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A B S T R A C T

T h e  g r o w t h  o f  s u r f a c e  c r a c k s  w i t h  r e s u l t i n g ,  p o s s i b l y  

c a t a s t r o p h i c ,  f a i l u r e  i n  w e l d e d  j o i n t s  u s e d  f o r  o f f s h o r e  

p u r p o s e s  h a s  b e e n  o f  c o n s i d e r a b l e  c o n c e r n  i n  r e c e n t  y e a r s .  

T h e  p r e s e n t  t h e s i s  a t t e m p t s  t o  d e s c r i b e  h o w  s u c h  f a i l u r e  c a n  

b e  p r e d i c t e d  u s i n g  l i n e a r  f r a c t u r e  m e c h a n i c s .  T h e  a p p r o a c h  

r e q u i r e s  f a t i g u e  c r a c k  g r o w t h  d a t a  f o r  t h e  m a t e r i a l s  

a s s o c i a t e d  w i t h  a  b u t t - w e l d e d  j o i n t ,  w e l d  m e t a l ,  H A Z , a n d  

p a r e n t  m a t e r i a l  a s  w e l l  a s  a  c o r r e l a t i o n  f o r  t h e  s t r e s s  

i n t e n s i t y  f a c t o r  o f  s e m i - e l l i p t i c a l  c r a c k  p r o p a g a t i o n  b o t h  

o n  t h e  s u r f a c e  a n d  i n  t h e  t h r o u g h - t h i c k n e s s  d i r e c t i o n .

T h e s e  a n d  o t h e r  p r o p e r t i e s  w e r e  f o u n d  f o r  B S 4 3 6 0 - 5 0 D ,  

c l a s s  6 w e l d  m e t a l ,  a n d  H A Z  a s s o c i a t e d  w i t h  t h e  p a r e n t  m e t a l  

a n d  w e l d m e n t ,  a s  c u r r e n t l y  u s e d  f o r  c o n s t r u c t i o n  o f  N o r t h  

S e a  o i l  p l a t f o r m s .  T h e  e f f e c t s  o f  s t r e s s  r a t i o ,  l o a d i n g  

f r e q u e n c y ,  s p e c i m e n  g e o m e t r y ,  a n d  s a l t - w a t e r  e n v i r o n m e n t  

w e r e  i n v e s t i g a t e d .  T h e  s t r e s s  i n t e n s i t y  f a c t o r  c a l i b r a t i o n  

f o r  s e m i - e l l i p t i c a l  c r a c k s  t h a t  g a v e  t h e  b e s t  c o r r e l a t i o n  

w i t h  t h e  d a t a  f r o m  t h r o u g h - t h i c k n e s s  c r a c k s  w a s  f o u n d  f r o m  

t h e  l i t e r a t u r e .

T o  o b t a i n  b a s i c  c r a c k  p r o p a g a t i o n  d a t a ,  t e s t s  w e r e  

c o n d u c t e d  o n  s t a n d a r d  c o m p a c t  t y p e  s p e c i m e n s .  F a t i g u e  c r a c k  

g r o w t h  t e s t s  w e r e  a l s o  p e r f o r m e d  o n  s u r f a c e - n o t c h e d  p l a t e s  

i n  b e n d i n g .  T h e s e  t e s t s  c o v e r e d  t h e  f u l l  s u b c r i t i c a l  r a n g e  

o f  g r o w t h  r a t e s  f r o m  A K t h t o  h i g h  v a l u e s  o f  A K .  T h e  r e s u l t s  

s h o w e d  t h a t  t h e  g r o w t h  r a t e s  o f  s u r f a c e  c r a c k s  i n  t h e
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w e l d m e n t  w e r e  h i g h e r  t h a n  f o r  t h e  p a r e n t  p l a t e  a n d  t h a t  i n  

g e n e r a l  t h e  f a t i g u e  c r a c k  g r o w t h  r a t e s  i n c r e a s e  w i t h  

i n c r e a s e  i n  s t r e s s  r a t i o  a n d  d e c r e a s e  i n  f r e q u e n c y .  T h e  u s e  

o f  a n  A . C . p o t e n t i a l  d r o p  m i c r o g a u g e  f o r  c r a c k  d e p t h  

m e a s u r e m e n t s  w a s  a l s o  i n v e s t i g a t e d .  I t  w a s  f o u n d  t h a t  t h e  

v a r i a t i o n  o f  t h e  d i g i t a l  v o l t a g e  w i t h  c r a c k  d e p t h  i s  l i n e a r ,  

a n d  t h a t  i n c r e a s i n g  t h e  g a i n  r e s u l t s  i n  a  c o r r e s p o n d i n g  

i n c r e a s e  i n  s e n s i t i v i t y  w i t h o u t  a f f e c t i n g  t h e  l i n e a r i t y .

A  m o d e l  w h i c h  c a n  a c c o m m o d a t e  t h e  f a t i g u e  c r a c k  

p r o p a g a t i o n  o n  t h e  s u r f a c e  a s  w e l l  a s  f o r  t h e  c r a c k  i n  t h e  

t h r o u g h - t h i c k n e s s  d i r e c t i o n  w a s  d e v e l o p e d  t o  p r e d i c t  t h e  

g r o w t h  o f  s e m i - e l l i p t i c a l  c r a c k s .  T h e  i n f l u e n c e  o f  i n i t i a l  

f l a w  s i z e  o n  t h e  s h a p e  a n d  s i z e  o f  g r o w i n g  f a t i g u e  c r a c k s  

w a s  i n v e s t i g a t e d ,  t o g e t h e r  w i t h  t h e  e f f e c t  o f  d i f f e r e n t  

w i d t h  a n d  t h i c k n e s s ,  u s i n g  t h i s  m o d e l .

F i n a l l y  a n  a t t e m p t  w a s  m a d e  t o  s u g g e s t  w a y s  t o  i m p r o v e  

t h e  f a t i g u e  p r o p e r t i e s  o f  b u t t - w e l d e d  j o i n t s .  P r e l i m i n a r y  

t e s t s  s h o w e d  t h a t  t h e  t e c h n i q u e  d e v e l o p e d  t o  f a b r i c a t e  t h e  

b u t t - w e l d e d  s p e c i m e n s  r e d u c e d  t h e  r a t e  f a t i g u e  c r a c k  g r o w t h  

w h e n  c o m p a r e d  t o  t h e  w e l d m e n t s  f a b r i c a t e d  b y  c o n v e n t i o n a l  

m e t h o d s •
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A C K N O W L E D G E M E N T S

T h e  a u t h o r  w i s h e s  t o  t h a n k  h i s  s u p e r v i s o r ,  D r .  J . C .  

R a d o n ,  w h o s e  a p p r o a c h a b i 1 i t y  d u r i n g  t h e  c o u r s e  o f  t h i s  w o r k  

i s  p a r t i c u l a r l y  a p p r e c i a t e d .

S p e c i a l  t h a n k s  a r e  d u e  t o  D r .  T . J .  B a k e r  o f  t h e  

D e p a r t m e n t  o f  M e t a l l u r g y  f o r  h i s  c o m m e n t s  o n  f r a c t o g r a p h s  

a n d  t h e  m e t a l l u r g y  o f  w e l d s ,  t o  M r .  C . E .  N o a d  f o r  h i s  

p e r f e c t i o n i s m  i n  t h e  f i n a l  p r e p a r a t i o n  o f  t h i s  w o r k ,  a n d  

a l s o  t o  m e m b e r s  o f  t h e  t e c h n i c a l  s t a f f  i n  t h e  l a b o r a t o r i e s  

a n d  i n  t h e  d e p a r t m e n t a l  w o r k s h o p .

F i n a l l y ,  t h e  a u t h o r  i s  i n d e b t e d  t o  h i s  p a r e n t s  f o r  

t h e i r  e n d l e s s  f o r b e a r a n c e  a n d  e n c o u r a g e m e n t .
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C H A P T E R  1_ 

I N T R O D U C T I O N

1 . 1  B A C K G R O U N D

B e c a u s e  o f  t h e  r e c e n t  e x p a n s i o n  i n  s e a - b a s e d  

d e v e l o p m e n t  w o r k ,  t h e r e  h a s  b e e n  a  c o r r e s p o n d i n g  g r o w t h  i n  

t h e  n u m b e r s  a n d  t y p e s  o f  o f f s h o r e  c o n s t r u c t i o n  b u i l t  . S u c h  

c o n s t r u c t i o n s  m u s t  b e  s a f e l y  d e s i g n e d  w i t h  r e s p e c t  t o  a 

n u m b e r  o f  p o s s i b l e  f a i l u r e  m o d e s  d u e  t o  t h e  f o r c e s  a c t i n g  o n  

t h e m ,  a s  t h e  s t r u c t u r a l  i n t e g r i t y  o f  o f f s h o r e  i n s t a l l a t i o n s  

a n d  e q u i p m e n t  i s  o n e  o f  p r i m e  i m p o r t a n c e  w i t h  r e g a r d  t o  

d a n g e r  t o  h u m a n  l i f e .

T h e  s e r v i c e  l o a d i n g  w h i c h  a  w e l d e d  s t e e l  o f f s h o r e  

s t r u c t u r e  e x p e r i e n c e s  d e r i v e s  f r o m  a  l a r g e  n u m b e r  o f  

s o u r c e s ,  a n d  c o n s i s t s  o f  a  c o m b i n a t i o n  o f  s t a t i c ,  d y n a m i c  

a n d  c y c l i c  l o a d s .  A m o n g  t h e s e ,  t h e  c y c l i c  s t r e s s  c a u s e d  b y  

w i n d  o r  w a v e s  c a n  c a u s e  f a i l u r e  b y  f a t i g u e .  T h e  m a i n  

o i l f i e l d s  i n  t h e  N o r t h  S e a  a r e  l o c a t e d  i n  a r e a s  w h i c h  

e x p e r i e n c e  s o m e  o f  t h e  w o r s t  w e a t h e r  c o n d i t i o n s  i n  t h e  

w o r l d ,  w h e r e  i n  w i n t e r  w a t e r  t e m p e r a t u r e s  f a l l  t o  a r o u n d  4 ° C  

a n d  p r o l o n g e d  a i r  t e m p e r a t u r e s  t o  w e l l  b e l o w  f r e e z i n g ,  a n d  

w h e r e  m  s t o r m y  c o n d i t i o n s  t h e r e  a r e  g u s t s  o f  w i n d  e x c e e d i n g  

1 6 0  k m / h r  a n d  w a v e s  r i s e  t o  h e i g h t s  o f  2 0 m .  I t  i s  t h e r e f o r e  

v e r y  i m p o r t a n t  t o  h a v e  s u f f i c i e n t  i n f o r m a t i o n  o n  t h e  f a t i g u e  

b e h a v i o u r  o f  s t r u c t u r a l  s t e e l  a n d  w e l d e d  j o i n t s ,  a s  u s e d  i n  

s t r u c t u r e s  o p e r a t i n g  u n d e r  t h e s e  c o n d i t i o n s .
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I n s u c h o f f s h o r e s t r u c t u r e s , w h i c h a r e  w e l d e d  d u r i n g

c o n s t r u c t i o n , s m a l l  c r a c k - 1 i k e  d e f e c t s a r e i n v a  r i a b l y

p r e s e n t f r o m t h e  b e g i n n i n g o f t h e i r  c o m m i s s i o n m g .  T h e

m a j o r i t y o f  t h e d a t a  o n  t h e f a t  l g u e  s t r e n g  t h o f  w e l d e d

j o i n t s  h a v e  b e e n  o b t a i n e d  b y u s i n g a x i a l l y l o a d e d s p e c i m e n s ,

a n d  r e l a t i v e l y 1 1 t t l e w o r k h a s b e e n  d o n e  w i t h  t y p e s  o f

s p e c  i m e n  w h i c h  c o n t a i n  r e a l i s t i c  r e s i d u a l  s t r e s s  s y s t e m s  a n d  

w h i c h  w o u l d  g i v e  t h e  d e s i g n e r  s o m e  i d e a  o f  t h e  i n f l u e n c e  o f  

s u c h  r e s i d u a l  s t r e s s e s .

C o n s i d e r a b l e  e f f o r t  i s  n o w  b e i n g  e x p e n d e d ,  i n  d i f f e r e n t  

c e n t r e s  f o r  o f f s h o r e  r e s e a r c h  t h r o u g h o u t  t h e  U n i t e d  K i n g d o m ,  

i n  o b t a i n i n g  b a s i c  f a t i g u e  d a t a  u n d e r  v a r i o u s  l o a d i n g  a n d  

e n v i r o n m e n t a l  c o n d i t i o n s  r e l e v a n t  t o  t h e  N o r t h  S e a .  T h e  

p r e s e n t  w o r k  i s  p a r t  o f  t h i s  m a j o r  p r o g r a m m e .

1 . 2  O B J E C T I V E S

T h e  m a i n  o b j e c t i v e  o f  t h e  p r e s e n t  w o r k  w a s  t o  g e n e r a t e  

d a t a  f o r  f a t i g u e  o f  s u r f a c e  c r a c k s  i n  B S 4 3 6 0 - 5 0 D  l o w  a l l o y  

s t r u c t u r a l  s t e e l  a n d  i t s  w e l d m e n t ,  a s  u s e d  i n  t h e  N o r t h  S e a .  

T h e  a i m  w a s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  s u c h  v a r i a b l e s  a s  

s t r e s s  r a t i o ,  f r e q u e n c y  a n d  a  c o r r o s i v e  e n v i r o n m e n t  o n  t h e  

g r o w t h  o f  s e m i - e l l i p t i c a l  c r a c k s  a s  w e l l  a s  t h e  r e l a t i o n s h i p  

b e t w e e n  c r a c k  g r o w t h  o n  t h e  s u r f a c e  a n d  i n  t h e  t h r o u g h ­

t h i c k n e s s  d i r e c t i o n .
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1 , 3  O U T L I N E  O F  T H E  W O R K

T h e  w o r k  w a s  c a r r i e d  o u t  i n  f o u r  s t a g e s : -

1 , 3 . 1  C r a c k  G r o w t h  B e h a v i o u r  o f  B S 4 3 6 0 - 5 0 D  W e l d e d  S t e e l

T h e  a i m  w a s  t o  o b t a i n  b a s i c  f a t i g u e  d a t a  f o r  t h r e s h o l d ,  

l o w  a n d  i n t e r m e d i a t e  s t r e s s  i n t e n s i t i e s  a n d  t o  i n v e s t i g a t e  

t h e  e f f e c t  o f  s t r e s s  r a t i o ,  f r e q u e n c y  a n d  s a l t  w a t e r  

e n v i r o n m e n t .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  f a t i g u e  c r a c k  

g r o w t h  r a t e s  i n  t h e  w e l d m e n t  w e r e  l o w e r  t h a n  t h o s e  i n  t h e  

b a s e  m a t e r i a l .

1 . 3 . 2  G r o w t h  o f  S e m i - e l l i p t i c a l  S u r f a c e  C r a c k s  i n  

B S 4 3 6 0 - 5 0 D  W e l d e d  S t e e l

The main objective was to obtain fatigue crack growth 

data for such cracks and investigate the correlation between 

the results from the previous stage. The results showed that 

the growth rates of semi-elliptical cracks in the weldment 

were higher than for the parent plate. The development of 

the shape of these cracks led to the third stage of the 

present work.

1 , 3 . 3  C o m p u t e r  S i m u l a t i o n  o f  S u r f a c e  C r a c k  P r o p a g a t i o n

T h e  e f f e c t  o f  g e o m e t r y  a n d  o f  t h e  i n i t i a l  f l a w  s i z e  

w e r e  f a c t o r s  i n v e s t i g a t e d  b y  c o m p u t e r  s i m u l a t i o n .
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1.3.4 An Attempt to Improve Fatigue Strength of Welded 
Joints

A new method which has been named sandwich welding was 
developed and its effectiveness was investigated in a series 
of tests carried out on compact type and surface-notched 
plate specimens.
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CHAPTER 2

SURVEY OF PREVIOUS RESEARCH

2.1 INTRODUCTION
The fatigue phenomenon and the consequent material 

failure of a component have been topic of intense research 
during the past century. The traditional method used to 
predict the life of a component has been through the use of 
S-N curves, where the life of a component is plotted against 
the applied stress amplitude.

It is now well known that fatigue failure occurs
three phases . The crack initia tes at the surface or a bl
notch and propagates until a critical size is reach
whereafter fracture of the remaining section occurs. The 
fatigue life of a component is determined by the sum of the 
time required to initiate a fatigue crack and the time for
the crack to grow from a subcritical dimension to the
critical size before fracture occurs. The relative
proportion of times occupied by these two phases of crack
growth may depend on surface finish, residual stresses, 
material microstructure, such as inclusions, or the presence 
of small cracks introduced during fabrication.

The introduction of welding as a method of fabrication 
of structures has resulted in severe fatigue problems. 
Defects within the weld and stress concentrations due to the
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weld geometry are influential factors in fatigue failure. 
Such defects can take many forms, such as cracks due to 
residual stresses in the weld region, lack of penetration, 
inclusions and porosity, and it is these which are 
detrimental in terms of fatigue. It is not therefore 
suprising that many laboratory fatigue tests have shown that 
fatigue resistance of welded specimens is considerably 
reduced. This is because the period normally required for 
the crack to initiate is virtually absent and consequently 
the total fatigue life is taken up with crack propagation. 
Thus an accurate life prediction can be made on the basis of 
the time taken to grow a fatigue crack from an initial 
defect to a critical size which causes unstable fracture. 
Hence the essence of the integrity of a welded structure or 
joint is that a crack should not grow, under the influence 
of cyclic loading, from the initial defects to a critical 
size during the design life. The critical size will depend 
on the criterion of failure, which in turn depends on the 
structure and the material used.

Two techniques have been proposed to determine the 
required life for a joint or structure subjected to fatigue. 
These are safe-life and fail-safe. Neither can be applied in 
its original form to the problem of fatigue of large welded 
structures. Safe-life is formulated basically as an 
extension of the S-N approach, the working stresses being 
arranged such that the service life is less than the 
predicted fatigue life (i.e., cracking does not occur). In 
contrast, the fail-safe approach has always accepted that
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cracking will occur, but provides sufficient structural 
redundancy to allow for detection and repair before large- 
scale failure can take place. An alternative approach is 
also based on the safe-life criterion except that the life 
is a propagation life rather than overall fatigue life. 
Thus, the design should be such that if a fatigue crack does 
occur, it will propagate at a rate slow enough to ensure 
that either the complete failure condition is not reached in 
the service life, or, if the fatigue-sensitive areas are 
accessible, then the inspection and repair can be carried 
out. If viewed in terms of practical problems of 
fabrication, the criterion becomes a question of how large a 
defect can be tolerated in the structure before failure.

The prediction of fatigue life based on crack growth 
lies on the ability to calculate the rate at which the crack 
will grow in a given position in a structure. This is an 
extremely complex task because the rate of propagation of a 
crack is dependent on its size and shape, the stress field 
around the crack, the environment and the material into 
which the crack is growing. Fracture mechanics is 
particularly suited to describing fatigue crack propagation 
and fracture, and its use is therefore becoming increasingly 
widespread. The basis of fracture mechanics is that a flaw 
or a defect, such as fatigue crack growth, can produce a 
stress concentration within a material and that in turn can 
lead to the creation of intensified stresses at the crack 
tip. Providing the nominal stress acting upon a material is 
less than 0.8 of the yield strength, and also providing that
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the region of plastic deformation ahead of the crack tip is 
small relative to the total component size, the component 
can be considered as a macroscopically elastic body. The
state of stress ahead of the crack is then determined by
1 inear elastic fracture mechanics [1]. In this case the
stress intensity factor, K, can be used as a single
parameter to describe the elastic stress field in the
vicinity of the crack tip. A detailed description o f the
fundamental concepts of fracture mechanics is given in the 
next section.

2.2 LINEAR ELASTIC FRACTURE MECHANICS
Descriptions of elementary fracture mechanics can be 

found in a variety of texts (see for example [1] and [2]); 
the following pages present only those fundamentals of the 
theory needed to understand the subsequent text.

The presence of a crack in a stressed solid can cause 
it to fracture at a stress much lower than the ultimate 
strength of the material. Early attempts to predict the 
fracture strength of cracked solids were based on an energy- 

 ̂ balance approach [3,4]. However, a more successful approach 
to the problem may be based on the elastic stress field 
around the crack tip [5]•

A crack in a solid can be categorized according to its 
mode, as illustrated in Fig. 2.1. Normal stress gives rise
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to the "opening mode" (Mode I) in which the displacements of 
the crack surfaces are perpendicular to the plane of the 
crack. In-plane shear stress causes the "sliding mode" (Mode 
II), in which the displacement of the crack surfaces is in 
the plane of the crack and perpendicular to the leading edge 
of the crack. The "tearing mode" (Mode III) is caused by 
out-of plane shear stress; crack-surface displacements are 
in the plane of the crack and parallel to the leading edge 
of the crack.

For an infinite plate subjected to a remote stress, o , 
(i.e., Mode I) the stress field displacements at the tip of 
a sharp crack with length 2a at a point P(r,0) were derived 
by Irwin [5], and Williams [6], and can be written in the 
form:

°xx cos 0/2 (1 - sin 0/2 sin 30/2)

ayy ^ 2 irr
cos 0/2 (1 + sin 0/2 sin 30/2)

.Txy- cos 0/2 sin 0/2 cos 3 0/2

u *1 / 2r \*
(2a - 1) cos 0/2 - cos 30/2’

V 8a l * ) _ (2a + 1) sin 0/2 - sin 30/2_
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where a=3-4v in plane strain and a= (2 - v)/(l. + v) in plane 
stress, and r and 0 are the radial coordinates centred at 
the crack tip.

The paramete
factor" and is ind
magnitude but no
different crack
containing a era
tensile stress fie

r Kj is designated 
ependent of r and 0 

t the distribution of 
configurations. For 
ck of length 2a, 
Id, a , the Westergaa

the "stress intensity 
• It dictates the 
the stress fields in 
an infinite plate 
subjected to a remote 
rd [7] solution gives

.(2.3)

In the case of finite bodies, the expression for becomes
more complex and is expressed as follows

= Ya y  ira ,(2.4)

where Y is a dimensionless parameter which varies according 
to the geometry of the specimen, location of the crack, 
proximity of a free surface, distribution of load, etc., and 
is often found using the Griffith [3] energy criterion which 
relates the energy required to increase the crack length by 
an infinitesimal increment, Aa, to the elastic energy 
released as a result of that crack growth. K-j. can be 
related to the elastic stress concentration factor K ̂  by

KI lim
p^O

V P '"2
2 , (2.5)
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where P' is the radius of curvature. The above equation,
which was derived by Irwin [4], implies that K is valid only

I
when a sharp crack is considered.

Thus far attention has been focused on the case of a 
crack in a tensile stress field. Results analogous to 
equations (2 .1) and (2 .2 ) can be obtained for the case of a 
crack subjected to in-plane shear, i.e.,

0XX Ktt
— sin 0/2 (2+cos 0/2 cos 30/2 )

>1>1
o _ II 

y2iTr
sin 0/2 cos 0/2 cos 30/2

Txy cos 0/2 (1-sin 0/2 sin 30/2)

and out-of-plane shear

■ T
K r n

- sin 0/2 ”x z
T
Yz y  2irr cos 0/2

K i 'K n '
mode III
however, 
mode is

and Kj u are referred to as the mode I, mode II and 
stress intensity factors. The subscript I will, 
be omitted from the symbol K since only the opening 

assumed throughout this work.
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Once the stress intensity factor is known, the stress
fields at the crack tip in a purely linear elastic body are
completely specified. On the assumption that the fracture is
governed by conditions at the crack tip, it must be expected
that fracture will occur when K reaches a critical value,
Kc', which latter may be obtained from a laboratory test. The
difficulty in applying linear elastic fracture mechanics
(LEFM) lies in ensuring that K is obtained under crack-tip

c
conditions which are reproduced in the structure to be 
analysed. For purely elastic behaviour this is no problem, 
since the stress field at the crack tip is completely 
specified by K for all configurations. However, for a real 
material perfect elasticity is never completely realised.

