b j e c t e d  t o  a  h i g h  
v e l o c i t y  s team b l a s t  t o  promote  the rma l  g r a d i e n t s  g r e a t  enough t o  produce l o c a l  
p l a s t i c  f l ow.  T h i s  works w e l l  w i t h  a l l o y s  o f  low y i e l d  s t r e n g t h  o r  when a p p l i e d  
t o  a  component b e f o r e  a g e i n g  which r a i s e s  t h e  y i e l d  s t r e n g t h .  S i n c e  low 
t e m p e r a t u r e s  a r e  u s e d ,  m i c r o s t r u c t u r a l  and s t r e n g t h  c h a n g e s  a r e  n e g l i g i b l e .  
Recent  work by S e v i m l i  [391 h a s  shown t h i s  t o  be  a n  e f f e c t i v e  method t o  s t r e s s  
r e l i e v e  t h e  o u t e r  s h e l l  of l a r g e  a luminium s t r u c t u r e s  h a v i n g  r e s i d u a l  s t r e s s e s  
formed b o t h  by quench ing  and by mach in ing .  While  n o t  of w idesp read  p o p u l a r i t y ,  
t h i s  t e c h n i q u e  migh t  be p a r t i c u l a r l y  u s e f u l  on i r r e g u l a r - s h a p e d  p a r t s  t h a t  
canno t  be s t r e s s  r e l i e v e d  by o t h e r  means. 

RESIDUAL STRESS RELAXATION BY MECHANICAL MEANS 

A  g r e a t  d e a l  o f  m i s u n d e r s t a n d i n g  e x i s t s  i n  r e g a r d  t o  m e c h a n i c a l  e f f e c t s  on 
s t r e s s  r e l a x a t i o n .  The t e rm mechan ica l  s t r e s s  r e l a x a t i o n  o r  l oad  r e l a x a t i o n  i s  
used t o  d e s c r i b e  an e x p e r i m e n t a l  t e c h n i q u e  t o  measu re  i n e l a s t i c  s t r a i n  p r o p e r t i e s ,  
a t  both  ambien t  and e l e v a t e d  t e m p e r a t u r e s ,  and t h e s e  t e rms  do n o t  r e l a t e  
s p e c i f i c a l l y  t o  r e s i d u a l  s t r e s s e s .  T h i s  t y p e  o f  d a t a  i s  u sed  ma in ly  t o  p r e d i c t  
c r e e p  i n  p r a c t i c a l  e n g i n e e r i n g  components o p e r a t i n g  f o r  l o n g  t i m e s  unde r  s t a t i c  
and dynamic l o a d s .  On t h e  o t h e r  hand ,  mechan ica l  r e s i d u a l  s t r e s s  r e l i e f  r e f e r s  
mainly  t o  o v e r s t r e s s i n g  o r  s t r e t c h i n g  o f  a  m a t e r i a l  o r  component t o  i n d u c e  
p l a s t i c  f l o w  i n  o r d e r  t o  r e d i s t r i b u t e  t h e  r e s i d u a l  s t r e s s e s .  Y e t ,  i t  i s  i m p o r t a n t  
t o  u n d e r s t a n d  l o a d  r e l a x a t i o n  because  of i t s  i n t e r - r e l a t i o n  t o  r e s i d u a l  s t r e s s  
r e l a x a t i o n .  We b e g i n  by examin ing  t h e  d e l i b e r a t e  u s e  o f  mechan ica l  r e s i d u a l  
s t r e s s  r e l a x a t i o n  and t h e n  d i s c u s s  b o t h  s t r e s s  r e l a x a t i o n  t e s t i n g  and s e r v i c e  
r e l a x a t i o n  by f a t i g u e  and t h e r m a l  means. 

O v e r s t r e s s i n g  and S t r e t c h i n g  

P l a s t i c  d e f o r m a t i o n  and s u b s e q u e n t  r e l i e f  o f  l o c k e d - i n  i n t e r n a l  s t r e s s e s  beg ins  
i n  t h o s e  r e g i o n s  i n  which c o n d i t i o n s  o f  y i e l d i n g  unde r  t h e  combina t ion  of 
a p p l i e d  and r e s i d u a l  s t r e s s  a r e  s a t i s f i e d .  As a  l o a d  i s  a p p l i e d ,  y i e l d i n g  w i l l  
o c c u r  f i r s t  i n  t h e  r e g i o n s  o f  h igh  r e s i d u a l  t e n s i o n  w i t h  t h e  d i s l o c a t i o n  mot ion 
d e c r e a s i n g  t h e  amount o f  m i s f i t ,  a s  e x p l a i n e d  by R o s e n t h a l  [401.  I n v e s t i g a t i n g  
t h e  e f f e c t  o f  p r e l o a d  on f a t i g u e  s t r e n g t h  i n  2024-T3 A l ,  Nawwar and Shewchuk 
[411 found t h a t  t e n s i l e  s t r e s s e s  a r e  q u i t e  e a s i l y  r e l i e v e d  by a  p r e l o a d  o r  
o v e r l o a d ,  b u t  t h a t  compress ive  s t r e s s  c a n  be  s u s t a i n e d  a t  h i g h  p r e l o a d s  w i t h o u t  
l o s s  of t h e i r  b e n e f i c i a l  e f f e c t .  I n  f a c t ,  Fuchs  and S t e p h e n s  [42 ]  d e s c r i b e  
t h i s  a s  a  method t o  d e l i b e r a t e l y  i n d u c e  b e n e f i c i a l  compress ive  s t r e s s e s .  
P o t t e r  and M i l l a r d  r 7 1  have shown i n  7075-T6 A1 t h a t  s t a t i c  l o a d s  approx ima t ing  
y i e l d  musL be a L L ~ i n e t l  b e f o r e  r e l a x a t i o n  of compress-ive s t - r e s s e s  induced by 
s h o t  peen ing  can  o c c u r .  T h e i r  d a t a ,  F i g .  3 ,  i n d i c a t e  t h a t  t h e  r e s i d u a l  s t r e s s  
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F i g .  3 The e f f e c t  o f  s t a t i c  l o a d  s t r e s s  o n  t h e  s u r f a c e  r e s i d u a l  
s t r e s s  l e v e l  ( r e p r i n t e d  f rom P o t t e r  and M i l l a r d ,  R e f .  7 ) .  