Equation (2.6) indicates that 
stresses will become infinite fo 
stress. Hence, plastic deformation 
tip. The order of magnitude of the 
estimated from Equation (2.6) by 
stress of the material leading, to

as r — ► 0 

r any value o 
will occur a 
plastic zone 
setting a =yy

r crack tip
f the applied
t the crack
r r , can be P
0y, the yield

r = P
1

2tt
(2.8)

for plane stress conditions
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An elastic stress distribution with a singularity at 
the crack tip characterises the stress field ahead of the 
crack where the plastic yielding occurs. If the extent of 
the plastic zone is small in comparison with the dimensions 
of the elastically stressed region of the structure, the 
elastic model will closely represent the real conditions. 
Since LEFM provides a method of measuring the fracture 
strength of a brittle material, one must ensure that errors 
introduced by plastic yielding are minor or can be 
corrected. For plasticity effects to be negligible the 
plastic zone must be small compared with the crack length 
and remaining ligament. At the onset of fracture, at which
K=K the error introduced by plastic yielding may be
estimated from

r
_ E  = a

,(2.9)

where a^ is the gross-fracture stress.
approach is acceptable as long as the gross
is small compared to the yield stress of
correct the small-scale plastic yielding
suggested by Irwin [4] that the physical c
by an amount r to obtain an effective crac P
i .e.,

Thus the LEFM
fracture stress
the material. To
effect it was

rack be increased
k length, aef f'

aeff “ a + rP . ( 2 . 10)
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The fracture toughness, Kc,, is dependent on, among 
other factors, the thickness of the specimen. The role of 
thickness is to provide a triaxial stress field ahead of the 
crack, which increases the hydrostatic stress component and 
thus reduces the plastic zone size. Experimentally it has 
been verified that Kc.decreases as the thickness increases, 
attaining a minimum value, ' corresPonc3in9 to P^ane 
strain conditions. The major effect which explains the above 
trend is that the tensile stress rises as the thickness is 
increased. This favours the cleavage mode of fracture over 
the shear mode, which consequently reduces K̂ ,.

2.2.1 Application of Fracture Mechanics to Fatigue 
Crack Propagation

Linear elastic fracture mechanics was originally 
developed to analyse static fracture, and the technique has 
been applied most widely to brittle fracture. Since fatigue 
crack propagation is also a fracture process, it seems 
reasonable to assume that the stress intensity factor is a 
suitable parameter for describing the influence of loading 
and geometry on fatigue crack growth rates. However, the 
successful application of growth data, analysed using the 
stress intensity factor, depends on the solution of K being 
available for the complicated geometry of real structures.

The fatigue crack growth data, da/dN, where N is the 
number of fatigue cycles, can in general be expressed as a 
function of stress intensity range, A k , stress ratio, R,
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temperature, type of environment, residual stress, loading 
history, etc. Hence

da
dN f(AK,R, temperature, environment, ( 2 . 11)

Recent studies have also confirmed that da/dN is 
primarily controlled by the stress intensity factor range, 
AK, through Paris's expression [8 ]

da
dN C (AK)m , ( 2 . 1 2 )

where C and m are constants. Deviations from this form occur
at very low crack growth rates close to threshold
AK , values, and at rates approaching fracture. Experimental th
investigations on a wide range of materials have reported
values of m lying in the range of 2 to 20. This range of
values is found because the expression (2 .12) is not in
general obeyed over a wide range of growth rates. These
investigations, however, have shown that the expression
(2 .12) adequately describes the fatigue behaviour in the

—6mid-range of growth rates, i.e., 10 mm/cycle < da/dN <
-310 mm/cycle, but underestimates them at higher, and 

o verestimates them at lower, growth rates. However, an 
important factor in fatigue crack grow which could 
invalidate this approach is whether or not fracture takes
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place under every cycle of applied stress. If certain 
features of the material inside the crack tip plastic zone, 
such as microstructure, cause significant irregular delays 
or accelerations in crack growth then the stress intensity 
would not provide sufficient information on the state of 
stress at the crack tip. If the same behaviour occurs as a 
result of changes in the plastic zone, then the stress 
intensity factor should be modified to take account of this 
influence.

Crack tip yielding is a major limitation to this
statement as yielding shohld be small compared with other
relevant dimensions if LEFM is to be used. This limitation
may be particularly important in the context of propagation 
of very small fatigue cracks, especially when the applied 
stress and resulting plastic zone are large. Moreover, it 
may well be the case that the factors which control very 
small increments of crack propagation are not described by 
the stress intensity factor alone.

2.2.2 The 
The

intensity 
log da/dN

Crack Growth Curve
variation of crack growth rates with stress 
factor can be illustrated by a sigmoidal curve of 

versus log AK as shown for steels in [9], Fig. 2.2.

To explain 
micrestructure,

the sensitivity 
environment,

of stress ratio, 
etc., on the

thickness, 
sigmoidal
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variation of growth rate with AK, Lindley et al [9] analysed
the problem on the basis of a primary crack growth
mechanism. It is shown that in steels, for the mid-range of
growth rates (regime II), failure generally takes place
through a transgranular ductile striation mechanism [1 0 ,11]
and that the rate of crack growth is largely insensitive to
stress ratio, thickness, frequency, microstructure, etc. The
influence of these factors may, however, predominate in the
high and low growth-rate regimes (III and I, respectively).
At high growth-rates, the effect of the above factors can be
described in terms of superimposed static modes of fracture

fracturesuch as cleavage, or intergranularAand microvoid coalescence 
accompanying or replacing striation growth [12,13]. The 
mechanism of low growth rates has been observed to be 
microstructurally sensitive to stress ratio, involving the 
occurrence of induced fracture modes, such as intergranular 
fracture in steels [14]•

2.3 THEORETICAL ANALYSIS OF FATIGUE CRACK PROPAGATION
Fatigue crack growth laws are numerous and a 

comprehensive discussion of them is beyond the scope of the 
present work. However, a brief review will be presented 
here.

Paris and Erdogan [8] concluded that such a law could 
be expressed in the form of (2 .12) and presented 
experimental data, which favoured an exponent value of m=4 . 
Barsom [15] based his~model on strain energy release and
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COD, and predicted a value of m=2. Liu [16], who also 
predicted a value of m=2 , used dimensional analysis together 
with the concept of total energy absorption to failure.

Weertman [17] applied an improved version of the 
dislocation model proposed by Bilby et al [18] to fatigue 
crack growth, using the criterion that fracture occurs when 
accumulated plastic displacement reaches a critical value 
which is a characteristicsof the material. He found a value 
of m=4. Rice[19] and McCartney [20] used a similar approach 
and also obtained a value of m=4.

Lardner [21] predicted a value of m=2 based on the 
changes of crack-tip opening displacement during cyclic 
loading. Schwalbe [22] has developed a theory of fatigue 
crack growth based on crack tip displacement, and obtained a 
value of m=2 .

Recently Majumdar et al [23] and Antolovich et al [24] 
predicted a value of m=2 using Coffin-Manson low cycle 
fatigue correlation as a failure criterion at the crack tip, 
though, using the same criterion, Duggan [25] obtained a 
value of m of about 3.

From the above short review it is apparent that the 
theoretical crack growth laws predict values of m in the
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range 2 to 4. However, experimental observations show that 
values of m in the medium growth rates may vary between 2 

and 8 . This limitation of the theoretical growth laws has 
led many investigators to use empirical laws for fatigue 
crack-growth prediction.

The theoretical models for fatigue crack-growth briefly 
discussed above do not take into account the effect of such 
factors as stress ratio, frequency, environment, etc. These 
factors are known to affect the fatigue crack-growth rates 
as observed in numerous experimental results. In the 
following section a review of these effects will be 
presented.

2.3.1 The Effect of Stress Ratio
Fatigue crack-growth models which have been proposed to 

account for the effect of stress ratio on crack growth rates 
are all modifications of Paris's [8] expression (2.12).

Roberts and Erdogan [26] modified Paris's expression to
include the influence of K , and therefore R, at highm a x  3
growth rates and suggested an expression of the form:

da
dN

m
K 2
max ,(2.13)
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where m-̂ 
considered 
toughness,

and were both found to be 2. Forman et
the consequence of approaching the
K , and proposed the following:

al [27] 
fracture

da
dN { (1-R) K .-AK r(2.14)

where $ is unity. Expression (2.14) has been successfully
applied to growth behaviour in aluminium alloys [28-31].
However, in mild steel [32], and other alloy steels [33]
which are less sensitive to stress ratio, it'  o ve  r __

predicts the exaggerated growth at high AK.

Klesnil and Lukas [34] proposed an expression to 
account for the behaviour observed at low growth rates. They 
introduced the threshold stress intensity factor below which 
no growth occurs:

da
dN AK ,m4 

<1-R)Y * 5
,(2.15)

where Y is a material constant.

Branco e t  a l  [32] proposed a genera l e x p re s s io n  which
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includes AK , and k effects at low and high growth-rates th max
respectively of the form:

da
dN

(l-R2)(K 
2K . - Kc

max
2
max

K 2 M  max,th) (2.16)

Recently Dover and Hibberd [35] proposed a generalized 
expression correlating random loading data:

da
dN

/ x — K
C c (AK) / max maxD ( Kmax -f( Kmax

K . - K ..c max,th

\m 7\ . (2.17)

Other growth models proposed are based on the effective 
stress intensity factor range, ^Keff* In fĉ ese models the 
crack closure phenomenon is used. Elber [36] detected 
physical crack closure in specimens subjected to tensile 
loads, and assumed that damage does not occur when the 
stress singularity is destroyed by closure. He modified the 
Paris expression thus:

da
dN

m,
(iKeff)

where
Keff

and
U

1

= 0X AK

K - K „max CL
K “ Kmax min

,(2.18)

.(2.19)
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K is the stress intensity factor at which the crack opens CL
during the tensile part of the load cycle. Elber also 
proposed a simple relationship between Uj, and R for an 
aluminium alloy 2024-T3 which was experimentally tested:

U1 = 0.5 + O.4R .(2.20)

Maddox et al [33] attempted to develop a simple 
relationship between and R for some structural steels,
but, though fairly successful for R<0, the results for R>0 
were scattered. Subsequent studies have revealed that crack 
closure is a complicated phenomenon and is influenced by 
some additional metallurgical factors in a highly complex 
manner [37]. Recent results by Ohta et al [38], who measured 
strains in the proximity of the crack tip, showed that 
damage does occur even when the crack is closed. Thus these 
observations have cast some doubt on the understanding of 
the effect of crack closure based on Elber's proposals.

Judging from the results reported in the literature on 
the effect of stress ratio, fatigue crack growth in 
aluminium alloys and high strength steels appears to be 
highly sensitive to stress ratio whilst in low alloy steels 
it is not. Recently, there have been a number of advances to 
explain the effect of mean stress in mechanistic terms. 
Richards and Lindley [9] have discussed at length the stress 
ratio effect and the different fatigue crack growth
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mechanisms, and concluded that crack growth by a pure, 
ductile, striation-forming mechanism was insensitive to 
stress ratio. Other growth mechanisms, such as 
microcleavage, void coalescence or intergranular separation, 
were found to be significantly influenced by stress ratio.

2.3.2 The Effects of Frequency of Cyclic Loading
The results reported in the literature suggest that the 

speed of cyclic loading has little effect on fatigue crack 
growth in mild environments over the range of frequencies 
between 4 and 100Hz [39] . At higher frequencies crack-tip 
heating results in residual stress relaxation as well as 
softening of the material, and causes a reduction in the 
crack-growth rates. At lower frequencies environmental 
effects due to water vapour in the air tend to increase 
growth rates.

Schij ve [40] in his early tests showed that the crack 
growth rates were about 30% faster at 0.33Hz than at 33Hz in 
2024-T3 aluminium alloy. Hertzberg et al [41] also tested 
this material and also found that growth rates were higher 
at lower frequencies (0.5Hz—133Hz).

Yokobori and Sato [42] have shown that decreasing 
frequency results in an increase in growth rates and 
proposed an empirical formula to correlate their data:
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da
dN

m 9C? (AK) y
, ( 2 . 2 1 )

where f 
material 
alloy and

is the frequency (0.016Hz-140Hz) and is a 
constant which is 0.08-0.09 for 2024-T3 aluminium 
0.12-0.14 for SM50 steel as tested.

Recently Musuva and Radon [43] have reported growth 
rates increasing with decreasing frequency only at a high 
stress ratio for mild steel.

2.3.3 The Effect of Salt Solution
The effect of a salt solution on fatigue crack growth 

has been studied by many investigators [44-45] and is 
generally known as corrosion fatigue, which implies the 
presence of an environment which influences the fatigue 
properties of the material by means of a chemical attack.

The exact mechanism of corrosion fatigue is not clear 
since most proposed models fail to account for all 
experimental observations reported. It is possible that no 
single mechanism is responsible for the corrosion fatigue 
behaviour for all metal environment systems.

Early investigators of corrosion fatigue [46] assumed
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that cracks were initiated in the bases of large 
hemispherical pits created by the corrosion process on the 
metal surface. Cyclic loading accelerated corrosion-pitting 
and caused the development of crevices or fissures. Duquette 
[4 7] proposed a crack-initiation mechanism based on 
preferential load dissolution of the metal at emerging slip 
steps. The dissolution unlocks the otherwise blocked slip 
process, accelerating the extrusion-intrusion process which 
results in premature crack nucleation and growth. Evans [48] 
applied an electrochemical theory, describing the corrosive 
attack on a specimen in a wet environment as an 
electrochemical process in which the whole surface was 
considered to be divided between anodes and cathodes.

Other suggestions concerning corrosion fatigue are 
based on hydrogen embrittlement [49]. This mechanism is 
encountered in steels and titanium alloys due to hydrogen 
being absorbed from such sources as cathodic reduction 
during aqueous corrosion which diffuses to regions within 
the material where it can be accommodated by producing less 
distortion of the crystal lattice and may result in a build­
up of hydrogen at internal microcracks. Hydrogen creates 
hydrostatic pressure within the cracks so that the stresses 
acting upon the growing crack are increased resulting in 
accelerated growth rates.

The crack growth behaviour of steel in salt water is 
affected by several factors such as frequency and stress
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ratio. A brief review of these is presented below.

2.3.3.1 Frequency effect
Barsom [50] investigated the effect of environment and 

loading variables on 12Ni-5Cr-3Mo maraging steel in a 3% 
NaCl solution and showed that in an air and salt water 
solution at room temperature the crack growth rates could be 
represented by

= F (t) (AK)2 , (2.22)

where F(t) is a function varying inversely with frequency, 
attaining a constant minimum value for the frequency at
which crack growth is suff 
unaffected by the environment, 
log AK for the data obtained at 
plot gave parallel straight 
frequency produced the highest

ciently fast for it to be 
He plotted logda/dN versus 
different frequencies. The 
lines by which the lowest 

growth rates.

However, data obtained by other investigators [51-53] 
do not show such a tendency for parallel curves as Barsom's. 
Vosikovsky [51] conducted tests on X-65 maraging steel, 
which showed high frequency dependence at AK values above 
K „n n , but no significant effect at low AK values. Austen 
and Walker [52] reported similar results for 835M30 steel 
which further show lower growth rates in NaCl solution than 
in air at 64Hz frequency. Atkinson and Lindley [53] in their 
study of two steels (En56C and A533B-1) over a wide range of
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frequencies (O.OOl-lOHz) showed that for a given A K , there 
was a critical frequency at which maximum environmental 
attack occurred for both steels. This critical frequency 
increased with increasing temperature.

2.3.3.2 Stress ratio effect
The most significant factor affecting crack growth in a 

salt water environment is stress ratio. The fatigue crack 
growth through almost the entire range of AK is 
significantly increased at higher mean stresses. Scott and 
Silvester [54] have conducted tests on BS4360-50D steel 
immersed in sea water. The data obtained showed that high R 
ratios (0.7-0.85) increase the crack growth rates compared 
to low stress ratio (0 .1 ) in a way which was not observed in 
tests conducted in air. Similar results have been reported 
for pressure vessel steels A533-B and A508 in water 
environments typical of water-cooled nuclear reactors 
[55,56]. Bamford [57] has obtained some data on stainless 
steel in a similar water-cooled reactor environment, but his 
results showed no effects of stress ratio. Hibberd and Dover 
[58] have reported increased growth rates with increase in 
R-ratio in two alloy steels, Q1(N) and HY100, tested in sea 
water under random loading.

2.4 THRESHOLD OF FATIGUE CRACK GROWTH

2.4.1 Criteria For Non-Propagating Cracks
The earliest criterion for a non-propagating crack was
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put forward by Frost [59] in the form:

3Aa a > A
1 (2.23)

where is an empirical material constant which is

horizontal.

Frost [60] reanalysed the problem using the fracture 
mechanics approach, and obtained values of AK^^for different 
materials. An important observation from these results was 
the lower value of A K ^  found for shorter cracks (0.025- 
0.25mm) as compared with that obtained for longer cracks 
(0 .5-5mm).

Sadananda and Shahinian [61] proposed a model which 
predicts the existence of a A K ^  which is expressed in the 
form:

where p* is the minimum distance that the dislocation can 
exist away from the tip (taken as the Burgers vector), 
Og is the minimum stress to nucleate a dislocation at the 
crack tip, and is numerically equal toV3/2 . Equation 
(2.24) does not predict any variation of AK^ with

3obtained from plots of Aa a against log of endurance
3cycles for a value of Aa a at which the curve becomes

(2.24)

mechanical, microstructural and environmental factors, which
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is consistent with the experimental data available.

Ritchie [62] has recently suggested that the fracture 
stress a^ in equation (2.24) can be reduced by in the
presence of a hydrogen-producing environment, and has 
obtained:

and other parameters of temperature, hydrogen concentration 
and gas constant. However, Ritchie has pointed out that it 
is probably premature to utilise this expression in a 
predictive capacity because of uncertainty in the magnitude 
of the various parameters in the final expression for AK^.

2.4.2 Effect Of Stress Ratio on AKj_h
A low rate of crack growth is generally sensitive to 

stress ratio. Research on a wide range of steels and non- 
ferrous materials, tested in air under ambient conditions, 
shows that the value of AK^markedly decreases as the stress 
ratio is raised from zero to a high value.

Klesnil and Lukas [34] have related the stress ratio, 
R, and AK,, in the form:

2.25)

was calculated in terms of yield strength, stress ratio

th

(2.26)
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where AKoth at R=0 and 7 is a material 
constant varying from 0.5 to 1 for different steels. Values 
of y close to 1 indicating a linear relationship between R 
and AKt^ have been measured for most medium carbon steels 
[63,64].

Vosikovsky [65] established a linear relationship 
between AK^ and R for HY130. He proposed and tested an 
expression of the form

AKth = AK0th - BOR ,(2.27)

and later it was applied successfully to data for a wide 
range of steels [6 6].

Further expressions without such material constants as 
are used above have been suggested by McEvilly [67] and 
Branco et al [32] in the form:

AKth = AKOth [1-R
1+R ] ,(2.28)

and

SKth ■ aKoth [  l - * 2 ] , (2 .29)
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respectively.

Recently, Davenport and Brook [68] proposed an 
expression which also included the fracture toughness, K . , 
and obtained a satisfactory correlation for a 0.15%C, 1.5%Mn 
steel. Their expression was of the form:

1/3

iKth " AK0 th
K c - KmaX  (1-R) 

Kc ' KOth .(2.30)

2.4.3 Effect of Specimen Geometry on AK^
To date no specific results have been reported on the 

effect of specimen geometry on A K ^ • It has usually been 
assumed that the effects of specimen geometry are those 
associated with changes in the state of stress at the crack 
tip which are taken account of by the stress intensity 
factor. However, small differences in the growth rates 
between specimens of different geometry can arise because of 
crack closure effects and the complexity of the stress field 
ahead of the crack tip.

2.4.4 Effect of Environment on AK^
A large proportion of published data on the influence 

of the environment on the threshold has been concerned with 
aluminium alloys [45,69], mainly because the aircraft 
industry has been most active in this field. Tests performed
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on mild steel immersed in brine, tap water and oil [70,71] 
showed that for zero-tension loading in mild steel at 
ambient temperatures, the value of AK.^ was reduced from
7.3 MN/m3//2 in SAE30 oil to 6.0 MN/m3^ 2 in air, and 
significantly reduced to 2 MN/m3//2 in brine. Paris et al 
[72,73] observed no change in AK^ between an air and a 
distilled water environment on low strength steel, a result 
later confirmed by Branco [32] on mild steel in air and 
salt-water environments.

Mantz and Weiss [74] performed tests on 7050-T73651 
aluminium alloy and D6ac steel in air, dry argon and wet 
argon. For the D6ac steel room air produced the lowest 
Ak^  while dry and wet argon produced identical values of 
^Kth fc>ut hi9her than in air. The effect on the aluminium 
alloy was, however, more significant, i.e., A K ^  was much 
lower in air than in dry or wet argon.

Usami and Shida [75] have recently obtained results on
13%Cr cast steel. They showed that salt water did not affect
AK-th at R-values but caused a substantial decrease on
Ak ,, at low stress ratios, th

However, there are other results which show a
significant decrease in A K ^  when comparing crack growth 
data in vacuum and in air. Cooke et al [76] obtained 
threshold data for EN24 steel and found an increase in
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AK^ from 5 to 7 MN/m^/^ at R=0.1 and from 3 to 7 MN/m^/^ at 
R=0.7 in vacuum compared to air. Similar results have been 
reported by Irving and Kurzfeld [77] who tested BS817M40 and 
SAE4340 steels. More recently, Kirby and Beevers [78] 
obtained other, similar results for three commercial 
aluminium alloys.

From the above results it is apparent that the 
environmental effect on A K ^  depends on the nature of the 
reference environment used for comparison. If dry argon is 
used as the reference environment, then there is no 
significant effect on A K a t  least for steels. However, 
when data for a vacuum environment were compared to data in 
air then significant changes in A K^ are observed. It should 
be pointed out that rewelding effects have been reported to 
occur for cracks in a vacuum [79]•

There is also an added complication in that in hostile
or wet corrosive environments h\ h  mav be raised compared
with more inert environments. This may arise from the
"wedging" effect, where the presence of thick corrosion
products in the crack may prevent further access for
environmental elements or from certain environments which 
promote crack-branching. These effects may also lead to 
crack-tip blunting which may in some cases . cause crack 
arrest [69].
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2.5 FACTORS AFFECTING FATIGUE CRACK GROWTH IN BUTT- 
WELDED JOINTS

For a simple butt weld with the weld reinforcement 
intact, fracture occurs at the weld toe, because the stress 
concentration, caused by the change of cross-section, is at 
a maximum at that point [80]. Newman and Dawes [81] found 
that a significant improvement in fatigue properties can be 
obtained by machining or grinding the weld toe. They used 
this technique on some defective welds, to ensure that the 
failure was initiated by the defect and not at the weld toe. 
A similar finding has been reported by Mindlin [82]; he 
concluded that the fatigue strength of transverse butt welds 
increases in proportion to the included angle between the 
weld reinforcement and the base plate.

Welter and Choquet [83] performed tests on ASTM-E373- 
58T steel and observed that grinding the weld reinforcement 
produced a large decrease in the fatigue strength, 
particularly if the grinding scratches were parallel to the 
weld and therefore transverse to the direction of applied 
stress. In such cases the scratches act as stress raisers 
and therefore as sites for crack intiation either in the 
weld or the heat-affected zone (HAZ).

Munse [84] investigated the effect of edge preparation 
on the fatigue strength of butt-welded joints and concluded 
that single-Vee and single-U welded joints have rather 
higher fatigue strengths than the double-Vee welded joints.
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He believes that, that is the result of the stress 
concentration at the weld toes being in different planes. 
However, Newman and Gurney [85] carried out a series of 
tests on 1/2-inch welded mild steel specimens with 
60° single-Vee, single-U, double-Vee and close square-butt 
preparations. Very significant differences in strength were 
obtained, and they attributed this variation to the 
differences in reinforcement shape. They also tested three 
series of specimens which were prepared for welding by 
machining, manual gas cutting and machine gas cutting, all 
other variables, such as geometrical shape of preparation 
and welding conditions being the same. They obtained a 
better fatigue strength for the series with a machine weld 
preparation, which they considered was due to the absence of 
the undercuts remaining after welding which was a result of 
the comparatively smoother surface of the preparation.

Munse [84] has 
strengths on the 
for steels with UTS 
amount of scatter 
concluded that the 
strength steels are 
mild steel.

summarized the effect of the base metal 
fatigue properties of butt-welded joints 
of up to 758 MN/m^/^, A considerable
exists in his data from which it can be 
fatigue strengths of welds in high- 
no better than those of similar welds in

There are a 
welded joints which

further two variables associated with 
lead to extremely high local stresses,

and each contributes to the poor fatigue properties of
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weld ed joints. These are discussed in detail below.

2.5.1 Weld Defects
Defects in the weldments induce stress concentrations. 

Internal crack-like defects in weldments may be classified 
into two groups:

i) defects which result from the design of the 
weldment, i.e., fillet or partial penetration welds; 
li) defects due to poor material properties or 
inadequate welding procedures, i.e., lack of side wall 
or interrun fusion, hydrogen cracking, lamelar tearing, 
etc.

Internal weld defects may provide sites for crack 
initiation. Examples of such defects are porosity, slag 
inclusions and lack of penetration.

Weld defects are also significant in fatigue failures 
which are initiated at the external stress concentration of 
the weld toe. These defects are non-metallic intrusions 
which remain embedded in the weld after it cools [86]. 
Normally, non-metallic material such as weld slag floats to 
the surface of the liquid weld metal before it has cooled 
sufficiently to solidify. However, at the boundary of the 
parent plate and the weld pool, where the solid base plate 
and liquid weld exist side by side, some of the weld metal 
is not completely liquid and non-metallic materials cannot
float to the surface.
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I n  a  s o u n d  w e l d ,  s u r f a c e  c r a c k s  w i l l  o r i g i n a t e  f r o m  t h e  

w e l d  t o e .  T h i s  i s  p a r t l y  d u e  t o  t h e  s t r e s s  c o n c e n t r a t i o n  i n  

t h e  t o e  r e g i o n ,  a n d  p a r t l y  d u e  t o  s h a r p  m i c r o s c o p i c  s l a g  

i n t r u s i o n s  w h i c h  a r e  f o u n d  t o  b e  a n  i n h e r e n t  f e a t u r e  o f  

w e l d s ,  p a r t i c u l a r l y  w h e n  p r o d u c e d  b y  m a n u a l  a r c  m e t h o d s  

[ 86 ] .

I f  a  w e l d  r e i n f o r c e m e n t  i s  r e m o v e d  f r o m  a  b u t t  w e l d  t h e  

f a t i g u e  s t r e n g t h  i s  r a i s e d  a n d  f a i l u r e  o c c u r s  i n  t h e  w e l d  

m e t a l .  E x a m i n a t i o n  o f  f r a c t u r e  s u r f a c e s  h a s  s h o w n  t h a t  

f a i l u r e  i s  t h e n  i n i t i a t e d  a t  t h e  l o c a t i o n  o f  w e l d  d e f e c t s  

s u c h  a s  p o r o s i t y ,  s l a g  i n t r u s i o n s ,  u n d e r c u t t i n g  a n d  l a c k  o f  

p e n e t r a t i o n .

I n  g e n e r a l ,  t h e  f a t i g u e  p r o p e r t i e s  o f  a  w e l d  a r e  m u c h  

m o r e  s e n s i t i v e  t o  d e f e c t s  t h a n  t h e  s t a t i c  t e n s i l e  

p r o p e r t i e s .  C l o u g h  [ 8 7 ]  s h o w e d  t h a t  a  5 %  d e f e c t i v e  a r e a  i n  a  

m i l d  s t e e l  b u t t  w e l d  w i t h  t h e  r e i n f o r c e m e n t  r e m o v e d  h a s  a  

n e g l i g i b l e  e f f e c t  o n  t h e  u l t i m a t e  t e n s i l e  s t r e s s  b u t  r e d u c e s  

t h e  f a t i g u e  s t r e n g t h  b y  3 0 - 4 5 % .  M u n s e  [ 8 8 ] i n v e s t i g a t e d  t h e  

e f f e c t  o f  s m a l l  a n d  l a r g e  f l a w s  o n  t h e  f a t i g u e  s t r e n g t h  o f  a  

b u t t  w e l d  i n  H Y - 8 0  s t e e l .  H e  s h o w e d  t h a t  w i t h  t h e  w e l d  

r e i n f o r c e m e n t  r e m o v e d ,  5 %  p o r o s i t y  r e d u c e d  t h e  f a t i g u e  

s t r e n g t h  b y  4 5 % ,  a n d  a  f l a w  a r e a  a s  s m a l l  a s  0 . 1 %  r e d u c e d  

t h e  f a t i g u e  s t r e n g t h  b y  1 8 % .
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S l a g  i n c l u s i o n s  h a v e  l o n g  b e e n  r e c o g n i s e d  a s  p o s s i b l e  

s i t e s  f o r  f a t i g u e  f r a c t u r e  i n i t i a t i o n  i n  w e l d s .  T h e  f i r s t  

a t t e m p t s  t o  c o r r e l a t e  f a t i g u e  s t r e n g t h  w i t h  d e f e c t  s i z e  d i d  

n o t  i s o l a t e  t h e  e f f e c t  o f  i n c l u s i o n s  f r o m  t h e  e f f e c t s  d u e  t o  

p o r o s i t y  a n d  a l s o  c o u l d  n o t  d e a l  w i t h  s l a g  i n c l u s i o n s  o f  

i r r e g u l a r  s h a p e  [ 8 9 ] .  N e w m a n  a n d  G u r n e y  [ 9 0 ]  h a v e  d e v e l o p e d  

a  t e c h n i q u e  f o r  p r e d i c t i o n  o f  s l a g  i n c l u s i o n s  o f  

r e p r o d u c i b l e  s h a p e  a n d  s i z e ,  t h u s  p e r m i t t i n g  s y s t e m a t i c  

i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  s l a g  i n c l u s i o n s  o n  f a t i g u e  

s t r e n g t h .  T h e y  t e s t e d  b u t t  w e l d s  i n  1 / 2 - i n c h  t h i c k  m i l d  

s t e e l  a n d  f o u n d  a  c l o s e  c o r r e l a t i o n  b e t w e e n  t h e  i n c l u s i o n  

s i z e  a n d  f a t i g u e  s t r e n g t h .  I n c r e a s i n g  t h e  i n c l u s i o n  l e n g t h  

b y  a n  o r d e r  o f  m a g n i t u d e  r e s u l t e d  i n  a  2 0 - 3 0 %  r e d u c t i o n  i n  

f a t i g u e  s t r e n g t h ,  s i n g l e  i n c l u s i o n s  g i v i n g  s l i g h t l y  h i g h e r  

f a t i g u e  s t r e n g t h s  t h a n  m u l t i p l e  i n c l u s i o n s  o f  t h e  s a m e  s i z e .

H a r r i s o n  [ 9 1 ]  e x a m i n e d  t h e  e f f e c t  o f  t h r e e  1 / 4 - i n c h  

i n c l u s i o n s  a n d  o n e  c o n t i n u o u s  s l a g  l i n e  a n d  f o u n d  t h a t  t h e  

e f f e c t  o f  s l a g  i n c l u s i o n s  d e p e n d e d  u p o n  t h e i r  l o c a t i o n .  T h e  

e f f e c t  o f  i n c l u s i o n s  a t  t h e  c e n t r e  o f  t h e  w e l d  t h i c k n e s s  w a s  

d i m i n i s h e d  b y  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 ,  l a r g e  a n d  s m a l l  

d e f e c t s  g i v i n g  s i m i l a r  f a t i g u e  s t r e n g t h s .  W h e n  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  w e r e  r e l i e v e d  p r i o r  t o  

t e s t i n g ,  t h e  f a t i g u e  s t r e n g t h  i n c r e a s e d  w h e n  d e f e c t s  w e r e  

d i s c r e t e  b u t  d e c r e a s e d  w h e n  t h e  d e f e c t  w a s  a  c o n t i n u o u s  

s l a g - l i n e .  H a r r i s o n  b e l i e v e d  t h i s  w a s  d u e  t o  t h e  s t r e s s  

r e l i e f  t r e a t m e n t ,  r e m o v i n g  h y d r o g e n  f r o m  t h e  w e l d  d e f e c t s .  

S l a g - i n c l u s i o n s  n e a r  t h e  w e l d e d  s u r f a c e  r e d u c e d  f a t i g u e  

s t r e n g t h  b y  a p p r o x i m a t e l y  4 0 %  c o m p a r e d  w i t h  s p e c i m e n s  h a v i n g
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i n c l u s i o n s  i n  t h e  c e n t r e  o f  t h e  w e l d .

I n  c o n t r a s t ,  l a c k  o f  p e n e t r a t i o n  h a s  a  m a j o r  e f f e c t  o n  

f a t i g u e  p r o p e r t i e s  o f  b u t t - w e l d e d  j o i n t s ,  a s  t h e  a p p l i e d  

s t r e s s  i s  t r a n s v e r s e  t o  a  p a r t i a l  p e n e t r a t i o n  b u t t  w e l d .  

N e w m a n  a n d  D a w e s  [ 8 1 ]  i n v e s t i g a t e d  t h e  e f f e c t  o f  i n a d e q u a t e  

j o i n t  p r e p a r a t i o n  i n  1 / 2 - i n c h  t h i c k  b u t t - w e l d e d  m i l d  s t e e l .  

P a r t i a l  p e n e t r a t i o n s  w e r e  3 / 4  a n d  lk i n c h e s  l o n g .  I t  h a d  

b e e n  i n t e n d e d  t o  t e s t  t h e s e  s p e c i m e n s  w i t h  t h e  w e l d  

r e i n f o r c e m e n t  i n t a c t ,  b u t  i n i t i a l  t e s t s  s h o w e d  t h a t ,  u n d e r  

t h e s e  c i r c u m s t a n c e s ,  f a i l u r e  w a s  i n i t i a t e d  a t  t h e  w e l d  t o e .  

C o n s e q u e n t l y  t h e  e d g e  r e i n f o r c e m e n t  w a s  g r o u n d  f l a t  s o  a s  t o  

e n c o u r a g e  f a i l u r e  i n i t i a t i o n  f r o m  t h e  d e f e c t .  T h e y  f o u n d  a  

c l o s e  c o r r e l a t i o n  b e t w e e n  t h e  d e f e c t  s i z e  a n d  t h e  f a t i g u e  

s t r e n g t h .  I n c r e a s i n g  t h e  d e f e c t  l e n g t h  b y  h a l f  a n  o r d e r  o f  

m a g n i t u d e  r e s u l t e d  i n  a  2 0 - 3 0 %  r e d u c t i o n  i n  f a t i g u e  

s t r e n g t h .

I n c o m p l e t e  f u s i o n  h a s  n o t  b e e n  s y s t e m a t i c a l l y  

i n v e s t i g a t e d  b u t  m a y  b e  e x p e c t e d  t o  h a v e  a  s i m i l a r  e f f e c t  o n  

f a t i g u e  p r o p e r t i e s  o f  b u t t - w e l d e d  j o i n t s  t o  t h a t  o f  

i n a d e q u a t e  j o i n t  p r e p a r a t i o n ,  a s  b o t h  a r e  e s s e n t i a l l y  t w o -  

d i m e n s i o n a l  d e f e c t s .

2 . 5 . 2  R e s i d u a l  S t r e s s e s

Residual stresses are produced in weldments by local
thermal expansion, plastic deformation, and subsequent
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s h r i n k a g e  o n  c o o l i n g  [ 9 2 - 9 4 ] .  T h e  r e s i d u a l  s t r e s s e s  p r o d u c e d  

i n  t h i s  w a y  a r e  b o t h  n o r m a l  t o  a n d  in t h e  d i r e c t i o n  o f  

w e l d i n g ,  a s  s h o w n  i n  F i g .  2 . 3 .  I n  t h e  r e g i o n  o f  t h e  w e l d  t h e  

r e s u l t i n g  t e n s i l e  r e s i d u a l  s t r e s s e s  m a y  r e a c h  a  l e v e l  c l o s e  

t o  t h e  y i e l d  s t r e n g t h  [ 9 5 , 9 6 ] .  I n  g e n e r a l ,  t h e  m a g n i t u d e  o f  

r e s i d u a l  w e l d i n g  s t r e s s e s  w i l l  d e p e n d  o n  t h e  w e l d i n g  

p r o c e s s ,  w e l d i n g  p a r a m e t e r s ,  r e s t r a i n t  o n  t h e  j o i n t ,  a n d  

d i m e n s i o n s  o f  t h e  p a r t s  b e i n g  j o i n e d .  I n  a  s u m m a r y  p u b l i s h e d  

b y  M u n s e  [ 8 4 ]  , i t  w a s  n o t e d  t h a t  v i e w s  e x p r e s s e d  i n  t h e  

l i t e r a t u r e  c o n c e r n i n g  t h e  e f f e c t  o f  r e s i d u a l  b e n d i n g  

s t r e s s e s  o n  f a t i g u e  d i f f e r e d  m a r k e d l y .  T h e r e  c o n t i n u e s  t o  b e  

s o m e  d i s a g r e e m e n t  o n  t h i s  s u b j e c t  a l t h o u g h  m a n y  

i n v e s t i g a t o r s  h a v e  r e p o r t e d  t h a t  r e s i d u a l  w e l d i n g  s t r e s s e s  

d o  i n d e e d  a f f e c t  t h e  t h e  f a t i g u e  s t r e n g t h  [ 8 4 , 9 3 , 9 7 , 9 8 ] .

L i t t l e  w o r k  a p p e a r s  t o  h a v e  b e e n  d o n e ,  h o w e v e r ,  t o  

e v a l u a t e  q u a n t i t a t i v e l y  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  o n  

f a t i g u e  c r a c k  i n t i a t i o n ,  a n d  e v e n  l e s s  o n  f a t i g u e  c r a c k  

g r o w t h  r a t e .  F u r t h e r m o r e ,  t h e  c o n c l u s i o n  t h a t  r e s i d u a l  

w e l d i n g  s t r e s s e s  d o  a f f e c t  f a t i g u e  l i f e  i s  o f t e n  b a s e d  o n  a  

c o m p a r i s o n  w i t h  f a t i g u e  d a t a  o b t a i n e d  f o r  w e l d m e n t s  i n  w h i c h  

r e s i d u a l  s t r e s s e s  h a v e  b e e n  r e l i e v e d  o r  m o d i f i e d  b y  t h e r m a l  

o r  m e c h a n i c a l  m e a n s .  T h e  s t r e s s - r e l i e f  p r o c e d u r e  m a y  a l t e r  

t h e  m i c r o s t r u c t u r e  a n d  t h e r e f o r e  a f f e c t  t h e  f a t i g u e  

p r o p e r t i e s .  T h e  s u b j e c t  i s  f u r t h e r  c o m p l i c a t e d  b e c a u s e  t h e  

m a g n i t u d e  a n d  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 r e  r a r e l y  

r e p o r t e d  a n d  t e s t  s p e c i m e n s  a r e  o f t e n  r e m o v e d  f r o m  t h e  

w e l d m e n t  i n  s u c h  a  m a n n e r  a s  t o  r e l i e v e  a l l  o r  m o s t  o f  t h e  

r e s i d u a l  w e l d i n g  s t r e s s e s  [ 9 7 , 9 9 ] .
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2 . 5 . 2 . 1  F a t i g u e  c r a c k  g r o w t h  t h r o u g h  a^ r e s i d u a l  f i e l d

E v e n  i f  t h e  r e s i d u a l  w e l d i n g  s t r e s s e s  i n  a  c o m p o n e n t

c o u l d  b e  c o m p u t e d ,  t h i s  e f f e c t  o n  f a t i g u e  c r a c k  p r o p a g a t i o n

w o u l d  b e  d i f f i c u l t  t o  a s s e s s ,  m a i n l y  b e c a u s e  t h e  r e s i d u a l

s t r e s s  d i s t r i b u t i o n  i s  o f t e n  v e r y  c o m p l e x  a n d  i t s  r e s p o n s e

t o  t h e  p r e s e n c e  o f  a  g r o w i n g  c r a c k  i s  u n c l e a r ,  U n d e r w o o d  e t

a l  [ 1 0 0 ] i n v e s t i g a t e d  f a t i g u e  c r a c k  g r o w t h  t h r o u g h  a

m e a s u r e d  r e s i d u a l  s t r e s s  f i e l d  i n  l o w  a l l o y  f o r g e d  s t e e l

3 / 2
w i t h  a  y i e l d  s t r e n g t h  o f  1 2 1 0  M N / m  . R e s i d u a l  s t r e s s  i n  

t h r e e - p o i n t  b e n d  s p e c i m e n s  w a s  p r o d u c e d  b y  u s i n g  a  l o c a l i s e d  

p l a s t i c  d e f o r m a t i o n  p r o c e s s .  A l t h o u g h  t h e  p r o b a b l e  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  m u s t  s a t i s f y  t h e  c o n d i t i o n s  o f  z e r o  

r e s u l t a n t  f o r c e  a n d  m o m e n t ,  a  s t r e s s  d i s t r i b u t i o n  t h a t  

r e m a i n e d  l i n e a r  a c r o s s  t h e  f u l l  w i d t h  o f  t h e  s p e c i m e n  w a s  

a s s u m e d  w h i c h  a l l o w e d  t h e  s t r e s s  d i s t r i b u t i o n  t o  b e  

r e p r e s e n t e d  b y  s u p e r p o s i t i o n  o f  p u r e  b e n d i n g  a n d  u n i f o r m  

t e n s i o n .  F a t i g u e  c r a c k  g r o w t h  d a t a  w e r e  o b t a i n e d  f o r  b o t h  

a s - r e c e i v e d  a n d  r e s i d u a l - s t r e s s  r e l i e v e d  s p e c i m e n s .

A n  e x p r e s s i o n  p r o p o s e d  b y  U n d e r w o o d  e t  a l  f o r  A K  w h i c h  

a t t e m p t e d  t o  i n c l u d e  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  t o o k  t h e  

f o r m :

A K  rr =  ( K  +  K _ ) -  
e f f  m a x  R

( K  , +  K n )
m m  o , ( 2 . 3 1 )

w h e r e  ^ K e f f  i s  t h e  e f f e c t i v e  A K  i n c l u d i n g  e f f e c t s  o f  

r e s i d u a l  s t r e s s ,  K m a x  a n d  K m ^ n  a r e  t h e  e x t r e m e  v a l u e s  o f
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a p p l i e d  K ,  a n d  K R  a n d  a r e  t h e  K - v a l u e s  w h i c h  s i m u l a t e  

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  a t  t h e  p o i n t s  o f  m a x i m u m  a n d  

m i n i m u m  l o a d  d u r i n g  t h e  c y c l e .  I n  t h e  c a s e  o f  a  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 ,  c r a c k  c l o s u r e  c a n  o c c u r ,  r e s u l t i n g  i n  t h e  

d e l a y e d  o p e n i n g  o f  t h e  c r a c k  a t  s o m e  p o i n t  i n  t h e  c y c l e  

a b o v e  t h e  m i n i m u m  l o a d .

U n d e r w o o d  e t  a l  a l s o  c o n s i d e r e d  b o t h  n o t c h e d  a n d  

c r a c k e d  s p e c i m e n s  w i t h  t h e i r  i d e a l i s e d  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 .  I n  t h e  c a s e  o f  t h e  n o t c h e d  s p e c i m e n ,  t h e  

r e s i d u a l  s t r e s s  d i s t r i b u t i o n  i s  s h i f t e d  t o  t h e  e n d  o f  t h e  

n o t c h  a n d  i s  i n d e p e n d e n t  o f  t h e  a p p l i e d  l o a d .  T h e  c r a c k e d  

s p e c i m e n ,  h o w e v e r ,  c a n  c l o s e  c o m p l e t e l y  u n d e r  t h e  i n f l u e n c e  

o f  a  c o m p r e s s i v e  r e s i d u a l  s t r e s s  a n d  w i l l  t r a n s m i t  t h e  l o a d  

a c r o s s  i t s  f a c e s .  W h e n  t h e  c r a c k e d  s p e c i m e n  i s  l o a d e d ,  t h e  

r e s i d u a l  s t r e s s  d i s t r i b u t i o n  i s  s i m i l a r  t o  t h a t  o f  t h e  

n o t c h e d  c a s e ,  a n d  w i l l  t h e r e f o r e  s h i f t  d e p e n d i n g  o n  w h e t h e r  

t h e  c r a c k  i s  o p e n  o r  c l o s e d .  U s i n g  t h i s  a r g u m e n t  t h e y  f o u n d  

t h e  f o l l o w i n g  r e l a t i o n s h i p s :

A K  =  A K  +  K  
e f f  a p p  R

A K  rr =  A K  +  2 K  
e f f  a p p  R

w h e r e  A K  i s  t h e  a p p l i e d  
a p p

f o r  c r a c k e d  s p e c i m e n s ,  ( 2 . 3 2 )

f o r  n o t c h e d  s p e c i m e n s ,  ( 2 . 3 3 )

A K  .

T w o  m e t h o d s  o f  o b t a i n i n g  K  w e r e  s u g g e s t e d .  T h e  f i r s tK.
m e t h o d  u s e s  t h e  s i m p l e  e x p r e s s i o n



a _ .  V ^ r a  Rave ▼ ,(2.34)
k r  =

w h e r e  ° R a v e  i s  

r e s i d u a l  s t r e s s

s u p e r p o s i t i o n  o f  

i n t e n s i t y  f a c t o r  

d o e s  n o t  t a k e  

a c c o u n t .

t h e  a v e r a g e  v a l u e  o f  t h e  r e d i s t r i b u t e d  

n e a r  t h e  t i p  o f  a  c r a c k  o f  l e n g t h  a  . A  

a  p u r e  b e n d i n g  a n d  a  u n i f o r m  t e n s i o n  s t r e s s  

i s  u s e d  i n  t h e  o t h e r  a p p r o a c h .  T h e  l a t t e r  

r 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 e s  i n t o

A n  a n a l y s i s  o f  r e s u l t s  s h o w e d  t h a t  t h e  e f f e c t s  o f  

r e s i d u a l  s t r e s s  r e m a i n e d  s i g n i f i c a n t ,  e v e n  a t  a / w = 0 . 3  . W h e n  

t h e  r 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  w a s  t a k e n  i n t o  a c c o u n t  

a  r e a s o n a b l e  a g r e e m e n t  w i t h  s t r e s s - f r e e  r e s u l t s  w a s  

o b t a i n e d .  T h e  r e s u l t s  a l s o  s e e m e d  t o  i n d i c a t e  t h a t  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  i s  i n d e p e n d e n t  o f  c r a c k  l e n g t h .  

T h e  a u t h o r s  b e l i e v e  t h a t  t h i s  m a y  h a v e  b e e n  d u e  t o  t h e  l o c a l  

c l o s i n g  e f f e c t  o n  t h e  c r a c k  t i p  w h i c h  o c c u r s  o v e r  a n  a r e a  

w h i c h  i s  s m a l l  r e l a t i v e  t o  c r a c k  l e n g t h .