h a s  no  e f f e c t  o n  t h e  t h r e s h o l d  s t r e s s  f o r  r e l a x a t i o n .  T h i s  i s  c o n s i s t e n t  w i t h  
R o s e n t h a l ' s  C401 v i ew  t h a t  i t  i s  t h e  maximum s h e a r  s t r e s s  t h a t  mus t  exceed  t h e  
y i e l d  s t r e n g t h ,  s i n c e  s h o t  p e e n i n g  i n t r o d u c e s  a n  i s o t r o p i c  d i s t r i b u t i o n .  

Many a g e - h a r d e n i n g ,  h i g h  s t r e n g t h  a lumin ium a l l o y s  u n d e r g o  a  s t r e t c h i n g  o p e r a t i o n  
a f t e r  s o l u t i o n  t r e a t m e n t  and p r i o r  t o  t e m p e r i n g  and a g e i n g  a s  a  s t a n d a r d  means 
t o  r e l i e v e  quench  s t r e s s e s .  The rma l  a n n e a l i n g  t r e a t m e n t s  c a n n o t  b e  u sed  b e c a u s e  
t h e y  c a u s e  c o a l e s c e n c e  o f  p r e c i p i t a t e s  f r om s o l i d  s o l u t i o n  t h a t  mus t  b e  done  
d u r i n g  t h e  a g e i n g  t r e a t m e n t .  The ANSI s t a n d a r d  d e s i g n a t i o n  f o r  t h i s  i s  t h e  
Tx51  temper  whe re  x r e p r e s e n t s  t h e  t empe r  t r e a t m e n t .  The Tx52 d e s i g n a t i o n  
a p p l i e s  t o  p r o d u c t s  t h a t  a r e  s t r e s s  r e l j  eved by compres s  i on  a f t e r  s o l u t i o n  
t r e a t m e n t  t o  p r o d u c e  a  pe rmanen t  s e t  o f  1 t o  5%. Fo rged  A1 p r o d u c t s  a r e  somet imes  
r e s t r u c k  i n  t h e  d i e  w h i l e  c o l d  t o  p r o d u c e  s t r e s s  r e l i e f ,  and  a r e  d e s i g n a t e d  1 
Tx54.  

A s i d e  f rom h i g h  s t r e n g t h  A1 a l l o y s ,  s t r e t c h i n g  a s  a  u s u a l  means o f  a c h i e v i n g  
s t r e s s  r e l a x a t i o n  i s  done  o n l y  on  co ld -d r awn  t u b i n g .  Cold-drawn t u b e s  t e n d  t o  
h a v e  h i g h  l e v e l s  o f  l o n g i t u d i n a l  t e n s i l e  s t r e s s  i n  t h e  o u t e r  s u r f a c e .  Whi l e  
s t r e t c h e s  of up  t o  5% l o n g i t u d i n a l  p l a s t i c  s t r a i n s  a r e  some t imes  u s e d ,  e v e n  
s m a l l  amounts  o f  homogeneous t e n s i l e  s t r a i n  w i l l  s i g n i f i c a n t l y  r e d u c e  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  c r e a t e d  by t h e  inhomogeneous  d e f o r m a t i o n  d u r i n g  
d r a w i n g  o f  t h e  t u b e .  

S t r e s s  R e l a x a t i o n  T e s t i n g  

I f  a  component a t  c o n s t a n t  t e m p e r a t u r e  is  l o a d e d  and h e l d  a t  c o n s t a n t  s t r a i n ,  
t h e  s t r e s s  d e c r e a s e  w i t h  t i m e  d u e  t o  s u b s e q u e n t  i n e l a s t i c  d e f o r m a t i o n  i s  c a l l e d  
s t r e s s  r e l a x a t i o n .  S t r e s s  r e l a x a t i o n  i.s d e f i n e d  a s  t h e  i n i t i a l  s t r e s s  minus  
t h e  r e m a i n i n g  s t r e s s  C431, and t e s t s  a r e  i ~ s u a l l y  c o n d u c t e d  i n  t e n s i o n  b y  l o a d i n g  
a  s a m p l e  t o  a p r e d e t e r m i n e d  s t r a i n  and h o l d i n g  t h e  s t r a i n  c o n s t a n t  o v e r  t i m e  by 
d e c r e a s i n g  t h e  a p p l i e d  l o a d .  S t a n d a r d  p r a c t i c e s  Rave been p r e s c r i b e d  by ASTM 
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[43 ] .  Other  e x p e r i m e n t a l  t e c h n i q u e s ,  phenomenological  mode l ing  o f  t h e  i n e l a s t i c  
p r o c e s s e s ,  and development  o f  g o v e r n i n g  c o n s t i t u t i v e  e q u a t i o n s ,  a s  w e l l  a s  t h e  
i n t e r r e l a t i o n  of s t r e s s  r e l a x a t i o n  and r e s i d u a l  s t r e s s  a r e  r ev iewed  i n  a n  ASTM 
s p e c i a l  t e c h n i c a l  p u b l i c a t i o n  [441.  Manjoine  [ 4 5 I  d i s c u s s e s  how s t r e s s  
r e l a x a t i o n  d a t a  c a n  be  used  t o  e v a l u a t e  t h e  r e d u c t i o n  o f  r e s i d u a l  s t r e s s  upon 
the rma l  e x p o s u r e ,  and L a f l e n  and J a s k e  [461 u s e  r e l a x a t i o n  d a t a  t o  p r e d i c t  
c r e e p  r a t e s  i n  t h r e e  a l l o y  s t e e l s .  As a l r e a d y  men t ioned ,  c r e e p  d a t a  c a n  be  
used i n  a  number o f  d i f f e r e n t  models  t o  d e t e r m i n e  t i m e - t e m p e r a t u r e  r e l a t i o n s h i p s  
f o r  t he rma l  e x p o s u r e ,  and s t r e s s  r e l a x a t i o n  s t u d i e s  a r e  a  c o n v e n i e n t  method t o  
o b t a i n  t h e  n e c e s s a r y  d a t a .  Alderman and Webster  C471 have  used  a  two-element  
composi te  model t o  d e s c r i b e  t h e  r e l a t i o n s h i p  of c r e e p  and s t r e s s  r e l a x a t i o n  t o  
t h e  r e d i s t r i b u t i o n  of i n t e r n a l  s t r e s s e s  w i t h i n  m a t e r i a l s ,  t h u s  u n i f y i n g  t h e  
phenomena. 