S i n c e  r e s i d u a l  s t r e s s e s  a r e  o f t e n  p r e s e n t  i n  t h e  

w e l d m e n t ,  s o m e  w o r k  o n  f a t i g u e  c r a c k  g r o w t h  b y  m e a n s  o f  

r e s i d u a l  s t r e s s e s  h a s  b e e n  r e p o r t e d .  I n  c o m m o n  w i t h  o t h e r  

w o r k  r e v i e w e d  i n  t h i s  s e c t i o n ,  G l i n k a  [ 1 0 1 ]  u s e d  a 

s u p e r p o s i t i o n  m e t h o d ,  a s s u m i n g  t h a t  t h e  e f f e c t i v e  s t r e s s  

i n t e n s i t y  f a c t o r ,  A K e f f  , c a n  b e  c o m p u t e d  a s  t h e  s u m  o f  t h e  

r e s i d u a l  s t r e s s  i n t e n s i t y  f a c t o r ,  K R =  f ( c r R ) , a n d  t h e  

a p p l i e d  s t r e s s  i n t e n s i t y  f a c t o r ,  K a p p = f ( a ) ‘ I t  w a s  a s s u m e d
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t h a t  r e s i d u a l  s t r e s s e s  d o  n o t  d i m i n i s h  u n d e r  f a t i g u e  

l o a d i n g .  G l i n k a  b e l i e v e d  t h a t  t h i s  a s s u m p t i o n  o v e r e s t i m a t e s  

t h e  r e s i d u a l  s t r e s s  e f f e c t ,  b u t  i s  r e a s o n a b l e  f r o m  a  

p r a c t i c a l  p o i n t  o f  v i e w .  F o r  c a l c u l a t i n g  K R  i n  a  c e n t r e -  

c r a c k e d  p l a t e  K a n a z a w a ' s  [ 1 0 2 ]  f o r m u l a  w a s  u s e d :

2 s i n  ( 7 T ( a + x ) / w )

s i n  (-^7“ ) s i n  (tt ( a - x ) / w )  
w

w h e r e  a  i s  t h e  h a l f - c r a c k  l e n g t h ,  w  i s  t h e  p l a t e  w i d t h ,  a n d  

t h e  x - a x i s  l i e s  i n  t h e  c r a c k  p l a n e  w i t h  x = 0  w h e n  a = 0 .  T h e  

t r u e  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  w a s  a p p r o x i m a t e d  b y  

s i m p l i f i e d  r e c t a n g u l a r  d i s t r i b u t i o n .  F o r m a n ' s  [ 2 7 ]  e q u a t i o n  

w h i c h  i n c l u d e s  t h e  s t r e s s  r a t i o  w a s  u s e d  t o  o b t a i n  l i f e  

p r e d i c t i o n s .  G o o d  a g r e e m e n t  w i t h  e x p e r i m e n t a l  r e s u l t s  w a s  

o b t a i n e d .  G l i n k a  a l s o  n o t e s  t h a t  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  o n  f a t i g u e  c r a c k  g r o w t h  r a t e  d e p e n d s  o n  t h e  m a g n i t u d e  

o f  t h e  a p p l i e d  l o a d .  T h e  l o w e r  t h e  a p p l i e d  l o a d  t h e  h i g h e r  

t h e  r e s i d u a l  s t r e s s  e f f e c t .  A l s o ,  a  h i g h e r  a p p l i e d  l o a d  

c a u s e s  g r e a t e r  r e s i d u a l  s t r e s s  r e l a x a t i o n .

2

d x

, ( 2 . 3 5 )

2 . 6  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  W E L D  M E T A L

F a t i g u e  c r a c k s  w h i c h  a r e  i n i t i a t e d  a t  t h e  s i t e s  o f  

i n t e r n a l  d e f e c t s ,  s u c h  a s  s l a g - i n c l u s i o n s  o r  l a c k  o f  r o o t  

f u s i o n ,  m a y  s p e n d  a l l  t h e i r  l i v e s  p r o p a g a t i n g  i n  t h e  w e l d  

m e t a l .  I f  a  c r a c k  i n i t i a t e s  a t  t h e  t o e  o f  t h e  w e l d ,  i t  

s p e n d s  t h e  i n i t i a l  p a r t  o f  i t s  l i f e  i n  w e l d  m e t a l  a n d  

e v e n t u a l l y  p r o p a g a t e s  i n t o  t h e  h e a t  a f f e c t e d  z o n e  ( H A Z )  a n d
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b a s e  p l a t e .

E a r l y  w o r k e r s  a s s u m e d  t h a t  l o w  f a t i g u e  s t r e n g t h s  

a s s o c i a t e d  w i t h  w e l d e d  j o i n t s  w e r e  a  c o n s e q u e n c e  o f  t h e  

m e t a l l u r g i c a l  f e a t u r e s  o f  t h e  w e l d  m e t a l  a n d  H A Z  w h i c h  w e r e  

i n  s o m e  w a y  i n f e r i o r  t o  t h o s e  o f  t h e  p a r e n t  p l a t e .  H o w e v e r ,  

B a x t e r  e t  a l  [ 1 0 3 ]  s h o w e d  t h a t  t h e  f a t i g u e  s t r e n g t h s  o f  t h e

Properties
b a s i c  m a t e r i a l s A w e r e  a t  l e a s t  a s  h i g h  a s  t h a t  o f  t h e  p a r e n t  

m e t a l ,  a n d  t h e  r e a s o n  f o r  t h e  l o w  f a t i g u e  s t r e n g t h  o f  t h e  

j o i n t s  w a s  t h e  p r e s e n c e  o f  s e v e r e  s t r e s s  c o n c e n t r a t i o n s .

I t  i s  n o t  s u p r i s i n g  t h a t  c o n f l i c t i n g  t h e o r i e s  a b o u t  t h e  

f a t i g u e  p r o p e r t i e s  o f  w e l d m e n t s  s h o u l d  e x i s t .  T h e  

m e t a l l u r g i c a l  f e a t u r e s  o f  a  w e l d  j o i n t  a r e  c o m p l e x  a n d  

v a r i a b l e  t h r o u g h  t h e  j o i n t ;  a l s o ,  d i f f e r e n t  w e l d  m e t a l s  a n d  

w e l d i n g  p r o c e s s e s  w i l l  r e s u l t  i n  d i f f e r e n t  f e a t u r e s .

I n  o r d e r  t o  b e  i n  a  p o s i t i o n  t o  p r e d i c t  t h e  f a t i g u e  

b e h a v i o u r  o f  w e l d e d  j o i n t s  i t  i s  c l e a r l y  d e s i r a b l e  t o  k n o w  

h o w  m u c h  t h e  v a r y i n g  m e t a l l u r g i c a l  s t r u c t u r e  o f  a  w e l d  

i n f l u e n c e s  t h e  r a t e  o f  c r a c k  p r o p a g a t i o n .

D a w e s  a n d  R i c h a r d s  [ 1 0 4 ]  i n v e s t i g a t e d  f a t i g u e  c r a c k  

p r o p a g a t i o n  a c r o s s  w e l d  a n d  p a r e n t  p l a t e s  o f  m i l d  a n d  l o w  

a l l o y  s t e e l  w i t h  p a r t i c u l a r  e m p h a s i s  o n  t h e  r a t e  o f  c r a c k  

p r o p a g a t i o n  a c r o s s  H A Z .  T h e  p l a t e s  w e r e  b u t t - w e l d e d  u s i n g  a



- 60-

K - p r e p a r a t i o n  s u c h  t h a t  t h e  w e l d  a n d  H A Z  w e r e  a t  a n  a n g l e  o f  

7 5 ° t o  t h e  d i r e c t i o n  o f  l o a d i n g .  F a t i g u e  t e s t s  w e r e  c a r r i e d  

o u t  u n d e r  a  c o n s t a n t  r a n g e  o f  s t r e s s  i n t e n s i t y  f a c t o r .  T h e y  

o b s e r v e d  t h a t  t h e  r a t e  o f  c r a c k  g r o w t h  w a s  v i r t u a l l y  t h e  

s a m e  i n  b o t h  t h e  p a r e n t  a n d  t h e  w e l d  m e t a l .

G r i f f i t h s  e t  a l  [ 1 0 5 ]  i n v e s t i g a t e d  t h e  i n f l u e n c e  o f  

m e a n  s t r e s s  o n  f a t i g u e  c r a c k  g r o w t h  i n  l o w  a l l o y  s t e e l  w e l d  

m e t a l .  T h e y  c a r r i e d  o u t  c o n s t a n t - K  t e s t s  a n d  o b s e r v e d  t h a t  

h i g h  t e n s i l e  m e a n  s t r e s s e s  c a u s e  a n  i n c r e a s e  i n  t h e  r a t e  o f  

c r a c k  g r o w t h .  T h e y  a l s o  c a r r i e d  o u t  f r a c t o g r a p h i c  

e x a m i n a t i o n  o f  t h e  f a t i g u e - f r a c t u r e d  s u r f a c e s  a n d  o b s e r v e d  

t y p i c a l  d u c t i l e  s t r i a t i o n s  a n d  a r e a s  o f  p r o p a g a t i o n  b y  v o i d  

c o a l e s c e n c e  t y p e  f a t i g u e  f r a c t u r e  w h i c h  c a n  o n l y  o c c u r  u n d e r  

p l a n e  s t r e s s  c o n d i t i o n s .

P a r r y  e t  a l  [ 1 0 6 ]  s t u d i e d  t h e  f a t i g u e  c r a c k  g r o w t h  i n  

w e l d m e n t s ,  H A Z  a n d  p a r e n t  p l a t e  o f  A 5 1 4  s t e e l  u s i n g  c o m p a c t  

t y p e  a n d  s i n g l e  e d g e  n o t c h  s p e c i m e n s .  T h e y  o b s e r v e d  t h a t  t h e  

m e a n  l o a d  h a d  n o  e f f e c t  o n  t h e  c r a c k  g r o w t h  r a t e s  i n  t h e  

w e l d  a n d  s u g g e s t e d  t h a t  f r a c t u r e  m e c h a n i s m s  o t h e r  t h a n  

s t r i a t i o n  f o r m a t i o n s  w e r e  a l s o  o p e r a t i v e  d u r i n g  t h e  f a t i g u e  

p r o c e s s  s o  a s  t o  a c c o u n t  f o r  t h e  g r o w t h  r a t e  d i f f e r e n c e s  

( e . g . ,  q u a s i - c l e a v a g e  a n d  v o i d  c o a l e s c e n c e ) .

S h a h i n i a n  e t  a l  [ 1 0 7 ]  p e r f o r m e d  t e s t s  o n  t y p e s  3 0 4  a n d  

3 1 6  s t a i n l e s s  s t e e l  a n d  s u b m e r g e d  a r c  w e l d m e n t s  a t  r o o m
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t e m p e r a t u r e .  I n  g e n e r a l ,  t h e  r e s i s t a n c e  t o  c r a c k  g r o w t h  o f  

w e l d  m e t a l  w a s  a b o u t  t h e  s a m e  a s  t h a t  o f  p a r e n t  m e t a l  a t

r o o m  t e m p e r a t u r e ,  s l i g h t l y g r e a t e r a t  4 2 7 °  C  » a n d

s i g n i f i c a n t l y g r e a t e r  a t 5 9 3 ° C . T h e y  a t t r i b u t e d t h e

s u p e r i o r i t y  o f f a t i g u e  r e s i s t a n c e o f  w e l d  m e t a l  r e l a t i v e t o

t h a t  o f  b a s e  m e t a l  t o  m i c r o s t r u c t u r a l  d i f f e r e n c e s .  T h e y  

o b s e r v e d  a t  h i g h  t e m p e r a t u r e s  t h e  f i n e  d u p l e x  d e l t a  f e r r i t e -  

a u s t e n i t e  m i c r o s t r u c t u r e  o f  t h e  w e l d  m e t a l  w i t h  i t s  m a n y  

p h a s e  b o u n d a r i e s  w h i c h  t h e y  b e l i e v e d  w e r e  m o r e  r e s p o n s i b l e  

f o r  t h e  r e s i s t a n c e  t o  c r a c k  g r o w t h  t h a n  t h e  l a r g e r  g r a i n ,  

f u l l y  a u s t e n i t i c  s t r u c t u r e  o f  t h e  b a s e  m e t a l .

T h e  e f f e c t  o f  l o a d - c y c l i n g  f r e q u e n c y  a n d  e n v i r o n m e n t  o n  

f a t i g u e  c r a c k  g r o w t h  o f  w e l d m e n t s  w a s  i n v e s t i g a t e d  b y  P o o n  

a n d  H o e p p n e r  [ 1 0 8 ] .  T h e  m a t e r i a l  t h e y  u s e d  w a s  A S T M  A 5 3 3  

g r a d e  B  c l a s s  1 w e l d m e n t  m a t e r i a l  i n  w h i c h  w e l d m e n t s  w e r e  

f a b r i c a t e d  b y  m a n u a l  s h i e l d e d  m e t a l  a r c  w e l d i n g  p r o c e d u r e s .  

T h e y  o b s e r v e d  n o  e f f e c t  o f  f r e q u e n c y  i n  l a b o r a t o r y  a i r ,  b u t  

r e d u c i n g  t h e  f r e q u e n c y  f r o m  1 0 H z  t o  0 . 5 H z  a c c e l e r a t e d  t h e  

c r a c k  g r o w t h  r a t e s  i n  a  d i s t i l l e d  w a t e r  e n v i r o n m e n t .  

F r a c t o g r a p h i c  e x a m i n a t i o n  o f  f a t i g u e - f r a c t u r e d  s p e c i m e n s  

r e v e a l e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  c r a c k  g r o w t h  r a t e s .  

T h i s  w a s  b e c a u s e  o f  t h e  s i m i l a r  m i c r o s t r u c t u r e  o f  t h e  w e l d  

m a t e r i a l  i n  b o t h  l a b o r a t o r y  a i r  a n d  d i s t i l l e d  w a t e r .

O h t a  e t  a l  [ 1 0 9 ]  h a v e  r e c e n t l y  r e p o r t e d  o n  t h r e s h o l d  

a n d  m i d - r a n g e  f a t i g u e  c r a c k  g r o w t h  i n  b u t t - w e l d e d  j o i n t s ,  

a n d  a l s o  i n v e s t i g a t e d  t h e  e f f e c t s  o f  w e l d i n g  p r o c e s s e s  o n
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f a t i g u e  c r a c k  p r o p a g a t i o n .  T h e  m a t e r i a l  u s e d  w a s  2 0 m m  t h i c k  

H T 8 0  s t e e l  o f  w h i c h  o n e  s e r i e s  o f  s p e c i m e n s  w e r e  b u t t - w e l d e d  

b y  a  g a s  m e t a l  a r c  w e l d i n g  p r o c e s s ,  a n d  t h e  o t h e r  s e r i e s  b y  

s u b m e r g e d  a r c - w e l d i n g .  T h e y  c o m p a r e d  t h e  r e s u l t s  t o  t h a t  o f  

t h e  b a s e  p l a t e  a n d  c o n c l u d e d  t h a t  t h e  f a t i g u e  p r o p e r t i e s  o f  

w e l d e d  j o i n t s  w e r e  i n f e r i o r  t o  t h o s e  o f  t h e  b a s e  m e t a l ,  n o  

s i g n i f i c a n t  d i f f e r e n c e s  b e i n g  f o u n d  b e t w e e n  t h e  f a t i g u e  

c r a c k  p r o p a g a t i o n  p r o p e r t i e s  o f  w e l d e d  j o i n t s  m a d e  b y  

d i f f e r e n t  w e l d i n g  p r o c e s s e s .

F i n a l l y ,  f a t i g u e  c r a c k  p r o p a g a t i o n  f r o m  s u r f a c e  f l a w s  

i n  a u s t e n i t i c  t y p e  3 1 6  b u t t - w e l d s  h a s  b e e n  s t u d i e d  b y  L l o y d  

a n d  W a l l s  [ 1 1 0 ] .  T h e y  i n v e s t i g a t e d  t h e  e f f e c t  o f  t h e  

p o s i t i o n  o f  t h e  f l a w ,  m e a n  s t r e s s  a n d  w e l d  h e a t  t r e a t m e n t s .  

A  U - c o n f i g u r a t i o n  w e l d  p r e p a r a t i o n  w a s  u s e d .  T h e  s u r f a c e  

f l a w s  w e r e  i n t r o d u c e d  w h o l l y  w i t h i n  t h e  w e l d  b y  a  

c o m b i n a t i o n  o f  s p a r k - m a c h i n i n g  a n d  f a t i g u e .  T h i s  p r e p a r a t i o n  

g a v e  s p e c i m e n s  w i t h  a n  a p p r o x i m a t e  s e m i - e l l i p t i c a l  c r a c k  

w i t h  a n  i n i t i a l  a / 2 c  o f  0 . 2  a n d  i n i t i a l  a / B  r a t i o  o f  0 . 3 .  T o  

s t u d y  t h e  i n f l u e n c e  o f  t h e  s u r f a c e  f l a w  t h e y  e m p l o y e d  

d i f f e r e n t  i n i t i a l  a / 2 c  v a l u e s .  T h e  t e s t s  w e r e  c a r r i e d  o u t  a t  

1 H z  w h i c h  s h o w e d  t h a t  a t  l o w  v a l u e s  o f  A K  a n  i n c r e a s e  i n  

s t r e s s  r a t i o  f r o m  0 . 0 5  t o  0 . 6  h a d  l i t t l e  e f f e c t  o n  t h e  r a t e  

o f  c r a c k  p r o p a g a t i o n .  F r o m  t h e  v a r i a t i o n  o f  t h e  c r a c k  d e p t h -  

t o - l e n g t h  r a t i o  a / 2 c  w i t h  p o s i t i o n  w i t h i n  t h e  p l a t e ,  t h e y  

c o n c l u d e d  t h a t ,  i r r e s p e c t i v e  o f  t h e  i n i t i a l  s t a r t e r  d e f e c t  

c o n f i g u r a t i o n ,  t h e  c r a c k  s h a p e  c h a n g e d  a s y m p t o t i c a l l y  

t o w a r d s  a / 2 c = 0 . 4  f o r  t e n s i o n - t o - t e n s i o n  l o a d i n g ;  m o r e o v e r ,  

h e a t  t r e a t m e n t  w a s  n o t  b e n e f i c i a l  i n  t h e i r  c a s e .  F r o m  t h e
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c o m p a n s o n  o f  t h e  m a x i m u m  r a t e s  o f  f a t i g u e  c r a c k  g r o w t h  i n  

t h e  b u t t  w e l d s  a n d  w r o u g h t  p a r e n t  p l a t e  t h e y  c o n c l u d e d  t h a t  

f a t i g u e  c r a c k  p r o p a g a t i o n  w a s  f a s t e s t  i n  t h e  p a r e n t  p l a t e .

2 . 7  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  T H E  H E A T - A F F E C T E D  Z O N E  

( H A Z )

M o s t  r e s e a r c h e r s  m e n t i o n e d  i n  t h e  p r e v i o u s  s e c t i o n  

d i s c u s s e d  f a t i g u e  c r a c k  g r o w t h  i n  H A Z  a s  w e l l  a s  i n  w e l d  

m e t a l .  I n  a  m a c h i n e d  b u t t  w e l d  f a t i g u e  c r a c k s  a r e  u s u a l l y  

i n i t i a t e d  i n  t h e  b a s e  p l a t e  r a t h e r  t h a n  t h e  m o r e  b r i t t l e  

H A Z , e v e n  t h o u g h  i n  s o m e  m a t e r i a l s  ( e . g . ,  l o w  a l l o y  s t e e l ) ,  

H A Z  m a y  b e  m o r e  n o t c h - s e n s i t i v e  [ 1 1 1 ] .

D o w e s  a n d  R i c h a r d s  [ 1 0 4 ]  i n v e s t i g a t e d  c r a c k  p r o p a g a t i o n  

b e h a v i o u r  c r o s s i n g  t h e  b a s e  p l a t e  a n d  H A Z  u n d e r  c o n s t a n t  

A K .  T h e  m e c h a n i s m  o f  f r a c t u r e  w a s  t h e  s a m e  i n  b o t h  b a s e  

p l a t e  a n d  H A Z ,  i . e . ,  d u c t i l e  p r o p a g a t i o n  w i t h  f o r m a t i o n  o f  

s t r i a t i o n s ,  b u t  t h e  r a t e s  o f  c r a c k  g r o w t h  w e r e  d i f f e r e n t .  A s  

t h e  c r a c k  a p p r o a c h e d  t h e  H A Z  f r o m  t h e  b a s e  p l a t e  t h e  r a t e  o f  

c r a c k  g r o w t h  f e l l  s h a r p l y  u n t i l  t h e  c r a c k  r e a c h e d  t h e  c e n t r e  

o f  H A Z ;  f r o m  t h e r e  o n  t h e  r a t e  i n c r e a s e d  a n d  e v e n t u a l l y  

c o n t i n u e d  a t  t h e  o r i g i n a l  r a t e  i n t o  t h e  w e l d .  H a r d n e s s  

m e a s u r e m e n t s  s h o w e d  t h a t  t h e  w e l d i n g  p r o d u c e d  a  h a r d  H A Z .  

D a w e s  a n d  R i c h a r d s  s u g g e s t e d  t h a t  r e d u c t i o n  i n  t h e  r a t e  o f  

p r o p a g a t i o n  w a s  d u e  t o  t h e  c h a n g e  i n  t h e  y i e l d  S t r e s s  w h i c h  

w a s  r e f l e c t e d  i n  t h e  v a r i a t i o n  i n  h a r d n e s s .
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P a r r y  e t  a l  [ 1 0 6 ]  m e a s u r e d  t h e  p r o p a g a t i o n  r a t e s  f o r  a  

c r a c k  g r o w i n g  i n  t h e  H A Z .  T h e y  o b s e r v e d  t h a t  t h e  c r a c k  

g r o w t h  r a t e  w a s  c o n s i d e r a b l y  l o w e r  i n  t h e  H A Z  t h a n  t h e  

g r o w t h  r a t e  i n  t h e  b a s e  m e t a l .  T h e  t e s t s  o n  s t r e s s - r e l i e v e d  

s p e c i m e n s  r e v e a l e d  t h a t  t h e  g r o w t h  r a t e  i n  t h e  H A Z  i n c r e a s e d  

c o n s i d e r a b l y .  F r o m  t h e s e  o b s e r v a t i o n s  t h e y  c o n c l u d e d  t h a t  

t h e  H A Z  w a s  a l s o  u n d e r  t h e  i n f u e n c e  o f  r e s i d u a l  s t r e s s e s .

P o o n  a n d  H o e p p n e r  [ 1 0 8 ]  i n v e s t i g a t e d  t h e  c r a c k  g r o w t h  

i n  H A Z  o f  a n  A S T M  A 5 3 3  g r a d e  B  c l a s s  1  w e l d m e n t  w h i c h  w a s  

f a b r i c a t e d  b y  m a n u a l  s h i e l d e d  m e t a l - a r c  w e l d i n g .  T h e y  

o b s e r v e d  t h a t  t h e  e f f e c t  o f  f r e q u e n c y  w a s  s l i g h t  i n  

l a b o r a t o r y  a i r  w h e n  t h e  d a t a  f o r  1 0 H z  a n d  1 H z  w e r e  c o m p a r e d .  

T h e  c r a c k  g r o w t h  r a t e  d a t a  o b t a i n e d  i n  d i s t i l l e d  w a t e r  w e r e  

c o m p a r e d  f o r  t h e  w e l d  m e t a l  a n d  H A Z , s h o w i n g  t h a t  t h e  c r a c k  

g r o w t h  p e r  c y c l e  f o r  a  w e l d  i s  s l i g h t l y  h i g h e r  t h a n  t h a t  f o r  

H A Z .  I t  w a s  a l s o  s h o w n  t h a t  t h e  f a t i g u e  t h r e s h o l d , A K ^ r  f o r  

b o t h  H A Z  a n d  w e l d m e n t  d i f f e r e d  o n l y  s l i g h t l y .

I s h i h a r a  e t  a l  [ 1 1 2 ]  m e a s u r e d  t h e  f a t i g u e  c r a c k  g r o w t h  

r a t e  i n  a n  H T 8 0  w e l d m e n t  a n d  H A Z , a n d  e x a m i n e d  t h e  f a t i g u e -  

f r a c t u r e d  s u r f a c e s  b y  m e a n s  o f  f r a c t o g r a p h y . T h e  l o w e s t  

c r a c k  g r o w t h  r a t e  w a s  o b t a i n e d  i n  t h e  H A Z  w h i c h  w a s  

a t t r i b u t e d  t o  t h e  w e l d i n g  r e s i d u a l  s t r e s s e s .  T h e y  c o m p a r e d  

t h e  m a c r o s c o p i c  g r o w t h  r a t e  a n d  t h e  s t r i a t i o n  s p a c i n g  a n d  

o b s e r v e d  t h a t  f o r  t h e  b a s e  m e t a l  a n d  H A Z ,  t h e  g r o w t h  r a t e  

c o i n c i d e d  w i t h  t h e  s t r i a t i o n  s p a c i n g  a l m o s t  c o m p l e t e l y ,  b u t  

f o r  t h e  w e l d  m e t a l  t h e  m a c r o s c o p i c  g r o w t h  r a t e  d i d  n o t
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c o i n c i d e  w i t h  t h e  s t r i a t i o n  s p a c i n g  a t  a l l  a n d  w a s  

a p p r o x i m a t e l y  t w i c e  a s  m u c h  a s  f o r  t h e  s t r i a t i o n  s p a c i n g  

c o r r e s p o n d i n g  t o  A K  . T h i s  d i s c r e p a n c y  t h e y  b e l i e v e d  w a s  d u e  

t o  t h e  a c c e l e r a t i o n  o f  m a c r o s c o p i c  g r o w t h  r a t e  b y  d i m p l e  

f r a c t u r e .

K i t s u n a i  [ 1 1 3 ]  d e t e r m i n e d  t h e  f a t i g u e  c r a c k  g r o w t h  r a t e  

i n  a  s t e e l  p l a t e  1 2 m m  t h i c k  w i t h  d i f f e r i n g  s t r e s s  r a t i o s  i n  

t h e  w e l d  m e t a l ,  H A Z  a n d  b a s e  p l a t e .  H e  c o n c l u d e d  t h a t  t h e  

f a t i g u e  c r a c k  g r o w t h  r a t e s  i n  t h e  b a s e  p l a t e ,  w e l d  m e t a l  a n d  

H A Z  a b o v e  t h e  v a l u e  o f  A K  = 1 5  M N / m ^ ^ w e r e  a b o u t  t h e  s a m e  

r e g a r d l e s s  o f  s t r e s s  r a t i o ,  b u t  n e a r  t h r e s h o l d  t h e  g r o w t h  

r a t e  w a s  h i g h e s t  i n  t h e  H A Z .

M a d d o x  [ 1 1 4 ]  i n v e s t i g a t e d  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  

t h e  H A Z  a n d  w e l d  m e t a l .  H i s  r e s u l t s  s h o w e d  t h a t  t h e  c r a c k  

g r o w t h  r a t e  i n  H A Z  i s  s i m i l a r  t o  o r  s l o w e r  t h a n  t h a t  o f  w e l d  

m e t a l .  O h t a  e t  a l  [ 1 0 9 ]  a l s o  c a r r i e d  o u t  t e s t s  o n  H A Z .  T h e i r  

s t u d y  s h o w e d  t h a t  t h e  f a t i g u e  p r o p e r t i e s  o f  H A Z  w e r e  

i n f e r i o r  t o  t h o s e  o f  b a s e  m e t a l  w i t h  a  t h r e s h o l d  s t r e s s  

i n t e n s i t y  f a c t o r  a b o u t  a  q u a r t e r  t h a t  o f  b a s e  m e t a l .  T h e y  

a t t r i b u t e d  t h i s  i n f e r i o r i t y  t o  t h e  t e n s i l e  r e s i d u a l  s t r e s s  

a r o u n d  t h e  c r a c k  t i p .
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MODE I M0DE1 MODE I

F i g u r e  2 . 1  L o a d i n g  i n o d e s

F i g u r e  2 . 2  T h e  s i g m o i d a l  n a t u r e  o f  t h e  
c r a c k  p r o p a g a t i o n  c u r v e

F i g u r e  2 . 3  T h e  r e s i d u a l  s t r e s s  p a t t e r n  f o r  
t w o  b u t t - w e l d e d  p l a t e s



- 67-

C H A P T E R  _3

E X P E R I M E N T A L  D E T A I L S  A N D  D A T A  P R O C E S S I N G  T E C H N I Q U E S

3 . 1  M a t e r i a l  a n d  T e s t  S p e c i m e n s

A l t h o u g h  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  c o n c e r n e d  w i t h  

t h e  f a t i g u e  c r a c k s  i n  b u t t - w e l d e d  j o i n t s ,  i t  w a s  n e c e s s a r y  

t o  o b t a i n  f a t i g u e  c r a c k  p r o p a g a t i o n  d a t a  f o r  t h e  m a t e r i a l s  

a s s o c i a t e d  w i t h  w e l d e d  j o i n t s .

T h e  m a t e r i a l  u s e d  f o r  t h i s  i n v e s t i g a t i o n  w a s  a  l o w  

a l l o y  s t e e l ,  B S 4 3 6 0 - 5 0 D ,  a v a i l a b l e  i n  h o t - r o l l e d  p l a t e s  o f  

2 5 m m  t h i c k n e s s .  T h e  c h e m i c a l  a n d  m e c h a n i c a l  p r o p e r t i e s  o f  

t h e  m a t e r i a l  a r e  g i v e n  i n  T a b l e  3 . 1 .  N o  a d d i t i o n a l  h e a t  

t r e a t m e n t  w a s  p e r f o r m e d  o n  e i t h e r  t h e  p l a t e s  o r  t h e  m a c h i n e d  

s p e c i m e n s .

T w o  t y p e s  o f  s p e c i m e n  w e r e  u s e d  i n  t h i s  i n v e s t i g a t i o n ;  

t h e  s t a n d a r d  c o m p a c t  t y p e  ( C T )  a n d  s u r f a c e - n o t c h e d  p l a t e  

(S N P )  o f  d i m e n s i o n s  a s  s h o w n  i n  F i g s .  3 . 1  a n d  3 . 2 .  T h e  s t e e l  

s p e c i m e n s  w e r e  m a n u f a c t u r e d  f r o m  t h e  s u p p l i e d  p l a t e s  s o  t h a t  

t h e  f a t i g u e  c r a c k  p r o p a g a t e d  p e r p e n d i c u l a r  t o  t h e  r o l l i n g  

d i r e c t i o n .  I n  t h e  c a s e  o f  S N P  t h e  n o t c h  w a s  p r o d u c e d  u s i n g  a  

3 0 °  c i r c u l a r  c u t t e r  o f  3  i n c h e s  d i a m e t e r .

T h e  b l a n k s  f o r  t h e  b u t t - w e l d e d  C T  s p e c i m e n s  w e r e  

p r e p a r e d  b y  t h e  b u t t - w e l d i n g  o f  t w o  p l a t e s ,  e a c h  a b o u t  5 0 m m
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w i d e  a n d  9 5 m m  l o n g .  F o r  t h e  c a s e  o f  S N P  g e o m e t r y ,  t w o  p l a t e s  

1 2 0 m m  w i d e  a n d  2 1 0 m m  l o n g  w i t h  t h e  b u t t - w e l d  r u n n i n g  a c r o s s  

e a c h  p l a t e  w e r e  u s e d  ( s e e  F i g .  3 . 3 ) .  T h e  j o i n t  p r e p a r a t i o n  

w a s  a  d o u b l e  "Vee" a n d  i n c o r p o r a t e d  a  2 m m  r o o t  g a p  w h i c h  i s  

s h o w n  i n  F i g .  3 . 4 .  M a n u a l  a r c - w e l d i n g  a n d  t h e  w i d e  w e a v e  

t e c h n i q u e  w e r e  e m p l o y e d  f o r  m a n u f a c t u r i n g  t h e  b u t t - w e l d e d  

s p e c i m e n s  u s i n g  a  C / M n  e l e c t r o d e  o f  t y p e  

B S 6 3 9 ( 1 9 7 6 ) : E 4 3 1 1 R 2 1 .  T h e  c h e m i c a l  c o m p o s i t i o n  a n d  

m e c h a n i c a l  p r o p e r t i e s  o f  t h e  w e l d  m e t a l  a r e  g i v e n  i n  T a b l e  

3 . 2 .  T h e  k i n d  o f  p r e p a r e d  j o i n t  f o r  t h e  s p e c i m e n s  w h e r e  t h e  

c r a c k  w a s  t o  g r o w  i n  t h e  H A Z  w a s  t h e  " K "  j o i n t ,  i n  o r d e r  t o  

e n s u r e  t h a t  t h e  c r a c k  s t a y e d  i n  H A Z  d u r i n g  t h e  t e s t  ( s e e  

F i g .  3 . 5 ) .  B u t t - w e l d i n g  o f  p l a t e s  c a u s e d  s o m e  a n g u l a r  

d i s t o r t i o n  a s  s h o w n  i n  F i g .  3 . 6 .  T h i s  a n g u l a r  d i s t o r t i o n  w a s  

f o u n d  t o  a f f e c t  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  w e l d m e n t  i n  a  

b e n d i n g  s t r e s s  f i e l d .  T w o  s i d e s  o f  t h e  w e l d e d  p l a t e s  w e r e  

i d e n t i f i e d  a n d  a r e  r e f e r r e d  t o  h e r e  a s  t h e  " t e n s i l e "  s i d e  

a n d  t h e  " c o m p r e s s i v e "  s i d e  ( s e e  F i g .  3 . 6 ) .  T h e r e f o r e  i t  w a s  

n e c e s s a r y  t o  f a b r i c a t e  t w o  k i n d s  o f  S N P  g e o m e t r y :  o n e  w h e r e  

t h e  n o t c h  w a s  l o c a t e d  o n  t h e  t e n s i l e  s i d e ;  t h e  o t h e r  w h e r e  

t h e  n o t c h  w a s  l o c a t e d  o n  t h e  c o m p r e s s i v e  s i d e .  T h i s  w i l l  b e  

d i s c u s s e d  i n  d e t a i l  i n  C h a p t e r  5 .

T h e  b l a n k s  f o r  s a n d w i c h  w e l d e d  s p e c i m e n s  w e r e  p r e p a r e d  

a s  f o r  t h e  c o n v e n t i o n a l  w e l d e d  s p e c i m e n s  d e s c r i b e d  a b o v e .  

F a b r i c a t i n g  s a n d w i c h  w e l d s  c o n s i s t s  o f  u s i n g  e l e c t r o d e s  

w h i c h  h a v e  d i f f e r e n t  m e c h a n i c a l  p r o p e r t i e s  f o r  e a c h  p a s s  a n d  

t h e n  s t a c k i n g  u p  a  s a n d w i c h  i n  w h i c h  t h e  o u t e r  l a y e r s  a r e  

m a d e  o f  t h e  s a m e  m a t e r i a l  b u t  h a v i n g  a  h i g h e r  y i e l d  s t r e n g t h
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t h a n  t h e  m i d d l e  l a y e r ,  f i v e - l a y e r  s a n d w i c h  w a s  u s e d  i n  

f a b r i c a t i n g  t h i s  k i n d  o f  s p e c i m e n .  T h e  t y p e  o f  w e l d i n g  

e l e c t r o d e s  u s e d  w e r e  B S 1 7 1 9 : E 3 1 7 ,  B S 1 7 1 9 : E 2 1 7 ,  

B S 2 9 2 6 : 2 0 . 9 . 3 R .  T h e  a r r a n g e m e n t  o f  e l e c t r o d e s  i s  s h o w n  i n  

F i g .  3 . 7 ,  a n d  t h e  c h e m i c a l  a n d  m e c h a n i c a l  p r o p e r t i e s  a r e  

g i v e n  T a b l e s  3 . 3 ,  3 . 4 ,  a n d  3 . 5 .

A l l  t h e  w e l d s  w e r e  g r o u n d  f l a t ,  a n d  s o m e  o f  t h e  w e l d e d  

j o i n t  s p e c i m e n s  w e r e  s t r e s s  r e l i e v e d  a t  6 5 0 ° C  f o r  h a l f  a n  

h o u r  t h e n  f u r n a c e  c o o l e d  t o  r o o m  t e m p e r a t u r e .

T h e  s u r f a c e  o f  o n e  s i d e  o f  e a c h  s p e c i m e n  i n  t h e  c a s e  o f  

C T  g e o m e t r y  a n d  t h e  n o t c h  s i d e  f o r  t h e  c a s e  o f  S N P  g e o m e t r y  

w e r e  p o l i s h e d  t o  f a c i l i t a t e  o p t i c a l  o b s e r v a t i o n  o f  t h e  c r a c k  

t i p .  B o t h  g e o m e t r i e s  w e r e  f o u n d  t o  b e  s a t i s f a c t o r y  f o r  t h e  

t e s t i n g  m a c h i n e s  u s e d  a n d  t h e  r e s u l t s  w e r e  s u f f i c i e n t l y  

r e p e a t a b l e .

T h e  s p e c i m e n s  u s e d  f o r  t e s t s  i n  s a l t  w a t e r  w e r e  

s p e c i a l l y  p r e p a r e d .  F o r  C T  g e o m e t r y  t h e  f l u i d  w a s  c o l l e c t e d  

v i a  c h a n n e l s  m a d e  f r o m  t h i n  a l u m i n i u m  p l a t e s  a n d  s t u c k  

a r o u n d  t h e  s p e c i m e n  w i t h  A r a l d i t e  a d h e s i v e  ( t h e  A r a l d i t e  w a s  

m a d e  b y  C I B A - G e i g y  &  A d d i t i v e s  C o . ,  C a m b r i d g e ) .  T h e  b o n d  w a s  

s t r o n g  e n o u g h  t o  h o l d  t h e  c h a n n e l s  a n d  y e t  f l e x i b l e  e n o u g h  

n o t  t o  a f f e c t  t h e  s p e c i m e n  c o m p l i a n c e .  A  t r a n s p a r e n t  p e r s p e x  

s t r i p  w a s  s t u c k  t o  t h e  c h a n n e l  o n  t h e  s i d e  w h e r e  o p t i c a l  

v i e w i n g  o f  t h e  c r a c k  w a s  m a d e  ( s e e  F i g .  3 . 8 ) .
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F o r  t h e  c a s e  o f  S N P  g e o m e t r y  a  r e c t a n g u l a r  r e s e r v o i r  

w a s  m a d e  o f  r u b b e r  a n d  s t u c k  a r o u n d  t h e  c r a c k  w i t h  E v o s t i c k  

a d h e s i v e  ( t h e  a d h e s i v e  w a s  m a d e  b y  E v o d e  L t d . ,  S t a f f o r d ) .  T o  

f a c i l i t a t e  t h e  c r a c k  d e p t h  m e a s u r e m e n t s  t e n  p a i r s  o f  p r o b e  

t e r m i n a l s  w e r e  s p o t - w e l d e d  o n t o  t h e  f a c e  a n d  a c r o s s  t h e  

n o t c h ,  a n d  t e n  r e f e r e n c e  p r o b e  t e r m i n a l s  s p o t - w e l d e d  

a p p r o x i m a t e l y  1 m m  f r o m  t h e  c r a c k  m o u t h  ( s e e  F i g .  3 . 9 ) .  A  

p i e c e  o f  t r a s p a r e n t  p e r s p e x  w a s  s t u c k  t o  t h e  r u b b e r  t o  

f a c i l i t a t e  t h e  o p t i c a l  v i e w i n g  o f  t h e  c r a c k  o n  t h e  s u r f a c e  

a n d  t o  p r e v e n t  t h e  s a l t  s o l u t i o n  f r o m  s p l a s h i n g  o u t  o f  t h e  

r e s e r v o i r .  T h e  s a l t  w a t e r  w a s  i n t r o d u c e d  i n t o  t h e  n o t c h  o f  

t h e  s p e c i m e n  v i a  a  t h i n  p l a s t i c  t u b e  a n d  t h e  f l o w  r a t e  w a s  

c o n t r o l l e d  b y  g r a v i t y  f e e d i n g  a n d  a d j u s t e d  b y  m e a n s  o f  a  

s c r e w  c l i p .

3 . 2  T e s t i n g  M a c h i n e s

T h e  t e s t s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  w e r e  c a r r i e d  o u t  

u s i n g  D o w t y  E l e c t r o - H y d r a u l i c  a n d  M a y e s  S e r v o - H y d r a u l i c  

f a t i g u e  m a c h i n e s .

T h e  D o w t y  f a t i g u e  m a c h i n e  t y p e  h a s  a  r a n g e  o f  l o a d  

c y c l i n g  f r e q u e n c i e s  f r o m  0 . 0 6  u p  t o  1 0 0 H z  d e p e n d i n g  o n  t h e  

a p p l i e d  l o a d .  T h e  m a c h i n e  h a s  t h r e e  l o a d  c e l l s  o f  m a x i m u m  

l o a d  c a p a c i t i e s  o f  1 5 k N ,  3 0 k N ,  a n d  6 0 k N ,  r e s p e c t i v e l y  ( s e e  

F i g .  3 . 1 0 ) .
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T h e  M a y e s  S e r v o - H y d r a u l i c  m a c h i n e  t y p e  h a s  a  r a n g e  o f  

f r e q u e n c i e s  f r o m  0 . 1  t o  2 0 0 H z  a n d  a g a i n  t h e  c h o i c e  o f  

f r e q u d b y  d e p e n d s  o n  t h e  a p p l i e d  l o a d .  T h e  m a c h i n e  h a d  a  l o a d  

c e l l  o f  m a x i m u m  c a p a c i t y  l O O k N  ( s e e  F i g .  3 . 1 1 ) .

I n  a l l  t h e s e  m a c h i n e s ,  i t  i s  p o s s i b l e  t o  a d j u s t  t h e  

l o a d  w h i l e  t h e  t e s t  i s  i n  p r o g r e s s ,  a n d  a u t o m a t i c  s w i t c h - o f f  

i s  p r o v i d e d  w h e n  s p e c i m e n  f a i l u r e  o c c u r s  o r  w h e n  s p e c i m e n  

d e f l e c t i o n  e x c e e d s  a  p r e s c r i b e d  a m o u n t .  T h e  m a c h i n e s  a r e  

p r o v i d e d  w i t h  f a c i l i t i e s  f o r  c h o o s i n g  t h e  s h a p e  o f  t h e  i n p u t  

l o a d  c o n t r o l  w a v e f o r m  ( i . e . ,  s i n u s o i d a l ,  t r i a n g u l a r ,  e t c . ) .

B o t h  m a c h i n e s  w e r e  p r o v i d e d  w i t h  s u i t a b l e  g r i p s  f o r  

h o l d i n g  t h e  c o m p a c t  t y p e  s p e c i m e n s .  A l s o  a  f o u r - p o i n t  b e n d  

r i g  w a s  d e s i g n e d  t o  f a c i l i t a t e  b o t h  t h e  M a y e s  a n d  D o w t y  

m a c h i n e s  f o r  t h e  u s e  o f  s u r f a c e  n o t c h  g e o m e t r y  i n  t h e  

t e s t i n g  ( s e e  F i g .  3 . 1 2 ) .

T h e  D o w t y  a n d  M a y e s  h a v e  f a c i l i t i e s  f o r  f e e d i n g  t h e  

l o a d  s i g n a l  i n t o  a n  e x t e r n a l  r e c o r d e r  a n d  a l s o  c a n  t a k e  

e x t e r n a l  l o a d  s i g n a l s .  T h e y  a r e  e q u i p p e d  w i t h  a  d i g i t a l  

v o l t a g e  d i s p l a y  o f  t h e  a p p l i e d  l o a d s ,  e n a b l i n g  t h e  m e a n ,  

m a x i m u m ,  a n d  m i n i m u m  l o a d s  t o  b e  o b s e r v e d .  T h e  D o w t y  l o a d  

d i s p l a y  r e a d s  1 0  v o l t s  a t  m a x i m u m  l o a d  f o r  t h e  r e s p e c t i v e  

l o a d  c e l l ,  w h i l e  t h a t  o f  t h e  M a y e s  r e a d s  i n  a  p e r c e n t a g e  o f  

t h e  l o a d .  T h e  t w o - d e c i m a l  p l a c e  d i s p l a y  e n a b l e s  t h e s e
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machines to sense load changes of less than O.OlkN.

The load calibration of all machines used was checked 
and found to be within allowable limits. Some check fatigue 
crack growth tests were performed to ensure that the 
machines used gave similar results under identical 
conditions.

3 . 3  C R A C K  L E N G T H  M E A S U R E M E N T S  D U R I N G  F A T I G U E  T E S T S

T h e r e  a r e  s e v e r a l  m e t h o d s  w h i c h  c a n  b e  u s e d  t o  m o n i t o r  

c r a c k  l e n g t h  d u r i n g  a  f a t i g u e  t e s t .  T h e  m o s t  c o m m o n l y  u s e d  

m e t h o d s  a r e  t h e  o p t i c a l  a n d  t h e  p o t e n t i a l  d r o p  t e c h n i q u e s .  

T h e  o p t i c a l  m e t h o d  m e a s u r e s  t h e  c r a c k  l e n g t h  o n  t h e  s u r f a c e  

o f  t h e  s p e c i m e n  b u t  c a n n o t  d e t e c t  t h e  c r a c k  f r o n t  

c o n f i g u r a t i o n  i n  t h e  i n t e r i o r  o f  t h e  s p e c i m e n .  T h e  p o t e n t i a l  

d r o p  t e c h n i q u e  c a n  b e  u s e d  t o  m e a s u r e  t h r o u g h - t h i c k n e s s  

c r a c k s  [ 1 1 5 ] .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n  b o t h  t h e  o p t i c a l  

a n d  t h e  p o t e n t i a l  d r o p  t e c h n i q u e  w e r e  u s e d .

M e a s u r e m e n t s  o f  t h e  s u r f a c e  c r a c k  l e n g t h  f o r  b o t h  

c o m p a c t  t y p e  a n d  s u r f a c e - n o t c h  p l a t e  g e o m e t r i e s  w e r e  m a d e  

u s i n g  m i c r o s c o p e s  m o u n t e d  o n  t r a v e l l i n g  m i c r o m e t r i c  s t a g e s .  

T h e s e  m i c r o s c o p e s  c o u l d  m e a s u r e  c r a c k  i n c r e m e n t s  o f  l e s s  

t h a n  0 . 0 1 m m .  T h e  c r a c k  l e n g t h  m e a s u r e m e n t s  o n  t h e  b a s e  m e t a l  

c o m p a c t  t y p e  s p e c i m e n  w e r e  m a d e  o n  o n e  s i d e  o f  t h e  s p e c i m e n  

s i n c e  t h e  c r a c k  g r o w t h  w a s  u n i f o r m  a c r o s s  i t s  t h i c k n e s s .  