F a t i g u e  Induced R e s i d u a l  S t r e s s  R e l a x a t i o n  

Proposed mechanisms f o r  t h e  r e l a x a t i o n  o f  r e s i d u a l  s t r e s s  due  t o  c y c l i c  l o a d i n g  
c a n  be s e p a r a t e d  i n t o  t h r e e  r e g i m e s  t h a t  o c c u r  a t  c y c l i c  s t r e s s  a m p l i t u d e s  ( i )  
above t h e  macroscop ic  y i e l d  s t r e n g t h ,  ( i i )  below t h e  endurance  l i m i t ,  and ( i i i )  
i n  between. 

F a t i g u e  Above t h e  Y i e l d  S t r e n g t h .  A comple t 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  s t a t e  o c c u r s  when g r o s s  y i e l d i n g  t a k e s  p l a c e .  T h i s  happens  i f  t h e  
e n t i r e  n e t  s e c t i o n  s t r e s s  exceeds  t h e  y i e l d  s t r e n g t h ,  o r  i f  o n l y  t h e  s u r f a c e  
y i e l d s  such  a s  i n  bend ing  o r  t o r s i o n .  As men t ioned  p r e v i o u s l y ,  t h i s  i s  somet imes 
t aken  a d v a n t a g e  o f  i n  o v e r s t r e s s i n g  o p e r a t i o n s  t o  i n d u c e  compress ive  s t r e s s e s  
a t  t he  s u r f a c e .  When macroscop ic  y i e l d i n g  of t h e  s u r f a c e  t a k e s  p l a c e  i n  f u l l y  
r e v e r s e d  l o a d i n g ,  t h e  s u r f a c e  s t r e s s  s h o u l d ,  a f t e r  u n l o a d i n g ,  be  o p p o s i t e  i n  
s i g n  t o  t h e  d i r e c t i o n  o f  l o a d i n g  due t o  t h e  c o n s t r a i n e d  i n f l u e n c e  of t h e  s u b s u r f a c e  
[48-511. Quesna l  e t  a l .  [SO] measured t h e  s u r f a c e  r e s i d u a l  s t r e s s  a f t e r  each  
h a l f  c y c l e  d u r i n g  c y c l i c  l o a d i n g  and found t h e  s t r e s s  t o  be dependen t  on t h e  
d i r e c t i o n  and magn i tude  of u n l o a d i n g .  T h i s  e f f e c t  h a s  a l s o  been s e e n  by Kodama 
[48]  and by Z i e g e l d o r f  [511 ,  t h e  l a t t e r  s u g g e s t i n g  t h a t  t h e  sequence  o f  u n l o a d i n g  
a l s o  a f f e c t s  t h e  s t r e s s .  Kodama [48 ]  n o t e d  t h a t ,  f o r  some m a t e r i a l s ,  s i g n i f i c a n t  
mic roscop ic  y i e l d i n g  on t h e  s u r f a c e  may t a k e  p l a c e  below t h e  b u l k  y i e l d  s t r e n g t h  
and l ead  t o  t h i s  same t y p e  o f  b e h a v i o u r .  

Boggs and Byrne [521  i n v e s t i g a t e d  t h e  r e l a x a t i o n  o f  s h o t  peened r e s i d u a l  s t r e s s e s  
i n  Ni-Co a l l o y s .  For  Ni-20% Co and Ni-60% Co c y c l e d  a t  a m p l i t u d e s  j u s t  above 
t h e  y i e l d  s t r e n g t h  i n  f u l l y  r e v e r s e d  c a n t i l e v e r  bend ing ,  r a p i d  r e l a x a t i o n  took  
p l a c e  i n  t h e  f i r s t  100  c y c l e s  b e f o r e  e q u i l i b r a t i n g  t o  a  c o n s t a n t  decay  s l o p e .  
The r e d u c t i o n  i n  t h e  h i g h e r  s t r e n g t h ,  h i g h e r  s t a c k i n g  f a u l t  e n e r g y  Ni-60% Co 
a l l o y  was much l e s s  t h a n  i n  t h e  lower  Co c o n t e n t  a l l o y ,  a s  would be  e x p e c t e d .  
Measurements o f  s u r f a c e  h a r d n e s s  d u r i n g  f a t i g u e  showed no change ,  from which 
t h e  a u t h o r s  conc luded  t h a t  t h e  s t r e s s  r e l i e f  p r o c e s s  was due  t o  dynamic r e c o v e r y  
i n  t he  same s e n s e  a s  t h e  r e c o v e r y  produced i n  t h e r m a l  s t r e s s  r e l i e f  p r i o r  t o  
any r e c r y s t a l l i z a t i o n .  