H o w e v e r ,  w i t h  t h e  w e l d e d  c o m p a c t  t y p e  s p e c i m e n  t h e  c r a c k
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g r o w t h  w a s  n o n - u n i f o r m  a c r o s s  t h e  s p e c i m e n  t h i c k n e s s  w i t h  

o n e  s i d e  o f  t h e  c r a c k  f r o n t  l e a d i n g  t h e  o t h e r ;  a l s o ,  t h e  

c r a c k  f r o n t  c u r v a t u r e  w a s  s o m e t i m e s  s u b s t a n t i a l .  T h u s  t h e  

c r a c k  l e n g t h  m e a s u r e m e n t s  w e r e  m a d e  o n  b o t h  s i d e s  o f  t h e  

s p e c i m e n  a n d  a f t e r  e a c h  t e s t  t h e  s p e c i m e n  w a s  o p e n e d  u p  a n d  

m e a s u r e d ,  a n d  t h e  c r a c k  l e n g t h  c o r r e c t e d  f o r  t h e  c u r v a t u r e  

o f  t h e  c r a c k  f r o n t  a s  r e c o m m e n d e d  i n  A S T M  s t a n d a r d s  [ 1 1 6 ] .

T h e  c r a c k  d e p t h  m e a s u r e m e n t s  f o r  t h e  s u r f a c e - n o t c h e d  

s p e c i m e n s  w e r e  c a r r i e d  o u t  u s i n g  a n  A . C .  p o t e n t i a l  d r o p  

m i c r o g a u g e  [ 1 1 7 ] .  T h i s  i n s t r u m e n t  a n d  i t s  p e r f o r m a n c e  a r e  

b r i e f l y  d i s c u s s e d  b e l o w .

3 . 3 . 1  C r a c k  D e p t h  M e a s u r e m e n t  U s i n g  T h e  P o t e n t i a l  D r o p  

M i c r o g a u g e

T h e  c r a c k  m i c r o g a u g e  i s  d e s i g n e d  t o  d e t e c t  a n d  m e a s u r e  

t h e  d e p t h  o f  c r a c k s  o r  o t h e r  d i s c o n t i n u i t i e s  i n  m e t a l l i c  

c o m p o n e n t s .  I t  c a n  b e  u s e d  o n  b o t h  s t e e l s  a n d  a l u m i n i u m  

a l l o y s  w i t h  o r  w i t h o u t  p r i o r  c a l i b r a t i o n  d e p e n d i n g  o n  t h e  

a p p l i c a t i o n  a n d  t h e  a c c u r a c y  r e q u i r e d .  T h e  p r i n c i p l e  u p o n  

w h i c h  t h e  i n s t r u m e n t  r e l i e s  i s  t h a t  a  s t e a d y  c u r r e n t  ( A . C . )  

f i e l d  o f  2  a m p s  i s  g e n e r a t e d  t o  f l o w  a p p r o x i m a t e l y  n o r m a l  t o  

t h e  d e f e c t  u n d e r  e x a m i n a t i o n .  D u e  t o  t h e  t y p e  o f  t h e  f i e l d  

g e n e r a t e d ,  t h e  c u r r e n t  p a t h  i s  l i m i t e d  t o  t h e  s k i n  o f  t h e  

s a m p l e  u n d e r  t e s t .  W h e n  a  s u i t a b l e  m e a s u r e m e n t  p r o b e  i s  

p l a c e d  o n  t h e  s a m p l e ,  a  v e r y  a c c u r a t e  m e a s u r e m e n t  o f  t h e  

v o l t a g e  d r o p  b e t w e e n  t h e  p r o b e  e l e c t r o d e s  i s  m a d e .  I f  a  

f a t i g u e  c r a c k  i s  p r e s e n t  i n  t h e  s a m p l e ,  t h e  A . C .  c u r r e n t
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w i l l  f o l l o w  t h e  s u r f a c e  o f  t h e  m e t a l  a r o u n d  t h e  c r a c k .  B y  

i n t e r p r e t a t i o n  o f  t h e  p o t e n t i a l  d r o p  a c r o s s  t h e  c r a c k ,  

e i t h e r  d i r e c t l y  f r o m  t h e  t h e o r y  o r  u s i n g  p r i o r  c a l i b r a t i o n ,  

a  m e a s u r e  o f  c r a c k  l e n g t h  o r  d e p t h  c a n  b e  d e t e r m i n e d .

A  d i g i t a l  m e t e r ,  w h i c h  c a n  r e a d  f r o m  z e r o  t o  +  1 9 9 9  

v o l t s  i s  p r o v i d e d .  C o a r s e  a n d  f i n e  g a i n  c o n t r o l  a d j u s t m e n t s  

c a n  b e  s e t  t o  g i v e  t h e  m o s t  c o n v e n i e n t  r e a d i n g  o n  t h e  p a n e l  

m e t e r  d e p e n d i n g  o n  t h e  a c c u r a c y  r e q u i r e d .  T h e  i n s t r u m e n t  

a l s o  h a s  a n  o u t p u t  f a c i l i t y  t o  e n a b l e  r e c o r d i n g  o f  t h e  p r o b e  

v o l t a g e  o n  a  c h a r t  r e c o r d e r .  T h i s  f a c i l i t y  w a s  n o t  u s e d  i n  

t h e  p r e s e n t  i n v e s t i g a t i o n .

T h e  c u r r e n t  t e r m i n a l s  w e r e  s u p p l i e d  b y  R S  c o m p o n e n t s  

L t d . ,  L o n d o n ,  ( o f  t y p e  4 B A  i n s u l a t e d  t e r m i n a l ;  1 0  a m p s ) .  

T h e y  w e r e  s c r e w e d  i n t o  4 B A  t a p e d  h o l e s ,  d r i l l e d  

s y m m e t r i c a l l y  o n  e i t h e r  s i d e  o f  t h e  s p e c i m e n  s u c h  t h a t  t h e y  

w e r e  p e r p e n d i c u l a r  t o  t h e  n o t c h .  T h e  c u r r e n t  t e r m i n a l s  w e r e  

c o n n e c t e d  t o  t h e  c u r r e n t  l e a d s  u s i n g  i n s u l a t e d  b u n c h  p i n -  

p l u g s ,  a l s o  s u p p l i e d  b y  R S  c o m p o n e n t s .  T h e  c u r r e n t  l e a d ,  

w h i c h  w a s  c u t  f r o m  a  t w i n - c o r e d  6 . 2 m m  d i a m e t e r  s c r e e n e d  

c a b l e  w i t h  t w i s t e d  c o r e  f o r  h u m  r e d u c t i o n ,  w a s  c o n n e c t e d  t o  

t h e  c r a c k  m i c r o g a u g e  u s i n g  a  t w o - w a y  c a b l e  s o c k e t .

F o r  t h e  t e s t s  i n  a i r  a  s t a n d a r d  1 0 m m  p r o b e  w a s  u s e d .  A  

p r o b e  h o l d e r  w a s  m a d e  f r o m  p e r s p e x ,  w h i c h  e n a b l e d  t h e  p r o b e  

t o  s l i d e  a l o n g  a n d  a c r o s s  t h e  c r a c k ,  a n d  a l s o  p e r m i t t e d  a
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d i r e c t  v i e w  o f  t h e  c r a c k  ( s e e  F i g .  3 . 1 0 ) .  O n e  s i d e  o f  t h e  

h o l d e r  w a s  m a r k e d  e v e r y  2 m m  s o  t h a t  t h e  d e p t h  m e a s u r e m e n t  

c o u l d  b e  c a r r i e d  o u t  a t  t h e  s a m e  p o s i t i o n  f o r  s u c c e s s i v e  

r e a d i n g s .  T h i s  a l s o  e n a b l e d  m e a s u r e m e n t s  f o r  d i f f e r e n t  

s p e c i m e n s  t o  b e  c o m p a r e d .  T w e l v e  t o  t w e n t y - f i v e  p o s i t i o n s  i n  

t h e  d i r e c t i o n  o f  t h e  c r a c k  w e r e  u s e d  f o r  t h e  c r a c k  d e p t h  

m e a s u r e m e n t s .

F o r  t h e  t e s t s  p e r f o r m e d  i n  a  s a l t  w a t e r  s o l u t i o n ,  w h e r e  

t h e  s t a n d a r d  p r o b e  c o u l d  n o t  b e  u s e d ,  t w e n t y  p a i r s  o f  p r o b e  

t e r m i n a l s  w e r e  s p o t - w e l d e d  o n t o  t h e  f a c e  a n d  a c r o s s  t h e  

n o t c h  a n d  c r a c k  l i n e ,  e a c h  p a i r  h a v i n g  a  p a i r  o f  r e f e r e n c e  

p r o b e  t e r m i n a l s  ( s e e  F i g .  3 . 9 ) .  T h e s e  t e r m i n a l s  w e r e  m a d e  

f r o m  s o f t  i r o n  w i r e  o f  d i a m e t e r  1 m m .  A  s p o t - w e l d i n g  m a c h i n e  

( m a d e  b y  U n i t e c  c o r p o r a t i o n ,  U . S . A . ,  m o d e l  1 - 0 4 8 - 0 3 - 0 2 ) ,  

p r o v i d e d  w i t h  1 . 6 m m  c o p p e r  e l e c t r o d e s ,  w a s  u s e d  f o r  t h e  

s p o t - w e l d i n g  p r o c e s s .  T h e  m a c h i n e  w a s  s e t  a t  6 5  w a t t / s e c o n d  

f o r  t h e  b e s t  w e l d i n g  p r o c e s s .

T h e  p r o b e  t e r m i n a l s  w e r e  p o s i t i o n e d  1 0 m m  a p a r t  e q u a l l y  

s p a c e d  a b o u t  t h e  c r a c k  l i n e .  T h e  r e f e r e n c e  t e r m i n a l s  w e r e  

a l s o  s e t  a t  1 0 m m  a p a r t  b u t  t o  o n e  s i d e  o f  t h e  c r a c k  l i n e  a n d  

a p p r o x i m a t e l y  1 m m  f r o m  t h e  n o t c h  a n d  c r a c k  l i n e .  T h e  

d i s t a n c e  b e t w e e n  e a c h  p a i r  o f  p r o b e  t e r m i n a l s  w a s  5 m m ,  a n d  

t h e  f i r s t  p r o b e  w a s  p o s i t i o n e d  i n  t h e  m i d d l e  o f  t h e  n o t c h .  

T h e  p r o b e  t e r m i n a l  w i r e s  w e r e  c o n n e c t e d  t o  t h e  p r o b e  l e a d  b y  

s o l d e r i n g .  T h e  p r o b e  l e a d ,  c u t  f r o m  a  s i n g l e  c o r e  o f  2 m m  

d i a m e t e r  s c r e e n e d  c a b l e , w a s  c o n n e c t e d  t o  t h e  c r a c k
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m i c r o g a u g e  b y  m e a n s  o f  a  f o u r - p i n  p l u g .

3 . 3 . 1 . 1  E f f e c t  o f  c r a c k  f r o n t  s h a p e  o n  d i g i t a l  m e t e r  

r e a d i n g

T h e  e f f e c t  o f  c r a c k  f r o n t  s h a p e  o n  t h e  d i g i t a l  m e t e r  

r e a d i n g  w a s  i n v e s t i g a t e d  t o  s e e  w h e t h e r  t h e  r e a d i n g  n e e d e d  

a n y  s u b s e q u e n t  a d j u s t m e n t .  U s i n g  a  s p e c i m e n  w i t h  g r o w i n g  

f a t i g u e  c r a c k ,  c r a c k  d e p t h  m e a s u r e m e n t s  w e r e  m a d e  f o r

d i f f e r e n t  p r o b e  p o s i t i o n s  a c r o s s  t h e  w i d t h  o f  t h e  s p e c i m e n .  

A f t e r  e a c h  c r a c k  d e p t h  r e a d i n g  t h e  c r a c k - f r o n t  p r o f i l e  w a s  

m a r k e d  b y  c h a n g i n g  t h e  a m p l i t u d e  o f  l o a d i n g  f o r

a p p r o x i m a t e l y  1 0 , 0 0 0  c y c l e s .  A t  t h e  e n d  o f  t h e  t e s t  t h e  

s p e c i m e n  w a s  c o o l e d  i n  a  l i q u i d  n i t r o g e n  b a t h  a n d  t h e n

b r o k e n  u n d e r  t h r e e - p o i n t  b e n d  l o a d i n g .  T h e  c r a c k  p r o f i l e s  

c o r r e s p o n d i n g  t o  t h e  c r a c k  d e p t h  m e a s u r e m e n t s  w e r e  t h e n  

r e c o r d e d  b y  m e a n s  o f  a  m i c r o s c o p e .  F i g .  3 . 1 3  s h o w s  t h e  

r e s u l t s ,  f r o m  w h i c h  i t  c a n  b e  o b s e r v e d  t h a t  t h e  d i g i t a l  

m e t e r  r e a d i n g  c o n s i s t e n t l y  u n d e r e s t i m a t e d  t h e  c r a c k  d e p t h  

w h a t e v e r  t h e  p o s i t i o n  o f  t h e  p r o b e  a c r o s s  t h e  s p e c i m e n  

w i d t h .  T h i s  e r r o r  w a s  f o u n d  t o  b e  a b o u t  1 0 %  f o r  t h e  d e e p e s t  

p o i n t  a n d  i n c r e a s e d  u p  t o  a b o u t  4 0 %  n e a r  t h e  e d g e  o f  t h e  

c r a c k .  T h e  r e s u l t s  f r o m  d i f f e r e n t  s p e c i m e n s  o f  t h e  s a m e  

m a t e r i a l  a n d  a l s o  f o r  w e l d e d  s p e c i m e n s ,  w i t h  t h e  s a m e

c u r r e n t  a n d  p r o b e  p o s i t i o n ,  w e r e  f o u n d  t o  b e  a d e q u a t e l y

r e p e a t a b l e .

T h e  e f f e c t  o f  s a l t - w a t e r  e n v i r o n m e n t  o n  t h e  d i g i t a l  

m e t e r  r e a d i n g  w a s  a l s o  i n v e s t i g a t e d .  T h e  p r i m a r y  c a l i b r a t i o n
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on a  g r o w i n g  f a t i g u e  c r a c k  w h i c h  w a s  m e a s u r e d  i n  a i r  a n d  

t h e n  f i l l e d  w i t h  s a l t  w a t e r  s o l u t i o n  s h o w e d  a  v e r y  s m a l l  

d e c r e a s e  i n  d i g i t a l  m e t e r  r e a d i n g .  T h i s  s l i g h t  d i f f e r e n c e  

w h i c h  w a s  a l s o  o b s e r v e d  b y  D o v e r  [ 1 1 8 ]  i s  b e c a u s e  w a t e r  i s  a 

b e t t e r  c o n d u c t o r  t h a n  a i r  a n d  s o m e  o f  t h e  f i e l d  w i l l  b e  

t r a n s m i t t e d  t h r o u g h  t h i s  m e d i u m  a s  w e l l  a s  t h e  s t e e l .  

H o w e v e r ,  t h e  d i f f e r e n c e s  a r e  s o  s l i g h t  t h a t  t h e y  r e a l l y  m a k e  

n o  i m p a c t  o n  t h e  a c c u r a c y  o f  t h e  c r a c k  d e p t h  p r e d i c t i o n .

3 . 3 . 1 . 2  E f f e c t  o f  g a i n  s e t t i n g  o n  d i g i t a l  m e t e r  r e a d i n g

T h e  v a r i a t i o n  o f  d i g i t a l  v o l t a g e  w i t h  c r a c k  d e p t h  w a s  

i n v e s t i g a t e d  t o  f i n d  a n y  v a r i a t i o n  i n  s e n s i t i v i t y  o f  t h e  

m i c r o g a u g e  i n  m e a s u r i n g  c r a c k  d e p t h .  A  f a t i g u e  t e s t  w a s  

p e r f o r m e d  a n d  c r a c k  d e p t h  m e a s u r e m e n t s  w e r e  m a d e  f o r  

d i f f e r e n t  p r o b e  p o s i t i o n s  a c r o s s  t h e  w i d t h  o f  t h e  s p e c i m e n ,  

a n d  t h e  g a i n  s e t t i n g s  w e r e  a d j u s t e d  f r o m  m i n i m u m  t o  h i g h  

v a l u e s .  T h e  r e s u l t s  a r e  s h o w n  i n  F i g .  3 . 1 4 .

T h e  v a r i a t i o n  o f  t h e  d i g i t a l  v o l t a g e  w i t h  c r a c k  d e p t h  

i s  l i n e a r ,  a n d  i n c r e a s i n g  t h e  g a i n  r e s u l t s  i n  a  

c o r r e s p o n d i n g  i n c r e a s e  i n  s e n s i t i v i t y  w i t h o u t  a f f e c t i n g  t h e  

l i n e a r i t y .

3 . 4  S C A N N I N G  E L E C T R O N  M I C R O S C O P E  ( S E M )

A  J o e l - T 2 0 0  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  was used. The

f r a c t u r e  surface was cut fro m  one half of the broken test-

p i ece to s u i table d i m e n s i o n s  for mounting o n  t h e  S E M
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specimen holder. After cleaning the specimen with acetone in
a n  u l t r a s o n i c  b a t h a n d  a l l o w i n g  i t t o  d r y  i n  t h e o p e n , t h e

f r a c t u r e s u r f a c e s w e r e  t h e n  e x a m i n e d  u s i n g a  s e c o n ' k r y

e l e c t r o n i m a g e  a t a n  a c c e l e r a t i o n v o l t a g e  o f 2 5  k V , a n d

w o r k i n g  d i s t a n c e s  o f  2 0  a n d  4 8  m m .

A  s m a l l  a m o u n t  o f  c o n d u c t i n g  p a i n t  ( m a d e  b y  A c h e s o n  

C o l l o i d s  C o . ,  P l y m o u t h )  w a s  a p p l i e d  b e t w e e n  t h e  s p e c i m e n  a n d  

t h e  s t a g e  t o  i m p r o v e  c o n d u c t i o n .  T h i s  w a s  n e c e s s a r y  a n d  

s u f f i c i e n t  t o  p r e v e n t  c h a r g i n g  w h e n  t h e  s p e c i m e n  w a s  

e x a m i n e d  i n  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  T h e  s p e c i m e n  

h o l d e r  w a s  a b l e  t o  m o v e  i n  t w o  p e r p e n d i c u l a r  d i r e c t i o n s  ( x  

a n d  y )  s o  t h a t  a l m o s t  a n y  o r i e n t a t i o n  a n d  p o s i t i o n  o f  t h e  

f r a c t u r e  c o u l d  b e  e x a m i n e d .  T h e  e x a c t  p o s i t i o n  o f  t h e  

s p e c i m e n  t o  b e  e x a m i n e d  w a s  l o c a t e d  w i t h  r e s p e c t  t o  s o m e  

r e f e r e n c e  p o i n t  ( e . g . ,  s p e c i m e n  e d g e s )  b y  m e a n s  o f  t w o  

m i c r o m e t e r s  w h i c h  c o n t r o l  t h e  m o v e m e n t  a l o n g  t h e  x  a n d  y  

d i r e c t i o n s .

3 . 5  A N A L Y S I S  O F  T H E  R E S U L T S

T h e  f i r s t  s t e p  i n  t h e  a n a l y s i s  o f  t h e  t e s t  r e s u l t s  w a s  

t o  o b t a i n  t h e  r a t e  o f  c r a c k  p r o p a g a t i o n  f r o m  t h e  

m e a s u r e m e n t s  o f  t h e  c r a c k  l e n g t h  o r  d e p t h ,  m a d e  a t  t h e  

a p p r o p r i a t e  n u m b e r  o f  c y c l e s .  V a r i o u s  t e c h n i q u e s  h a v e  b e e n  

u s e d  t o  a n a l y s e  s u c h  d a t a .  A  s u m m a r y  a n d  b r i e f  d e s c r i p t i o n  

o f  s o m e  o f  t h e s e  t e c h n i q u e s  i s  p r e s e n t e d  b e l o w .
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3 . 5 . 1  T h e  G r a p h i c a l  M e t h o d

T h i s  m e t h o d  i n v o l v e s  d r a w i n g  t h e  b e s t  c u r v e  t h r o u g h  t h e  

a  v e r s u s  N  ( i . e . ,  c r a c k  l e n g t h  v e r s u s  n u m b e r  o f  c y c l e s )  d a t a  

a n d  e s t i m a t i n g  t h e  c r a c k  g r o w t h  r a t e  b y  m e a s u r i n g  t h e  s l o p e  

o f  t h e  t a n g e n t  t o  t h i s  c u r v e  a t  t h e  c o r r e s p o n d i n g

e x p e r i m e n t a l  p o i n t .  S u c h  v i s u a l  a n a l y s i s  o f  d a t a  s u f f e r s  

f r o m  t h e  e r r o r  d u e  t o  t h e  i n d i v i d u a l s  s u b j e c t i v e  c h o i c e  o f  

t h e  b e s t - f i t  c u r v e  a n d  a l s o  t h e  b e s t  t a n g e n t  t h r o u g h  a  

p a r t i c u l a r  p o i n t  o n  t h e  c u r v e  f o r  d e t e r m i n a t i o n  o f  t h e  c r a c k  

g r o w t h  r a t e .

3 . 5 . 2  F i n i t e  D i f f e r e n c e  o r  S e c a n t  M e t h o d

T h i s  m e t h o d  i n v o l v e s  c a l c u l a t i n g  t h e  s l o p e  o f  t h e  

s t r a i g h t  l i n e  c o n n e c t i n g  t w o  s u c c e s s i v e  d a t a

p o i n t s ,  ( a ^ j N ^ a n d  / i . e . ,

T h i s  t e c h n i q u e  c a n  r e s u l t  i n  e r r a t i c  g r a d i e n t s  a t  t i m e s  

b e c a u s e  o f  t h e  i n h e r e n t  s c a t t e r  i n  t h e  e x p e r i m e n t a l  f a t i g u e  

d a t a .  I t  s h o u l d ,  h o w e v e r ,  b e  n o t e d  t h a t  w h e n  a  l a r g e  n u m b e r  

o f  d a t a  p o i n t s  a r e  a v a i l a b l e ,  t a k e n  a t  s u i t a b l e  i n t e r v a l s  o f  

a ^ a n d  , t h e  s c a t t e r  i n  d a / d N  d a t a  c a n  b e  c o n s i d e r a b l y  

r e d u c e d  u s i n g  t h e  s e c a n t  m e t h o d  i n  c o n j u c t i o n  w i t h  a  

g r a p h i c a l  m e t h o d ,  a s  w a s  o b s e r v e d  i n  t h e  p r e s e n t  

i n v e s t i g a t i o n .

d a
d N

(3.1)
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3 . 5 . 3  M o d i f i e d  D i f f e r e n c e  M e t h o d

T h i s  m e t h o d  e s t i m a t e s  d e r i v a t i v e s  o f  a n  u n k n o w n  

f u n c t i o n  f r o m  d e r i v a t i v e s  o f  e i t h e r  a n  n t h - o r d e r  p o l y n o m i a l  

p a s s i n g  t h r o u g h  a  n u m b e r  o f  a d j a c e n t  p i v o t a l  p o i n t s  o r  b y  a  

T a y l o r ' s  s e r i e s  e x p a n s i o n  o f  u n k n o w n  f u n c t i o n s .  T h i s  

t e c h n i q u e  u s e s  s e t s  o f  s u c c e s s i v e  d a t a  p o i n t s  o v e r  t h e  r a n g e  

a. «<a<a. « t o  c a l c u l a t e  d a / d N  a t  t h e  m i d - p o i n t ,  a..i-2 i+2 l

3 . 5 . 4  T h e  I n c r e m e n t a l  P o l y n o m i a l  M e t h o d

T h i s  m e t h o d  e s t i m a t e s  c r a c k  g r o w t h  r a t e s  b y  f i t t i n g  a  

s e c o n d  o r d e r  p o l y n o m i a l  t o  s e t s  o f  s e v e n  s u c c e s s i v e  d a t a  

p o i n t s .  T h e  f o r m  o f  t h e  e q u a t i o n  f o r  t h e  l o c a l  f i t  i s  [ 1 1 9 ] :

a  =  b Q  +  b i ( :N ~ CN1'N2 )  * 6 2  ( ;

N - C
N 1

'N2 , ( 3 . 2 )

w h e r e  b ^ ,  b ^  a n d  b £  a r e  r e g r e s s i o n  p a r a m e t e r s  w h i c h  a r e  

d e t e r m i n e d  b y  t h e  l e a s t  s q u a r e  c r i t e r i o n  o v e r  t h e  r a n g e  

<  a  <  a ^ + 3 . T h e  p a r a m e t e r s  =  ^N i - 3 + N i + 3 ^  a n d

c =  f N  - n  } a r e  u s e d  t o  s c a l e  t h e  i n p u t  d a t a ,  t h u s  

a v o i d i n g  n u m e r i c a l  d i f f i c u l t i e s  i n  d e t e r m i n i n g  t h e  

r e g r e s s i o n  p a r a m e t e r s .  T h e  r a t e  o f  c r a c k  g r o w t h  i s  o b t a i n e d  

f r o m  t h e  d e r i v a t i v e  o f  E q u a t i o n  ( 3 . 2 )  w h i c h  i s  g i v e n  b y  t h e  

e x p r e s s i o n

. = £l
C N 2

2 b 2  ( N .  -  C N 1 ) /  C N 1da
dN ( 3 . 3 )
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3 . 5 . 5  T h e  T o t a l  P o l y n o m i a l  M e t h o d

T h i s  m e t h o d  i n v o l v e s  f i t t i n g  a  h i g h  o r d e r  p o l y n o m i a l  t o  

s e l e c t e d  d a t a  p o i n t s  ( t y p i c a l l y  2 0  t o  7 0 )  c o v e r i n g  t h e  

e n t i r e  r a n g e  o f  d a t a .  T h e  c u r v e - f i t t i n g  m o d e l  i s  o f  t h e  

g e n e r a l  f o r m :

N
a  =  l B  , F ±  ( N )  

i = l , ( 3 . 4 )

w h e r e  t h e  c u r v e - f i t t i n g  f u n c t i o n s  F ^ ( N )  a r e  p o w e r  f u n c t i o n s  

w h o s e  e x p o n e n t s  a r e  d e t e r m i n e d  b y  t h e  m i n - m a x  c r i t e r i o n ,  

t h a t  m i n i m i s e s  t h e  m a x i m u m  d e v i a t i o n  b e t w e e n  t h e  o b s e r v e d  

a n d  t h e  f i t t e d  v a l u e s  o f  t h e  c r a c k  l e n g t h .  T h e  r e g r e s s i o n  

p a r a m e t e r s ,  , a r e  s u b s e q u e n t l y  d e t e r m i n e d  b y  t h e  l e a s t  

s q u a r e  c r i t e r i o n .  T h e  r a t e  o f  c r a c k  g r o w t h  a t  e a c h  d a t a  

p o i n t  i s  e s t i m a t e d  f r o m  t h e  d e r i v a t i v e  o f  t h e  a b o v e  

e x p r e s s i o n .

3 . 5 . 6  D i s c u s s i o n  o f  D a t a  P r o c e s s i n g  M e t h o d s

T h e  s c a t t e r  o f  t h e  c r a c k  g r o w t h  r a t e  d a t a  o b t a i n e d  

u s i n g  t h e  v a r i o u s  m e t h o d s  d i s c u s s e d  a b o v e  w i l l  d e p e n d  o n  t h e  

d e g r e e  o f  v a r i a b i l i t y  i n  t h e  r a w  e x p e r i m e n t a l  d a t a .  I f ,  f o r  

e x a m p l e ,  t h e  d a t a  p o i n t s  l i e  o n  a  s m o o t h  c u r v e  t h e n  t h e  

s e c a n t  m e t h o d  m a y  p r o v e  s a t i s f a c t o r y .  I f ,  h o w e v e r ,  t h e  

e x p e r i m e n t a l  d a t a  a r e  s u b j e c t e d  t o  a  g r e a t  a m o u n t  o f  

s c a t t e r ,  a  c u r v e - f i t t i n g  m e t h o d  i s  t o  b e  p r e f e r r e d .

G u r n e y  [ 1 2 0 ]  a t t e m p t e d  t o  a n a l y s e  h i s  r e s u l t s  w i t h  a  

c o m p u t e r ,  b y  f i t t i n g  a  c u r v e  t o  t h e  c r a c k  p r o p a g a t i o n  d a t a
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and obtaining da/dN by differentiation. However, the method 

failed because of scatter in the results.

D a v i e s  a n d  F e d d e r s o n  [ 1 2 1 ]  a t t e m p t e d  t o  p r e s e n t  t h e i r  

e x p e r i m e n t a l  d a t a  u s i n g  p o l y n o m i a l  c u r v e - f i t t i n g  b u t  

o b s e r v e d  t h a t  t h e  f i t t e d  c u r v e s  o s c i l l a t e d  a b o u t  t h e  

e x p e r i m e n t a l  d a t a  i n  s u c h  a  w a y  t h a t  t h e  g r a d i e n t s  e s t i m a t e d  

b y  d i f f e r e n t i a t i o n  w e r e  s e r i o u s l y  i n  e r r o r .  T h e y  a l s o  

o b s e r v e d  t h a t  t h e  s e c a n t  m e t h o d  i n  t h e i r  c a s e  p r o d u c e d  

b e t t e r  r e s u l t s .

M c C a r t n e y  a n d  C o o p e r  [ 1 2 2 ]  h a v e  d e v e l o p e d  a  l e a s t  

s q u a r e  m e t h o d  o f  e s t i m a t i n g  g r o w t h  r a t e s  b y  m a k i n g  u s e  o f  a  

s p l i n e  f u n c t i o n  ( a  p i e c e - w i s e  c o n t i n u o u s  p o l y n o m i a l ) . T h o u g h  

t h e y  o b t a i n e d  c o m p a r a t i v e l y  g o o d  r e s u l t s ,  n e v e r t h e l e s s  

o s c i l l a t i o n  a b o u t  s o m e  p o i n t s  w a s  o b s e r v e d .

W e i  e t  a l  [ 1 2 3 ]  s t a t i s t i c a l l y  c o m p a r e d  c r a c k  g r o w t h  

r a t e  d a t a  o b t a i n e d  b y  u s i n g  t h e  f i n i t e  d i f f e r e n c e  m e t h o d  a n d  

b y  s o m e  i n c r e m e n t a l  p o l y n o m i a l  t e c h n i q u e s .  T h e y  o b s e r v e d  

t h a t  t h e  i n c r e m e n t a l  p o l y n o m i a l  m e t h o d  g e n e r a l l y  i n t r o d u c e d  

a  s y s t e m a t i c  b i a s  i n t o  t h e  d a / d N  d a t a .  H o w e v e r ,  i n  p r a c t i c e ,  

t h e  b i a s  m a y  n o t  b e  s i g n i f i c a n t  i n  t e r m s  o f  p r o b a b l e  e r r o r s  

i n  p r e d i c t e d  f a t i g u e  l i n e s .  T h e  f i n i t e  d i f f e r e n c e  ( s e c a n t )  

m e t h o d  a n d  p a r a b o l i c  c u r v e - f i t t i n g  p r o c e d u r e  ( S i m p s o n s  

r u l e )  d i d  n o t  s h o w  s i g n i f i c a n t  b i a s ,  a l t h o u g h  t h e s e  m e t h o d s  

p r o d u c e d  g r e a t e r  s c a t t e r .  T h e  s e c a n t  a n d  t h e  i n c r e m e n t a l
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p o l y n o m i a l  m e t h o d s  a r e  r e c o m m e n d e d  b y  A S T M  s t a n d a r d s  [ 1 1 6 ] .

I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  r a w  d a t a  w i t h  a  

c o n s i d e r a b l e  a m o u n t  o f  s c a t t e r  w e r e  a v e r a g e d  o u t  a n d  t h e  

s e c a n t  m e t h o d  w a s  u s e d .  H o w e v e r ,  f o r  t h e  r a w  d a t a  w i t h  l e s s  

s c a t t e r ,  t h e  c u r v e - f i t t i n g  p r o c e d u r e  w a s  f o u n d  s a t i s f a c t o r y .  

T h e  a m o u n t  o f  s c a t t e r  i n  c r a c k  g r o w t h  r a t e  d a t a  i s  a l s o  

i n f l u e n c e d  b y  t h e  i n t e r v a l  o f  c r a c k  l e n g t h  m e a s u r e m e n t s  

[ 1 2 3 ] .  A l t h o u g h  l a r g e  m e a s u r e m e n t  i n t e r v a l s  m i g h t  p r o d u c e  

a c c e p t a b l e  v a r i a t i o n s  i n  d a / d N  d a t a ,  t h e y  c o u l d  s e v e r e l y  

l i m i t  t h e  n u m b e r  o f  o b s e r v a t i o n s  m a d e  d u r i n g  f a t i g u e  t e s t s  

o n  a  s i n g l e  s p e c i m e n  a n d  a f f e c t  t h e  p r e c i s i o n  o f  c o m p u t i n g  

A K  . T h e r e f o r e ,  t h e  c h o i c e  o f  m e a s u r e m e n t  i n t e r v a l  i s  

i m p o r t a n t  a n d  d e p e n d s  o n  a  r e a l i s t i c  a s s e s s m e n t  o f  

m e a s u r e m e n t  p r e c i s i o n ,  w h i c h  s h o u l d  b e  e s t a b l i s h e d  

e x p e r i m e n t a l l y  f o r  i n d i v i d u a l  s i t u a t i o n s .  I n  t h e  p r e s e n t  

i n v e s t i g a t i o n  i t  w a s  e s t a b l i s h e d  t h a t  m e a s u r e m e n t  i n t e r v a l s  

o f  t h e  o r d e r  o f  0 . 5 m m  p r o d u c e d  s a t i s f a c t o r y  r e s u l t s  f o r  

c r a c k  g r o w t h  r a t e s  u s i n g  e i t h e r  t h e  s e c a n t  o r  t h e  c u r v e ­

f i t t i n g  t e c h n i q u e s .  I t  i s  a l s o  o b s e r v e d  t h a t  t h e  s c a t t e r  i n  

t h e  r a w  d a t a  c o u l d  b e  s i g n i f i c a n t l y  r e d u c e d  b y  f i r s t  

a v e r a g i n g  t h e  d a t a  b e f o r e  c a l c u l a t i n g  t h e  c r a c k  g r o w t h  r a t e s  

u s i n g  t h e  s e c a n t  m e t h o d .  T h u s  i t  w a s  d e c i d e d  t h a t  t h e  s e c a n t  

m e t h o d  f o r  r a w  d a t a  w i t h  l i t t l e  o r  n o  s c a t t e r ,  o r  g r a p h i c a l  

a v e r a g i n g  f o l l o w e d  b y  t h e  s e c a n t  m e t h o d ,  w o u l d  b e  u s e d  t o  

d e t e r m i n e  c r a c k  g r o w t h  r a t e  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .



-84-

3 . 6  D E T E R M I N A T I O N  O F  S T R E S S  I N T E N S I T Y  F A C T O R S

T h e  c r a c k  g r o w t h  r e s u l t s ,  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  

h a v e  b e e n  a n a l y s e d  u s i n g  t h e  f r a c t u r e  m e c h a n i c s  a p p r o a c h .  

T h u s ,  i t  w a s  n e c e s s a r y  t o  e s t a b l i s h  a n  e x p r e s s i o n  f o r  t h e  

s t r e s s  i n t e n s i t y  f a c t o r ,  K ,  f o r  t h e  p a r t i c u l a r  g e o m e t r y  

s t u d i e d •

3 . 6 . 1  C o m p a c t  T y p e  s p e c i m e n

F o r  t h i s  g e o m e t r y ,  K  i s  g i v e n  b y  [ 1 2 4 ] :

K  =  — —  f ( a / w )  r ( 3 . 5 )
B w 2

w h e r e  P  i s  t h e  a p p l i e d  l o a d ,  B  i s  t h e  s p e c i m e n  t h i c k n e s s ,  w  

i s  t h e  s p e c i m e n  w i d t h ,  a  i s  t h e  c r a c k  l e n g t h  a n d  f ( a / w )  i s  a  

m e a s u r e  o f  t h e  c o m p l i a n c e  o f  t h e  s p e c i m e n .  F o r  a  c o n s t a n t  

r a t i o  o f  s p e c i m e n  h e i g h t ,  H ,  t o  s p e c i m e n  w i d t h ,  w ,  t h e  

f u n c t i o n  f ( a / w )  c a n  b e  e x p r e s s e d  i n  a  p o l y n o m i a l  f o r m  a s  a  

f u n c t i o n  o f  d i m e n s i o n l e s s  c r a c k  l e n g t h  ( a / w ) . T h e  c o m p a c t  

s p e c i m e n s  h a v e  H / w  e q u a l  t o  1 . 2  a n d  f ( a / w )  c a n  b e  e x p r e s s e d  

b y  [ 1 2 4 ] :

1 / 2  3 / 2  5 / 2  7 / 2  9 / 2
f ( a / w ) = 2 9 . 6 ( a / w ) - 1 8 5 . 5 ( a / w ) + 6 5 5 . 7 ( a / w ) - 1 0 1 7 . ( a / w ) + 6 8 3 . 9 ( a / w )

/ ( 3 . 6 )

f o r

0 . 3 < a / w < 0 . 7

E x p r e s s i o n  ( 3 . 6 )  c o v e r s  a  l i m i t e d  r a n g e  o f  c r a c k  l e n g t h ,  b u t  

c a l i b r a t i o n s  c o v e r i n g  a  m u c h  b r o a d e r  r a n g e  h a v e  r e c e n t l y  

b e e n  d e v e l o p e d .  W i l l s o n  [ 1 2 5 ]  h a s  o b t a i n e d  a n  e x p r e s s i o n  f o r
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f ( a / w )  f o r  l e n g t h s  o f  a / w > 0 . 8  o f  t h e  f o r m :

f(a/w) 2 (1+a/w) , 1
1 - (a/w)3/2 2 (l-a/w)1/2 • ( 3 . 7 )

A  K - c a l i b r a t i o n  e x p r e s s i o n  v a l i d  f o r  0 . 2 < a / w < 0 . 9 2 5  h a s  b e e n  

g i v e n  b y  S r a w e l y  [ 1 2 6 ] :

f(a/w) 2 4- a/w ( 
(l-a/w)3/7 '

0.886 + 4.64(a/w) 13.32(a/w)2 + 14.72(a/w) 3 
5.6(a/w)4) *(3.8)

3 . 6 . 2  S e m i - E l l i p t i c a l  S u r f a c e  C r a c k s

V a l u e s  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a s  t h e  c r a c k  

p r o p a g a t e s  t h r o u g h  a  p l a t e  a r e  n e c e s s a r y  f o r  t h e  r e a s o n a b l e  

p r e d i c t i o n  o f  t h e  l i f e  a n d  m o d e  o f  f a i l u r e  o f  a  s t r u c t u r e .  

S i n c e  t h e r e  e x i s t s  a  s t r e s s  g r a d i e n t  a c r o s s  t h e  t h i c k n e s s  o f  

a  p l a t e ,  a n d  t h e  s h a p e  o f  t h e  c r a c k  i s  u s u a l l y  t h a t  o f  a n  

e l l i p s e ,  a  t h r e e  d i m e n s i o n a l  a n a l y s i s  i s  e s s e n t i a l .

M u c h  o f  t h e  e a r l i e r  e f f o r t  h a s  b e e n  c o n f i n e d  t o  t w o -  

d i m e n s i o n a l  a n a l y s i s  b e c a u s e  o f  t h e  c o m p l e x i t y  o f  t h e  t h r e e -  

d i m e n s i o n a l  c a s e .  I n v e s t i g a t o r s  h a v e  u s e d  e x p e r i m e n t a l  o r  

a p p r o x i m a t e  a n a l y t i c a l  m e t h o d s  t o  o b t a i n  s t r e s s  i n t e n s i t y  

f a c t o r s  f o r  s u r f a c e  c r a c k s  u n d e r  t e n s i o n  o r  b e n d i n g  l o a d s .
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T h e  s u r f a c e  f l a w  i s  t h e  m o s t  p r e v a l e n t  t y p e  o f  f l a w  i n  

m a n y  c l a s s e s  o f  s t r u c t u r e s ,  p a r t i c u l a r l y  w e l d e d  s t r u c t u r e s .  

W e l d  d e f e c t s  a r e  t h e  u s u a l  o r i g i n  o f  s u r f a c e  f l a w s  i n  w e l d e d  

j o i n t s .  I t  m a y  b e  a r g u e d ,  h o w e v e r ,  t h a t  s i n c e  m o s t  o f  t h e  

l i f e  o f  w e l d e d  s t r u c t u r e s  i s  s p e n t  a t  l o w  s t r e s s  i n t e n s i t y  

f a c t o r s  a n d  w i t h  s h o r t  c r a c k s ,  e s t i m a t e d  v a l u e s  d e r i v e d  f r o m  

s e m i - e l l i p t i c a l  c r a c k s  i n  a  f i n i t e  t h i c k n e s s  p l a t e  s u b j e c t e d  

t o  b e n d i n g  w i l l  p r o v i d e  a d e q u a t e  r e s u l t s .

T h e  s o l u t i o n  o f  I r w i n  [ 1 2 7 ]  p r o v i d e s  a  u s e f u l  e x a m p l e  

o f  s u c h  a n  a p p r o a c h .  F o r  a  s e m i - e l l i p t i c a l  f l a w  i n  a n  

i n f i n i t e  e l a s t i c  p l a t e  s u b j e c t e d  t o  u n i f o r m  t e n s i o n  w i t h  

m a j o r  a n d  m i n o r  a x e s  2 c  a n d  2 a  r e s p e c t i v e l y  ( a  b e i n g  i n  t h e  

t h r o u g h  t h i c k n e s s  d i r e c t i o n ) , t h e  v a l u e  f o r  t h e  s t r e s s  

i n t e n s i t y  f a c t o r  a t  a n  a n g l e  0 t o  t h e  a x i s  i s  g i v e n  b y :

j* i i c  7r a  / * 2 A . a
K  “  1 , 1 2  E ( k )  ^ S i n  6 +~2

c

w h e r e  E ( k ) i s  a n  e l l i p t i c a l  i n t e g r a l  o f  

m a y  b e  a p p r o x i m a t e d  b y

0 . 5
E ( k )  =  [ l  +  1 . 4 7  ( a / c )  'L * 6 4  1  . ( 3 . 1 0 )

cos^ ) 1/4 '(3*9>

t h e  s e c o n d  k i n d  a n d

T h e  f i g u r e  o f  1 . 1 2  i n  ( 3 . 9 )  i s  a  c o r r e c t i o n  f a c t o r  t o  a l l o w
the crack tip and

f o r  t h e  p r e s e n c e  o f  a  f r e e  s u r f a c e  a h e a d  o f  A t h e  c r a c k  t i p  

p l a s t i c i t y .  T h e  m a x i m u m  e r r o r  i n  t h e  s t r e s s  i n t e n s i t y  f a c t o r  

f r o m  u s i n g  ( 3 . 1 0 )  i s  a b o u t  0 . 1 3  p e r c e n t  f o r  a l l  v a l u e s  o f  

a / c  [ 1 2 8 ] .
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T h e  s u r f a c e  c r a c k  i n  a  f i n i t e  p l a t e  i s  s h o w n  i n  F i g .

3 . 2  . T h e  w i d t h  o f  t h e  p l a t e ,  w ,  i s  u s u a l l y  l a r g e  w i t h  

r e s p e c t  t o  t h e  c r a c k  l e n g t h .  T h e  f o r m  o f  t h e  s t r e s s  

i n t e n s i t y  f a c t o r  i s  g i v e n  b y :

K  =  F  ( a / t , a / c ,  c / w ,  6 ) , ( 3 . 1 1 )

w h e r e  F  i s  t h e  b o u n d a r y  c o r r e c t i o n  f a c t o r ,  w h i c h  t a k e s  

a c c o u n t  o f  t h e  i n f l u e n c e  o f  t h e  f r o n t  f a c e ,  b a c k  f a c e ,  a n d  

f i n i t e  w i d t h  o n  t h e  s t r e s s  i n t e n s i t y  f a c t o r  f o r  a  c r a c k  i n  

a n  i n f i n i t e  s o l i d .  M a n y  i n v e s t i g a t o r s  h a v e  t r i e d  t o  

d e t e r m i n e  t h e  c o r r e c t  e x p r e s s i o n  f o r  F  t h r o u g h  a p p r o x i m a t i o n  

t e c h n i q u e s .

S h a h  a n d  K o b a y a s h i  [ 1 2 9 ]  e s t i m a t e d  t h e  c o r r e c t i o n  

f a c t o r s  f r o m  a n  e m p i r i c a l  f r o n t  f a c e  m a g n i f i c a t i o n  a n d  a n  

a n a l y t i c a l  b a c k  f a c e  m a g n i f i c a t i o n .  T h e y  o b t a i n e d  a  s o l u t i o n  

f o r  a n  e m b e d d e d  e l l i p t i c a l  c r a c k  a p p r o a c h i n g  t h e  f r e e  

s u r f a c e  o f  a  s e m i - i n f i n i t e  s o l i d .

T h e  a l t e r n a t i n g  m e t h o d  w a s  u s e d  b y  S m i t h  a n d  S o r e n s e n  

[ 1 3 0 ]  t o  c a l c u l a t e  t h e  v a r i a t i o n  o f  t h e  s t r e s s  i n t e n s i t y  

f a c t o r  a l o n g  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k s  i n  a  f i n i t e  

t h i c k n e s s  p l a t e .  T h e y  o b t a i n e d  t h e  s t r e s s  i n t e n s i t y  f a c t o r  

a s  a  f u n c t i o n  o f  p o s i t i o n  a l o n g  t h e  c r a c k  b o r d e r  f o r  a  

v a r i e t y  o f  c r a c k  s h a p e s  a n d  c r a c k  d e p t h s .  T h e y  c o n c l u d e d  

t h a t  t h e  e f f e c t s  o f  t h e  f r o n t  a n d  b a c k  s u r f a c e s  a n d  t h e
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i n t e r a c t i o n  b e t w e e n  t h e m  a r e  a l l  i m p o r t a n t  i n  t h e  a n a l y s i s .  

T h e y  a l s o  f o u n d  t h a t  t h e  m a x i m u m  s t r e s s  i n t e n s i t y  d o e s  n o t  

n e c e s s a r i l y  o c c u r  a t  t h e  d e e p e s t  p o i n t  a l o n g  t h e  b o r d e r  o f  a 

s h a l l o w  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k .