S i g n i f i c a n t l y  d i f f e r e n t  b e h a v i o u r  h a s  been obse rved  f o r  s amples  c y c l e d  i n  
t e n s i o n - t e n s i o n  l o a d i n g .  Weiss e t  a l .  [ 5 3 , 5 4 )  have  shown t h a t  i n  304L and 316 
s t a i n l e s s  s t e e l s  c y c l e d  i n  a x i a l  t e n s i o n - t e n s i o n  l o a d i n g  above t h e  monotonic  
y i e l d  s t r e n g t h ,  r a p i d  r e l a x a t i o n  o f  t h e  i n i t i a l  compress ive  r e s i d u a l  s t r e s s  
t a k e s  p l a c e  and s u b s e q u e n t  development  o f  a  t e n s i l e  s t r e s s  o c c u r s .  Voskamp et 
a l .  [55 ]  have  r e p o r t e d  t h a t  d u r i n g  o v e r r o l l i n g  i n  t h e  i n n e r  r i n g  o f  a  deep -g roove  - 
b a l l  b e a r i n g ,  t h e  i n i t i a l l y  t e n s i l e  r e s i d u a l  s t r e s s e s  j u s t  below t h e  s u r f a c e  
d e c r e a s e  p r o g r e s s i v e l y  w i t h  f a t i g u e  and t h e n  change t o  compress ive  s t r e s s e s ,  
which c o n t i n u e  t o  i n c r e a s e  i n  magn i tude  w i t h  f u r t h e r  d e f o r m a t i o n .  McClinton 
and Cohen [56 ]  have shown t h a t  t e n s i l e  r e s i d u a l  s t r e s s e s  d e v e l o p  w i t h i n  t h e  
p l a s t i c  d e f o r m a t i o n  bands  o f  an  a n n e a l e d  mi ld  s t e e l ,  even a t  l o a d s  c l o s e  t o  t h e  
f a t i g u e  l i m i t  i n  t e n s i o n - t e n s i o n  f a t i g u e .  These  c a s e s  of r e s i d u a l  s t r e s s  
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g e n e r a t i o n  unde r  c y c l i c  l o a d i n g  c a n  be  a s c r i b e d  t o  inhomogeneous  p l a s t i c  
d e f o r m a t i o n  d u e  t o  m e c h a n i c a l  o r  s t r u c t u r a l  c h a n g e s  t h a t  t a k e  p l a c e .  Changes  
i n  t h e  y i e l d  s t r e n g t h  d u e  t o  work h a r d e n i n g  may s e t  up  c o n d i t i o n s  where  t h e  
s u r f a c e ,  which i n i t i a l l y  p l a s t i c a l l y  de fo rms  b e f o r e  t h e  s u b s u r f a c e  and t h u s  
h a r d e n s  t o  a  g r e a t e r  d e g r e e ,  u n d e r g o e s  more e l a s t i c  d e f o r m a t i o n  t h a n  t h e  s u b s u r f a c e  
a n d  s u b s e q u e n t l y  i s  h e l d  i n  t e n s i o n  o n  u n l o a d i n g .  I n  a  52100  b a l l  b e a r i n g  
s t e e l ,  Voskamp e t  a l .  [ 5 5 1  showed t h a t  d e c o m p o s i t i o n  o f  t h e  a u s t e n i t e  is  p r i m a r i l y  
r e s p o n s i b l e  f o r  t h e  deve lopmen t  o f  t h e  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 e s .  I t  i s  
o b v i o u s  t h a t  s u c h  c h a n g e s  i n  t h e  r e s i d u a l  s t r e s s  s t a t e  depend  o n  t h e  s p e c i f i c  
m a t e r i a l  and l o a d i n g  c o n d i t i o n s .  Because  o f  t h i s ,  u s e  o f  t h e  deve lopmen t  o f  
t h e  r e s i d u a l  s t a t e  t o  d e t e r m i n e  f a t i g u e  damage C531 i s  l i m i t e d  t o  s p e c i f i c  
s i t u a t i o n s  and h a s  n o t  become a  g e n e r a l  pu rpose  t o o l .  

F a t i g u e  Near t h e  Endu rance  L i m i t .  S e v e r a l  i n v e s t i g a t o r s  h a v e  shown t h a t  r e s i d u a l  
s t r e s s  r e l a x a t i o n  o c c u r s  d u r i g g  f a t i g u e  f o r  peak c y c l i c  s t r e s s e s  w e l l  be low  
[ 5 7 , 5 8 1  and n e a r  C591 t h e  e n d u r a n c e  l i m i t .  I t  h a s  been  s u g g e s t e d  t h a t  s t r e s s  
c o n c e n t r a t o r s  may p r o v i d e  t h e  mechanism f o r  r e l a x a t i o n  i n  t h i s  r e g i m e  160 -633 ,  
a l t h o u g h  d e f i n i t i v e  r e s u l t s  a r e  l a c k i n g .  P a t t i n s o n  and Dugda l e  C571, f o r  
e x a m p l e ,  found t h a t  r e l a x a t i o n  d i d  n o t  b e g i n  u n t i l  1 0 '  c y c l e s  i n  a n  A1 a l l o y  
L65 ( 4 - 1 / 2 %  Cu) c y c l e d  be low  t h e  nomina l  e n d u r a n c e  l i m i t .  P o s s i b l y ,  d e f e c t s  o r  
m i c r o c r a c k s  g e n e r a t e d  d u r i n g  t h e  l a t t e r  phase  o f  t h e  c y c l i n g  p r o c e s s  may have  
i n i t i a t e d  an  e l a s t i c  r e l a x a t i o n .  A l s o ,  l o c a l  t e m p e r a t u r e  i n c r e a s e s  d u r i n g  
f a t i g u e  a t  h i g h  r a t e s  o f  c y c l i c  l o a d i n g  may i n d u c e  r e l a x a t i o n .  T h e r e  w i l l  
a l w a y s  b e  some form o f  s t r e s s  c o n c e n t r a t i o n s ,  s u c h  a s  a t  g r a i n  j u n c t i o n s ,  
d i s l o c a t i o n  p i l e u p s  and  p h a s e  b o u n d a r i e s .  With  t h e  e x c e p t i o n  o f  l a r g e  s t r e s s  
c o n c e n t r a t i o n s  s u c h  a s  n o t c h e s  [ 6 0 1 ,  r e l a x a t i o n  a t  c y c l i c  l o a d s  be low  t h e  
e n d u r a n c e  l i m i t  t a k e s  p l a c e ,  i f  a t  a l l ,  o n l y  late i n  t h e  f a t i g u e  l i f e  o f  a  
componen t ,  and p r o b a b l y  by mechanisms c o m p l e t e l y  d i f f e r e n t  f r om t h o s e  i m p o r t a n t  
f o r  l a r g e r  c y c l i c  s t r e s s  a m p l i t u d e s .  

An a d d i t i o n a l  f a c t o r  i n  s t r a i n  h a r d e n i n g  m a t e r i a l s  i s  t h a t  e a r l y  i n  f a t i g u e ,  
m i c r o p l a s t i c  d e f o r m a t i o n  t a k e s  p l a c e  be low t h e  f a t i g u e  l i m i t  u n t i l  s t r a i n  
h a r d e n i n g  o c c u r s  i n  de fo rmed  g r a i n s .  R e l a x a t i o n  i s  c e r t a i n l y  p o s s i b l e  d u r i n g  
t h i s  p e r i o d .  

F a t i g u e  a t  I n t e r m e d i a t e  S t r e s s  A m p l i t u d e s .  High p e r f o r m a n c e  components  a r e  
commonly d e s i g n e d  t o  o p e r a t e  i n  a  c y c l i c  s t r e s s  r eg ime  t h a t  e x c e e d s  t h e  m a t e r i a l  
e n d u r a n c e  l i m i t ,  b u t  w h i c h  i s  l e s s  t h a n  t h e  y i e l d  s t r e n g t h .  C o n s i d e r a b l e  d a t a  
h a v e  been  g e n e r a t e d  o n  t h e  r e l a x a t i o n  phenomenon i n  t h i s  r e g i m e ,  b u t  a  c o m p l e t e  
model  e x p l a i n i n g  r e l a x a t i o n  behav i  o u r  h a s  n o t  y e t  been  s u g g e s t e d .  I n  g e n e r a l ,  
r e l a x a t i o n  b e g i n s  r a p i d l y  w i t h i n  t h e  f i r s t  few c y c l e s  and d e c r e a s e s  i n  r a t e  
w i t h  i n c r e a s i n g  f a t i g u e .  I n  d i s c u s s i n g  i n t e r n a l  s t r e s s e s ,  V a l l u r i  E641 s u g g e s t e d  
t h a t  t h e  s i t u a t i o n  i s  a n a l o g o u s  t o  c r e e p .  I n  s u c h  a  t h e r m a l l y  a c t i v a t e d  p r o c e s s ,  
r a t e  t h e o r y  i s  o f t e n  a p p l i c a b l e  and g e n e r a l l y  p r e d i c t s  a n  e x p o n e n t i a l  d e c r e m e n t  
o f  r e s i d u a l  s t r e s s  w i t h  t h e  number o f  f a t i g u e  c y c l e s .  S e v e r a l  i n v e s t i g a t i o n s  
[ 6 5 , 6 6 1  have  u sed  r a t e  p r o c e s s  t h e o r y  t o  d e s c r i b e  t h e  r e l a x a t i o n  r a t e  e m p i r i c a l l y ,  
b u t  t h e y  have  n o t  a t t e m p t e d  t o  s e p a r a t e  t h e  i n f l u e n c e  o f  i m p o r t a n t  v a r i a b l e s  
s u c h  a s  t h e  m a t e r i a l ' s  p r o p e r t i e s  and c y c l i c  s t r e s s  a m p l i t u d e .  However,  d a t a  d o  
s u p p o r t  a n  e x p o n e n t i a l  d e c a y  r a t e .  

S t u d i e s  u s i n g  s u r f a c e  r e s i d u a l  s t r e s s e s  (measu red  by x - r a y  d i f f r a c t i o n )  t o  
i n v e s t i g a t e  t h e  r e l a x a t i o n  p r o c e s s  have  i l l u m i n a t e d  c e r t a i n  a s p e c t s  o f  t h e  
p rob l em.  T a i r a  and Murakami [ 6 7 ]  h a v e  shown t h a t  t h e  amount o f  r e l a x a t i o n  i s  a  
f u n c t i o n  o f  t h e  a p p l i e d  c y c l i c  s t r e s s  a m p l i t u d e .  P o t t e r  and M i l l a r d  [ 7 ]  o b s e r v e d  
o n l y  mino r  r e l a x a t i o n  i n  c y c l i n g  A1 7075-T6 a t  R = 0 .5  w i t h  t h e  maximum c y c l i c  
s t r e s s  a m p l i t u d e  o f  0 .78  0  i e l d ,  w e l l  above  t h e  f a t i g u e  l i m i t ,  b e c a u s e  t h e  
c y c l i c  s t r e s s  r a n g e  was o n l y  0 .39  o y i e l d ;  t h e  c y c l i c  s t r e s s  ( o r  s t r a i n )  r a n g e  
i s  t h e r e f o r e  a l s o  a n  i m p o r t a n t  v a r i a b l e .  James  and  M o r r i s  C681 showed t h a t  
c o m p r e s s i v e  mach in ing  s t r e s s e s  d e c a y  d u r i n g  f u l l y  r e v e r s e d  l o a d i n g  o f  A1 a l l o y s ,  
b u t  t h a t  i n  t e n s i o n - t e n s i o n  l o a d i n g ,  b o t h  c o m p r e s s i v e  and t e n s i l e  s t r e s s e s  c a n  
be i n t r o d u c e d  d e p e n d i n g  o n  t t ~ e  p a r t i c u l a r  m i c r o p l a s t i c  and h a r d e n i n g  r e s p o n s e  
o f  t h e  a l l o y  1 6 9 1 ,  a s  i l l u s t r a t e d  by t h e  c u r v e s  o f  F i g .  4 .  
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F i g .  4 F a t i g u e - i n d u c e d  r e s i d u a l  s t r e s s e s  i n  f o u r  a l umin ium a l l o y s .  
Samples  we re  c y c l e d  a t  c o n s t a n t  a m p l i t u d e  i n  z e r o - t e n s i o n  bend ing .  

E s q u i v e l  and Evans  C701 h a v e  shown t h a t  t h e  d e g r e e  o f  r e l a x a t i o n  i n c r e a s e s  w i t h  
i n c r e a s i n g  s t r e s s  g r a d i e n t  i n  s h o t - p e e n e d  4130  s t e e l ,  a n d  b o t h  E s q u i v e l  and 
Evans  [70 ]  and H a y a s h i  and Doi C581 f o u n d  t h a t  t h e  g r e a t e s t  r e l a x a t i o n  t a k e s  
p l a c e  on t h e  s u r f a c e .  L e v e r a n t  e t  a l .  [ 71 ]  h a v e  shown t h a t  n o t  o n l y  i s  t h e  
s t r a i n  a m p l i t u d e  and  r a n g e  impor t an t ,  b u t  a l s o  t h a t  c y c l i n g  a b o u t  a  mean s t r a i n  
s i g n i f i c a n t l y  a f f e c t s  t h e  r e l a x a t i o n  ( a s  l o n g  a s  t h e  c y c l i c  s t r a i n  r a n g e  i s  
l a r g e  enough ) .  A mean s t r a i n  o f  -0.3% was shown t o  i n d u c e  g r e a t e r  r e l a x a t i o n  
i n  sho t -peened  Ti-6A1-4V t h a n  a  mean s t r a i n  o f  +0.3% ( c y c l i c  s t r a i n  r a n g e  
+0.6%).  T h i s  was e x p e c t e d ,  s i n c e  a  c o m p r e s s i v e  s u r f a c e  s t r e s s  was i nduced  by 
s h o t  p e e n i n g ,  and  t h e r e f o r e  t h e  sum o f  r e s i d u a l  and  a p p l i e d  s t r e s s e s  was g r e a t e s t  
w i t h  a  c o m p r e s s i v e  mean s t r a i n .  

Bo th  r e s i d u a l  s t r e s s  and h a r d n e s s  d i s t r i b u t i o n s  c a n  c h a n g e  w i t h  r e p e t i t i v e  
r o l l i n g  c o n t a c t .  Muro e t  a l .  [ 7 2 , 7 3 1  f o u n d  t h a t  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  
v a l u e s  and d e g r e e  of  work h a r d e n i n g  i n c r e a s e  a s  t h e  c o n t a c t  s t r e s s  and number 
o f  c o n t a c t  c y c l e s  i n c r e a s e .  I n  s l i d i n g - r o l l i n g ,  F u j i t a  and Yoshida  1741 a l s o  
found  a  g r a d u a l  i n c r e a s e  i n  t h e  c o m p r e s s i v e  r e s i d u a l  a t r e s s  w i t h  r o l l i n g  c y c l e s  
i n  b o t h  a n n e a l e d  and c a s e - h a r d e n e d  r o l l e r s .  R e l a x a t i o n  o f  t h e  c i r c u m f e r e n t i a l  
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c o m p r e s s i v e  s t r e s s e s  was ossumed t o  b e  due  t o  t h e  i n i t i a t i o n  o f  m i c r o c r a c k s  i n  
t h e  r o l l e r  s u r f a c e  a l o n g  t h e  a x i a l  d i r e c t i o n .  Iio e t  a l .  C 753 found  t h a t  t h e  
s l i d i n g  wear p r o c e s s  i n  ALSI 1018  and 4340 s t e e l s  r a p i d l y  a l t e r e d  t h e  i n i t i a l  
s t r e s s  d i s t r i b u t i o n  p roduced  by h e a t  t r e a t m e n t  o r  p e e n i n g .  

A c o n v e n i e n t  e x p e r i m e n t a l  a p p r o a c h  t o  t h e  s t u d y  o f  r e s i d u a l  s t r e s s  r e l a x a t i o n  
i s  t o  u s e  a n  e x t e r n a l l y  imposed mean s t r e s s .  Some b a s i c  c h a r a c t e r i s t i c s  o f  t h e  
r e l a x a t i o n  p r o c e s s  a r e  f ound  t o  be  s i m i l a r .  Mean s t r e s s e s  r e l a x  a t  a n  e x p o n e n t i a l  
r a t e  w i t h  c y c l e s  [ 763 and by a  power law dependence  [ 771, t h e  r a t e  o f  r e l a x a t i o n  
becomi ng s m a l l e r  w i t h  i n c r e a s i n g  f a t i g u e .  H ighe r  s t r a i n  a m p l i t u d e s  p roduce  
f e s t e r  r a t e s  o f  r e l a x a t i o n  [ 76-79]. The r a t e  o f  r e l a x a t i o n  d o e s  n o t  depend on 
t h e  s i g n  of  t h e  mean s t r e s s  [77] .  

Mean s t r e s s  r e l a x a t i o n  t e s t s  a r e  done  by c y c l i n g  t h e  s amp le  i n  s t r a i n  c o n t r o l  
a t  a  c . ons t an t  s t r a i n  r a n g e ,  u s u a l l y  above  t h e  0.2% o f f s e t  y i e l d  p o i n t ,  u n t i l  a n  
e q u i l i b r i u m  h y s t e r e s i s  l o o p  i s  o b t a i n e d ;  a  mean s t r e s s  i s  t h e n  imposed ( b y  
a d j u s t i n g  t h e  s t r a i n  l i m i t s )  and i t s  d e c a y  r a t e  i s  f o l l o w e d  w i t h  f u r t h e r  c y c l i n g .  
B e c a u s e  of  t h e  c o n s t a n t  s t r a i n  a m p l i t u d e  c y c l i n g  and u n i f o r m  n e t  s e c t i o n  s t r e s s  
i n h e r e n t  i n  t h e s e  t e s t s ,  t h e  mean s t r e s s e s  r e l a x  t o  z e r o  e x c e p t  a t  s m a l l  s t r a i n  
a m p l i t u d e s .  ( ~ r o m  o u r  p r e v i o u s  d i s c u s s i o n ,  t h e  s u r f a c e  r e s i d u a l  s t r e s s  would  
b e  e x p e c t e d  t o  change  s i g n  w i t h  e a c h  h a l f  c y c l e  b e c a u s e  o f  t h e  d i f f e r e n t  v a l u e s  
o f  t h e  y i e l d  s t r e n g t h  on  t h e  s u r f a c e  and i n  t h e  b u l k . )  S u r f a c e  r e s i d u a l  s t r e s s e s ,  
h o w e v e r ,  o f t e n  r e l a x  t o  some a s y m p t o t i c  n o n z e r o  v a l u e  d u r i n g  f a t i g u e  c y c l i n g  i n  
t h e  l o a d  r eg ime  unde r  d i s c u s s i o n .  I n  t h i s  r e g i m e ,  m a c r o s c o p i c  y i e l d i n g  o f  t h e  
b u l k  d o e s  n o t  t a k e  p l a c e ;  b u t ,  o f  c o u r s e ,  l o c a l i z e d  y i e l d i n g  a t  t h e  s u r f a c e  i s  
s t i l l  p r e s e n t .  T h i s  g i v e s  r i s e  t o  a  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  
s t a t e  t o  some n o n z e r o  m a g n i t u d e  r a t h e r  t h a n  s i m p l y  a n  e x p o n e n t i a l  decay  t o  
z e r o .  The r e s i d u a l  s t r e s s  s t a t e  i s  a  h i g h l y  l o c a l i z e d  d i s t u r b a n c e  i n  a n  e l a s t i c  
c o n t i n u u m ,  and  h e n c e  i s  a n  u n s t a b l e  c o n d i t i o n .  The  d e g r e e  o f  s t a b i l i t y  mus t  b e  
d i c t a t e d  by t h e  s u r r o u n d i n g  m a t r i x  and s h o u l d  depend  on  s u c h  f e a t u r e s  a s  t h e  
r e s i d u a l  s t r e s s  g r a d i e n t ,  i n i t i a l  s t r e s s  s t a t e ,  p r i o r  f a t i g u e  h i s t o r y ,  and 
h a r d e n i n g  o r  s o f t e n i n g  b e h a v i o u r  - p rob l ems  n o t  e n c o u n t e r e d  i n  mean s t r e s s  
r e l a x a t i o n  t e s t s .  F o r  i n s t a n c e ,  J h a n s a l e  and  Toppe r  [ 7 7 1  have  shown t h a t  
s t r a i n  a m p l i t u d e  and number o f  c y c l e s  seem t o  b e  t h e  p r i m a r y  v a r i a b l e s  i n f l u e n c i n g  
mean s t r e s s  r e l a x a t i o n  b e h a v i o u r ,  and t o  a  f i r s t  a p p r o x i m a t i o n ,  t h e  i n f l u e n c e  
o f  o t h e r  v a r i a b l e s  i s  n e g l i g i b l e ;  o n e  c a n n o t  b e  c e r t a i n  t h a t  s u c h  c o n d i t i o n s  
a r e  a p p l i c a b l e  d u r i n g  r e l a x a t i o n  o f  s u r f a c e  r e s i d u a l  s t r e s s e s .  Even s o ,  m a t e r i a l  
d e p e n d e n t  p r o p e r t i e s  c an  b e  e a s i l y  s t u d i e d  i n  t h i s  way. F o r  i n s t a n c e ,  Morrow 
e t  a l .  [ 7 9 ]  f ound  t h a t  t h e  amount o f  r e l a x a t i o n  o c c u r r i n g  i n  m a r t e n s i t i c  s t e e l s  
was  a  f u n c t i o n  o f  t h e i r  h e a t  t r e a t m e n t ,  w i t h  t h e  d e c a y  b e i n g  l e s s  p ronounced  
f o r  h a r d e r  m a t e r i a l s ,  i n d i c a t i n g  a  dependence  o n  t h e  m a t e r i a l  d u c t i l i t y .  
Landg ra f  [ 801  a t t r i b u t e d  s i m i l a r  r e s u l t s  t o  a n  i n c r e a s e  i n  t h e  c y c l i c  y i e l d  
s t r e n g t h  w i t h  i n c r e a s i n g  h a r d n e s s .  

I 

E m p i r i c a l  r e l a x a t i o n  l aws  t o  d e s c r i b e  c e r t a i n  l i m i t e d  d a t a  have  been  p roposed .  I 

I m p e l l i z z e r i  [ 8 1 1  u s e d  a  s i m p l e  e x p o n e n t i a l  d e c a y  f u n c t i o n  and N e u b e r ' s  r u l e  t o  1 

c a l c u l a t e  t h e  c y c l i c - d e p e n d e n t  l o c a l  s t r e s s  a t  a  n o t c h ,  which  p r e d i c t s  r e l a x a t i o n  8 

f 

e v e n  below t h e  e n d u r a n c e  l i m i t  a t  t h e  n o t c h .  P o t t e r  [ 8 2 ] ,  i n  s t u d y i n g  t h e  
e f f e c t s  o f  o v e r l o a d  b e h a v i o u r ,  u s e d  t h e  n o n e q u i l i b r i u m  component o f  t h e  r e s i d u a l  I 

s t r e s s  ( i . e . ,  t h e  d i f f e r e n c e  be tween  t h e  i n i t i a l  and  e q u i l i b r i u m  v a l u e  o f  t h e  I 

r e s i d u a l  s t r e s s )  and a n  e x p o n e n t i a l  r a t e  o f  d e c a y  b a s e d  on  t h e  c y c l e s  t o  e q u i l i b r i u m  
t o  d e t e r m i n e  t h e  t r a n s i e n t  v a l u e  o f  t h e  r e s i d u a l  s t r e s s .  James  and M o r r i s  [ 68 ]  
u s e d  a  model o f  m i c r o p l a s t i c  s t r a i n  t o  d e s c r i b e  t h e  e f f e c t  o f  s t r e s s  a m p l i t u d e  

1 

on  t h e  decay  r a t e  i n  A1 2219. None o f  t h e s e  mode l s  a d e q u a t e l y  d e s c r i b e s  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  o r  s t r a i n  r a n g e ,  t h e  e n d u r a n c e  l i m i t ,  t h e  s t r e s s  
g r a d i e n t ,  o r  p o s s i b l e  work h a r d e n i n g  o f  t h e  s u r f a c e .  

I n  summary, r e l a x a t i o n  o f  s u r f a c e  r e s i d u a l  s t r e s s  i s  known t o  o c c u r  a t  o r  n e a r  
t h e  f a t i g u e  l i m i t .  Wel l  above  t h i s  r e g i o n ,  i . e . ,  i n  low c y c l e  f a t i g u e ,  t h e  
r e s i d u a l  s t r e s s  s t a t e  i s  d e p e n d e n t  on  t h e  d i r e c t i o n  and  m a g n i t u d e  o f  l o a d i n g .  
Below t h e  f a t i g u e  l i m i t ,  r e l a x a t i o n  may s t i l l  t a k e  p l a c e ,  i n  t h a t  t h e r e  w i l l  

1 
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always be stress concentrators, but definitive studies are lacking. These 
regimes are only intended to define a separation in the apparent behaviour of 
the surface residual stress and are not to be taken as definitive separations 
between the mechanisms responsible. However, the influence of compressive 
residual stresses in increasing fatigue life is recognized to be highly dependent 
on stress stability, since relaxation may take place early in the fatigue 
process. 

VIBRATORY STRESS RELIEF 

Probably no technique has polarized opinions more than vibratory stress relief 
(vSR). A literature survey of work prior to 1968 was published by Brogden 
C831, who remained largely unconvinced of the technique's merits. Since then, 
however, a number of investigations have shown improvements in dimensional 
stability and lowered residual stresses [84-951. Undeniably, when applied 
properly, the method can relax the distribution of residual stresses. The 
questions to be answered are how does relief in stress take place; and, is any 
damage induced? 

Commercial processes normally involve clamping an eccentric mass electric motor 
to the component of interest and vibrating it at resonant frequencies (usually 
10-100 Hz) for periods up to 15 min. The workpiece, of course, must be free to 
move, but castings up to many tons have been relieved L871. Resonant frequencies 
are used to impart the largest stress amplitude with small inputs of energy, 
but require control of the vibrator's frequency. The necessary feedback control 
and proper instrumentation to record and display pertinent data have been 
elaborated on by Klauba and Adams [92-931. The resonant frequency varies with 
the internal state of stress and changes by small amounts during the stress 
relieving process. Monitoring shifts in the resonant frequency enables the 
relaxation process to be quantified and verified. Instrumentation sold by 
Bonal Technologies operates just below the resonant frequency, which is supposed 
to induce more absorbed energy into a component. 

An understanding of the mechanism behind VSR can be obtained by reviewing a 
previous section, where examples were given of stress relaxation during cyclic 
loading. The types of stress or strain amplitudes used in successful VSR are 
equivalent to cyclic loading above the endurance (fatigue) limit. Relaxation 
takes place by microplastic deformation, in which the movement of dislocations 
redistributes the residual elastic stresses and the microstresses. The dislocation 
experiences a force equal to the sum of the vibratory and static stresses. The 
vibrations of dislocation segments are highly damped so that in the low frequency 
range there is no possibility of storing energy from one cycle to another. 
Natural frequencies of vibration of dislocations are in the gigacycle range. 
Thus, VSR is simply a low cost method of cyclically loading a component to 
relax the residual stresses through microplastic deformation. Small-scale 
deformation takes place above a threshold usually equivalent to the fatigue 
limit. As shown in a previous section, the relaxation is dependent on the 
cyclic amplitude and is modified by cyclic hardening or softening, but it is 
exponential in rate. Thus, the major relief occurs in l0'-10~ cycles, within 10 
min or so at the normal frequencies used. Accumulation of cyclic damage must 
also occur during this process. If damage accumulates at rates predicted by a 
Coffin-Manson type relationship, as suggested by Cooper and Fine [961, the rate 
of damage accumulation is considerably slower than the exponential rate of 
residual stress relaxation. James and Morris 1681 found that the majority of 
relaxation in A1 22198 took place far before the initiation of surface microcracks. 
Dawson and Moffat 1971 concur, stating that although the fatigue limit must be . 
exceeded for VSR to work, the accumulated fatigue damage should be minor. 

By analogy of the VSR process to that of microplastic deformation, we can also 
understand why the method is relatively ineffective in bent tubing and other 
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components having undergone cold-work processes. These processes raise the 
threshold limit (fatigue limit) at which VSR is effective by pinning the 
dislocations and making slip processes more difficult. VSR techniques combined 
with low thermal treatments have been shown to be very effective in stress 
relieving welded structures C911, as would be expected by the thermal enhancement 
of plastic flow. The authors developed a finite-difference model and used the 
von Mises yield criterion to model the VSR process numerically. As a point of 
interest, it is well known that surfaces microplastically yield at lower stress 
levels than the bulk due to lack of three dimensional constraints and environmental 
effects. Thus, surface measurement techniques to monitor residual stress 
should be most scnitive to the VSR technique. 

CONCLUSIONS 

This perspective on relaxation of residual stress offers insight into the many 
ways residual stress can be relieved and redistributed, both deliberately or 
unintentionally during service. Appropriate research on stress relieving 
should focus on correlating creep resistance to thermal relief and models of 
microplastic deformation to mechanical stress relieving. Many techniques have 
been used to monitor the degree of relaxation with that of dimensional stability 
of a part being the most simple and most used. Recognition of the decay of 
beneficial residual stresses during service should lead to the use of more 
sophisticated nondestructive measurement techniques to monitor the distribution. 
Finally, robust models, whether analytical or numerical, would be of great 
value in quantitatively predicting the relaxation rate, a prediction that 
currently is as much art as science. 
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