R a j u  a n d  N e w m a n  [ 1 3 1 ]  o b t a i n e d  a  c o r r e c t i o n  f a c t o r  b y  

e m p l o y i n g  a  f i n i t e  e l e m e n t  m e t h o d  w i t h  s i n g u l a r i t y  e l e m e n t s  

f o r  c o m p l e t e l y  e m b e d d e d  e l l i p t i c a l  c r a c k s  i n  l a r g e  b o d i e s  

a n d  f o r  s e m i - e l l i p t i c a l  c r a c k s  w i t h  a s p e c t  r a t i o s  r a n g i n g  

f r o m  0 . 2  t o  2 . 0  i n  a n  i n f i n i t e - t h i c k n e s s  p l a t e .  T o  v e r i f y  

t h e  a c c u r a c y  o f  t h e  f i n i t e  e l e m e n t  m e t h o d ,  c o m p l e t e l y  

e m b e d d e d  c i r c u l a r  a n d  e l l i p t i c a l  c r a c k s  w e r e  a n a l y s e d .  T h e  

s t r e s s  i n t e n s i t y  f a c t o r s  f o r  t h e s e  c r a c k s  w e r e  g e n e r a l l y  

w i t h i n  1 . 0  p e r c e n t  o f  t h e  e x a c t  s o l u t i o n  [ 1 3 2 ] .  H o w e v e r ,  f o r  

t h e  e l l i p t i c a l  c r a c k  t h e  c a l c u l a t e d  s t r e s s  i n t e n s i t y  f a c t o r s  

i n  t h e  r e g i o n  o f  s h a r p e s t  c u r v a t u r e  o f  t h e  e l l i p s e  w e r e  

a b o u t  3 %  h i g h e r  t h a n  f o r  t h e  e x a c t  s o l u t i o n .  R a j u  a n d  N e w m a n  

a l s o  f o u n d  t h a t  f o r  t h e  s e m i - c i r c u l a r  s u r f a c e  c r a c k  t h e  

m a x i m u m  s t r e s s  i n t e n s i t y  f a c t o r  o c c u r r e d  n e a r  t h e  

i n t e r s e c t i o n  o f  t h e  c r a c k  w i t h  t h e  f r e e  s u r f a c e ,  b u t ,  f o r  

t h e  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k ,  t h e  m a x i m u m  s t r e s s  

i n t e n s i t y  f a c t o r  o c c u r r e d  a t  t h e  d e e p e s t  p o i n t ,  a n d  f o r  b o t h  

t h e  s e m i - c i r c u l a r  a n d  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k s  t h e  

s t r e s s  i n t e n s i t y  f a c t o r s  w e r e  l a r g e r  f o r  l a r g e r  v a l u e s  o f  

c r a c k - d e p t h  t o  p l a t e - t h i c k n e s s  r a t i o .  I n  a  l a t e r  p u b l i c a t i o n  

[ 1 3 3 ]  t h e y  r e p o r t e d  s t r e s s  i n t e n s i t y  f a c t o r s  f r o m  a  t h r e e -  

d i m e n s i o n a l ,  f i n i t e  e l e m e n t  a n a l y s i s  f o r  s h a l l o w  a n d  d e e p  

s e m i - e l l i p t i c a l  s u r f a c e  c r a c k s  i n  f i n i t e  e l a s t i c  p l a t e s  

s u b j e c t e d  t o  t e n s i o n  o r  b e n d i n g  l o a d s  w h i c h  c o v e r e d  a  w i d e
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r a n g e  o f  c o n f i g u r a t i o n  p a r a m e t e r s .  T h e  e f f e c t  o f  p l a t e - w i d t h  

o n  s t r e s s  i n t e n s i t y  f a c t o r  v a r i a t i o n s  a l o n g  t h e  c r a c k  f r o n t  

w a s  a l s o  i n v e s t i g a t e d .  F o r  e a s e  o f  c o m p u t a t i o n  a n  e q u a t i o n  

f o r  t h e  s t r e s s  i n t e n s i t y  f a c t o r  o f  a  s u r f a c e  c r a c k  i n  a 

f i n i t e  p l a t e  s u b j e c t e d  t o  t e n s i o n  a n d  b e n d i n g  l o a d s  w a s  

f i t t e d  t o  t h e i r  f i n i t e  e l e m e n t  r e s u l t s .  T h e y  c l a i m e d  t h a t  

f o r  a l l  c o nf i g u r a t i o n s  f o r  w h i c h  r a t i o s  o f  c r a c k - d e p t h  t o  

p l a t e - t h i c k n e s s  d o  n o t  e x c e e d  0 . 8 , t h e  e q u a t i o n  w a s  w i t h i n  

+  5  p e r c e n t  o f  t h e  f i n i t e  e l e m e n t  r e s u l t s  a n d  s i n g l e  e d g e  

c r a c k  s o l u t i o n .

H a y a s h i  a n d  A b e  [ 1 3 4 ]  h a v e  r e c e n t l y  p r o p o s e d  a  s o l u t i o n  

f o r  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a n d  c o m p a r e d  t h e i r  r e s u l t s  

w i t h  t h o s e  f r o m  t w o  o t h e r  s o u r c e s  [ 1 3 5 , 1 3 6 ] .  T h e  a g r e e m e n t  

a t  t h e  s u r f a c e  p o i n t  f o r  a  s e m i - c i r c u l a r  c r a c k  i s  

s u p r i s i n g l y  g o o d .  H o w e v e r ,  a t  t h e  d e e p e s t  p o i n t  t h e  

d i s a g r e e m e n t  b e t w e e n  t h e  a u t h o r s  i s  m o r e  m a r k e d .

M c G o w a n  e t  a l  [ 1 3 7 ]  c o m p a r e d  t h e  r e s u l t s  o f  s o m e  r e c e n t  

s t r e s s  i n t e n s i t y  f a c t o r  s t u d i e s  o n  s u r f a c e  f l a w s  i n  a  p l a t e  

u n d e r  r e m o t e  t e n s i o n  a n d  b e n d i n g .  T h e s e  r e s u l t s  w e r e  o f  h i g h  

p r e c i s i o n  b e c a u s e  o f  t h e  s o p h i s t i c a t e d  n u m e r i c a l  t e c h n i q u e s  

u s e d ,  a n d  M c G o w e n  e t  a l  a r r i v e d  a t  a  b e s t  e s t i m a t e  o f  t h e  

s t r e s s  i n t e n s i t y  v a r i a t i o n  a l o n g  t h e  f l a w  b o r d e r .  T h e  

g e o m e t r y  o f  t h e  s e m i - e l l i p t i c a l  s u r f a c e  f l a w  e x a m i n e d  h a d  

d e p t h - t o - l e n g t h  r a t i o  o f  0 . 2 5 a n d 2 5  a n d  7 5  p e r c e n t  r e l a t i v e  

c r a c k  d e p t h s  ( i . e . ,  a / t  = 0 . 2 5 ,  e t c . ) .  T h e  d e r i v e d  b e s t  

e s t i m a t e  c u r v e  f o r  t h e  s t r e s s  i n t e n s i t y  f a c t o r  w a s  b e l i e v e d
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t o  b e  w i t h i n  3  p e r c e n t  o f  t h e  a c t u a l  v a l u e  a l o n g  t h e  c r a c k  

f r o n t .  T h e  c o m p a r i s o n  o f  t h e  b e s t  e s t i m a t e  c u r v e  w i t h  

e x p e r i m e n t a l  d a t a  g a v e  a n  e r r o r  o f  + 1 0  p e r c e n t  w h i c h  t h e y  

c o n s i d e r e d  w a s  l a r g e l y  d u e  t o  t h e  d i f f e r e n c e  m  g e o m e t r y  a n d  

P o i s s o n ' s  r a t i o .

K o t e r a z a w a  a n d  M i n a m i s a k a  [ 1 3 8 ]  e s t i m a t e d  t h e  s t r e s s  

i n t e n s i t y  f a c t o r s  o f  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k s  i n  a 

p l a t e  o f  f i n i t e  t h i c k n e s s  s u b j e c t e d  t o  b e n d i n g  b y  t a k i n g  

a c c o u n t  o f  t h e  f r e e  s u r f a c e  m a g n i f i c a t i o n  f a c t o r  f o r  t h e  

s t r e s s  i n t e n s i t y  c o m p o n e n t  d u e  t o  l i n e a r l y  v a r y i n g  p r e s s u r e ,  

w h i c h  t h e y  c l a i m e d  w a s  n e g l e c t e d  i n  a  c a l c u l a t i o n  b y  S h a h  

a n d  K o b a y a s h i  [ 1 3 9 ] .  T h e  a u t h o r s  b e l i e v e d  t h a t  t h e  s t r e s s  

i n t e n s i t y  f a c t o r s  o b t a i n e d  w e r e  s o m e w h a t  s m a l l e r  t h a n  t h o s e  

g i v e n  b y  S h a h  a n d  K o b a y a s h i ,  a n d  g a v e  a  r e a s o n a b l e  e s t i m a t e  

o f  t h e  p r o p a g a t i o n  r a t e  o f  p a r t - t h r o u g h  c r a c k s  b y  f a t i g u e .

H o l d b r o o k  a n d  D o v e r  [ 1 4 0 ]  f o u n d  a  c o r r e l a t i o n  f a c t o r  

f o r  d e e p  s u r f a c e  c r a c k s  u n d e r  b o t h  t e n s i o n  a n d  b e n d i n g  

* l o a d s .  T h e y  a n a l y s e d  t h e  p r o b l e m  b y  f i r s t  c o ns i d e r i n g  t h e  

v a r i a t i o n  o f  K  a r o u n d  t h e  p e r i m e t e r  o f  a  s u r f a c e  c r a c k  a n d  

t h e n  o b t a i n e d  a  c o r r e l a t i o n  w i t h  s t a n d a r d  f a t i g u e  c r a c k  

g r o w t h  d a t a  b y  a p p l y i n g  s i m p l e  c o r r e c t i o n  f a c t o r s  t o  t h e  

e x i s t i n g  i n f i n i t e  p l a t e  s o l u t i o n .  I t  w a s  p o s s i b l e  t o  

c o r r e l a t e  f a t i g u e  c r a c k  g r o w t h  d a t a  m e a s u r e d  o n  s u r f a c e  

c r a c k  p l a t e  s p e c i m e n s  w i t h  c o n v e n t i o n a l  t h r o u g h - c r a c k  d a t a .
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I n  a  r e c e n t  r e v i e w  b y  S c o t t  a n d  T h o r p e  [ 1 4 1 ] ,  t h e  

a c c u r a c y  o f  s e v e r a l  t h e o r e t i c a l  s t r e s s  i n t e n s i t y  s o l u t i o n s  

i n  p r e d i c t i v e  f a t i g u e  c r a c k  g r o w t h  c a l c u l a t i o n s  w a s  t e s t e d  

b y  u s i n g  t h e  d e v e l o p m e n t  o f  t h e  s h a p e  o f  t h e  f a t i g u e  c r a c k  

a s  a  d i a g n o s t i c  t o o l .  T h e y  h a v e  s u g g e s t e d  t h a t  t h e  s t r e s s  

i n t e n s i t y  f a c t o r  s o l u t i o n s  f o r  u n i f o r m  t e n s i o n  b y  R a j u  a n d  

N e w m a n  [ 1 3 1 ]  a n d  t h a t  o f  K o t e r a z a w a  a n d  M i n a m i s a k a  [ 1 3 8 ]  f o r  

p u r e  b e n d i n g  a r e  t h e  m o s t  a c c u r a t e  f o r  t h e  s e m i - e l l i p t i c a l  

c r a c k s  i n  f i n i t e  t h i c k n e s s  p l a t e s  o f  i n f i n i t e  s u r f a c e  

d i m e n s i o n s .  I t  w a s  a l s o  s u g g e s t e d  b y  t h e  a u t h o r s  t h a t  t h e  

c o r r e c t i o n  f a c t o r s  e v a l u a t e d  b y  H o l d b r o o k  a n d  D o v e r  [ 1 4 0 ]  

f o r  f i n i t e  w i d t h  p l a t e s  m a d e  a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  

c r a c k  t i p  s t r e s s  i n t e n s i t y  v a l u e s  c a l c u l a t e d  f r o m  t h e  

s o l u t i o n s  i d e n t i f i e d  ( i . e . ,  [ 1 3 1 , 1 3 8 ] )  a n d  t h a t  t h e s e  

c o r r e c t i o n s  w e r e  e s s e n t i a l  f o r  c o r r e l a t i n g  c r a c k  p r o p a g a t i o n  

d a t a  f o r  t h e  s a m e  m a t e r i a l  w i t h  s i m p l e ,  t h r o u g h - t h i c k n e s s  

s p e c i m e n s  s u c h  a s  t h e  c o m p a c t  t y p e .

T h e r e f o r e ,  f r o m  t h e  a b o v e  b r i e f  r e v i e w  o f  s t r e s s  

i n t e n s i t y  f a c t o r  s o l u t i o n s ,  i t  c a n  b e  o b s e r v e d  t h a t  t h e s e  

s o l u t i o n s  d o  n o t  a g r e e  w i t h  e a c h  o t h e r  p a r t i c u l a r l y  w e l l  a n d  

t h a t  t h e  b a s i s  f o r  t h e  c h o o s i n g  w h i c h  o n e  i s  b e s t  h a s  n o t  

b e e n  e s t a b l i s h e d .  H o w e v e r ,  b a s e d  o n  t h e  j u d g e m e n t  o f  S c o t t  

a n d  T h o r p e  [ 1 4 1 ]  t h e  s t r e s s  i n t e n s i t y  f a c t o r  s o l u t i o n  o f  

K o t e r a z a w a  a n d  M i n a m i s a k a  [ 1 3 8 ]  a n d  t h e  c o r r e c t i o n  f a c t o r s  

p r o p o s e d  b y  H o l d b r o o k  a n d  D o v e r  [ 1 4 0 ]  h a v e  b e e n  u s e d  

t h r o u g h o u t  t h i s  w o r k  a n d  i n d e e d ,  a s  i s  s h o w n  i n  s u b s e q u e n t  

c h a p t e r s ,  t h i s  a p p r o a c h  s e e m s  t o  g i v e  t h e  b e s t  c o r r e l a t i o n  

w i t h  t h e  t h r o u g h - t h i c k n e s s  r e s u l t s  o b t a i n e d  f r o m  c o m p a c t
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t y p e  s p e c i m e n s .

T h e  e q u a t i o n s  u s e d  a r e  a s  f o l l o w s :

K c  =  M 1 2  ° V 'i 5 ’ 
E ( k )

Bf ; ( 3 . 1 2 )

K a  =  M 2 M 3 ^v'ira 
E ( K )

Bf ; ( 3 . 1 3 )

w h e r e :

m 1 2  =  tM l  d - 0 . 3  a / B ) ( l - ( a / B ) 1 2 )] +  [ 0 . 3 9 4 E ( k )  ( a / B )  1 2^ 7 a ] ; ( 3 . 1 4 )

M]_ =  [1 . 2 1  -  0 . 1  ( a / c ) +  0 .1 ( a / c ) 4 ] y a / c ; ( 3 . 1 5 )

M 2 =  [ 1 - 1 . 3 6  ( a / B )  ( a / c ) 0 * l ] ; ( 3 . 1 6 )

M 3 =  1 . 1 3  -  0 . 0 7  ( a / c ) 0 - 5 . ( 3 . 1 7 )

T h e  f o r m  o f  E ( k )  u s e d  i s  t h e  s a m e  a s  i n  e q u a t i o n  ( 3 . 1 0 ) .  T h e  

c o r r e c t i o n  f a c t o r  B f  p r o p o s e d  k y  H o l d b r o o k  a n d  D o v e r  i s  g i v e n  b y :

f ( a / c )  G  ( c / w )  H  ( a / B )
B f  =  1  +  ---------------------------------------- , ( 3 . 1 8 )

( 0 . 2 7 4 5 ; 2

F ( a / c )  =  0 . 3 8 1  -  0 . 1 4 1 ( a / c )  -  0 . 3 6 6 ( a / c ) 2  +  0 . 5 6 9 ( a / c ) 3 -  0 . 2 4 8 ( a / c ) 4
; ( 3 . 1 9 )

G ( c / w )  =  - 0 . 2 3 9  +  1 . 4 3 4 ( c / w )  -  2 . 9 8 4 ( c / w ) 2  +  7 . 8 2 2 ( c / w ) 3 ; ( 3 . 2 0 )

H ( a / B )  =  - 0 . 0 1 1 3  +  0 . 3 2 3 ( a / B ) +  0 . 7 4 9 ( a / B ) 2 - 0 . 5 3 5 ( ^ / B ) 3 . ( 3 . 2 1 )
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T A B L E  3 . 1  

S T E E L  B S 4 3 6 0 - 5 Q D

(a) C h e m i c a l  C a n p o s i t i o n  ( b y  w e i g h t )

E l e m e n t C S i M n P S C r

% 0 . 1 8 0 0 . 3 6 1 . 4 0 0 . 0 1 8 0 . 0 0 3 0 . 1 1

E l e m e n t M o N i A l C u N b

% 0 . 0 2 0 0 . 0 9 5 0 . 0 3 5 0 . 1 6 0 . 0 3 9

(b) M e c h a n i c a l  P r o p e r t i e s

D i r e c t i o n

L o n g i t u d i n a l T r a n s v e r s e
T h r o u g h -  

T h i c k n e s s

Y i e l d  s t r e n g t h  ( M N / m 2 ) 3 8 6 3 8 2 3 8 8

U l t i m a t e  t e n s i l e  s t r e n g t h  ( M N / m ^ ' 5 6 0 5 5 1 5 6 3

%  e l o n g a t i o n  ( G L  e q u a l s  3 " ) 3 0 2 9 1 8

%  r e d u c t i o n  i n  a r e a 7 4 68 6 1

(c) E a t i g u e  p r o p e r t i e s

C y c l i c  y i e l d  s t r e n g t h ,  oy C 4 1 5  M N / m 2

S t r a i n  h a r d e n i n g  e x p o n e n t ,  n 0 . 1 9

T r u e  f r a c t u r e  s t r a i n  ( o r  f a t i g u e
d u c t i l i t y  c o e f f i c i e n t ) , 1 . 3 5
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T A H L E  3 . 2

W e l d i n g  E l e c t r o d e  B S  6 3 9  : E  4 3 1 1  R 2 1

C h e m i c a l  C o m p o s i t i o n  ( b y  w e i g h t )

E l e m e n t C M n S i  S  P

% 0 . 0 6 0 . 5 8 0 . 4 3  0 . 0 2 m a x  0 . 0 3 m a x

M e c h a n i c a l  P r o p e r t i e s

Y i e l d  s t r e n g t h  N/rrcn^ 4 4 8

U l t i m a t e  t e n s i l e  s t r e n g t h  N / r r m ^ 5 1 0

%  E l o n g a t i o n 2 2

%  R e d u c t i o n  i n  a r e a 5 0

C h a r p y  V - n o t c h  a t  R T  ( 2 0 ° C ) 8 0  j o u l e s
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T A B L E  3 . 3  : V o r t i c  M a r i n e  B S 1 7 1 9  : E 3 1 7

C o m p o s i t i o n M e c h a n i c a l  P r o p e r t i e s

C 0 . 0 8 Y i e l d  s t r e n g t h  4 4 5  N / m m ^

M n 0 . 4 4 U I S 5 0 8  N/irnn^

S i 0 . 1 0 E l o n g a t i o n 2 6 %

S 0 . 0 2 R e d u c t i o n  o f 5 8 %

P 0 . 0 3
a r e a

T A B L E  3 . 4 : R A D I A N  B S 1 7 1 9  : E 2 1 7

C o m p o s i t i o n M e c h a n i c a l  P r o p e r t i e s

C 0 . 0 7 Y i e l d  s t r e n g t h  4 6 0  N/irm^

M n 0 . 4 6 U T S 5 1 4  N/irm^

S i 0 . 1 2 E l o n g a t i o n 2 2 %

S 0 . 0 2 R e d u c t i o n  o f 6 4 %

P 0 . 0 3
a r e a

T A B L E  3 . 5 : A r m o i d  1  B S  2 9 2 6 : 2 0 . 9 . 3 . R

C o m p o s i t i o n M e c h a n i c a l  P r o p e r t i e s

C 0 . 0 8 Y i e l d  s t r e n g t h  5 8 7  N/itm^

M n 1 . 5 U T S 3 1 9  N/rmi^

S i 0 . 7 E l o n g a t i o n 3 0 %

C r 2 0 . 0 R e d u c t i o n  o f 4 3 %

N i 9 . 0
a r e a

M o 3 . 3

S 0 . 0 2

P 0 . 0 3
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D I M E N S I O N
(mm)

A B C D E F G H R W

S I Z E 5 9 . 5 2 4 9 8 . 6 3 . 0 2 0 . 0 2 1 . 8 4 7 . 7 9 5 . 4 6 . 3 5 7 9 . 5

F i g u r e  3 . 1  C o q p a c t  t y p e  s p e c i m e n  g e o m e t r y  u s e d  i n  

t h e  e x p e r i m e n t a l  p r o g r a m m e .
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D I M E N S I O N  ( m m ) L W B 2 c a

P A R E N T  P L A T E 4 1 5 1 1 5 2 4 4 0 5 . 5

W E L D M E N T  &  H A Z 4 1 5 1 1 5 2 4 2 8 2 . 5 1

F i g u r e  3 . 2  S u r f a c e - n o t c h e d  p l a t e  s p e c i m e n  g e o m e t r y  
u s e d  i n  t h e  e x p e r i m e n t a l  p r o g r a m m e .
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^  > <  : 7

I'U  
1—1 
0) 
£

F i g u r e  3 . 3  W e l d e d  j o i n t  s p e c i m e n s
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60- 80°

F i g u r e  3 . 4  D o u b l e  v e e  j o i n t

6 0

F i g u r e  3 . 5  K  j o i n t



' C O M P R E S S I V E '  S I D E

e x a g g e r a t e d  s h a p e  o f  t h e  p l a t e s  a f t e r  w e l d i n g  

f i n a l  s h a p e  o f  t h e  p l a t e s  a f t e r  m a c h i n i n g

F i g u r e  3 . 6  O r i g i n a l  a n d  f i n a l  s h a p e  o f  t h e  s p e c i m e n

-
1

0
0
-
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1 . V o r t i c M a r i n e

2 . R a d i a n

3 . A r m o i d 1

B S 1 7 1 9 : E 3 1 7  

B S 1 7 1 9 : E 2 1 7  

B S 2 9 2 6 : 2 0 . 9 . 3 . R

F i g u r e  3 . 7  T h e  a r r a n g e m e n t s  o f  e l e c t r o d e s  

f o r  s a n d w i c h  w e l d m e n t
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c h a n n e l

I
o u t l e t

F i g u r e  3 . 8  C T  s p e c i m e n  w i t h  c h a n n e l s  t o  a c c o m m o d a t e  

s a l t  w a t e r  f l o w .



g r a v i t y  f e e d

F i g u r e  3 . 9  S N P  s p e c i m e n  w i t h  a  r e s e r v o i r  t o  a c c o m m o d a t e  s a l t  w a t e r  f l o w

-
1
0
3
-



1
0
4



F i g u r e  3 . 1 1  M a y e s  f a t i g u e  m a c h i n e

105



-
106

-



F i g u r e  3 . 1 3  T h e  e f f e c t  o f  c r a c k  f r o n t  o n  d i g i t a l  v o l t a g e  

r e a d i n g  o f  t h e  c r a c k  m i c r o g a u g e

-L
OT
-
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F i g u r e  3 . 1 4  V a r i a t i o n  o f  d i g i t a l  v o l t a g e  w i t h  c r a c k  d e p t h

a t  v a r i o u s  g a i n  s e t t i n g s  o f  t h e  c r a c k  m i c r o g a u g e



- 109-

C H A P T E R  A
C R A C K - G R O W T H  B E H A V I O U R  O F  B S 4 3 6 0 - 5 0 D  W E L D E D  S T E E L

4 . 1  I N T R O D U C T I O N

T h e  a n a l y s i s  o f  f a t i g u e  c r a c k  g r o w t h  d e v e l o p e d  b y  P a r i s

[ 8 ] ,  u s i n g  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s ,  i n d i c a t e d  t h a t

t h e  f a t i g u e  c r a c k  g r o w t h  r a t e ,  d a / d N ,  i s  p r i m a r i l y

c o n t r o l l e d  b y  t h e  s t r e s s  i n t e n s i t y  r a n g e ,  A K  , t h r o u g h  t h e

w e l l - k n o w n  P a r i s  e x p r e s s i o n  ( E q u a t i o n  ( 2 . 1 2 ) ) .  A s  h a s  b e e n

d e s c r i b e d  e a r l i e r ,  t h e  a c t u a l  s i t u a t i o n  i s  f a r  m o r e

c o m p l i c a t e d  t h a n  t h a t  r e p r e s e n t e d  b y  t h e  P a r i s  e x p r e s s i o n .

I t  h a s  b e e n  f o u n d  t h a t  t h e  P a r i s  e x p o n e n t  m  ( s e e  E q u a t i o n

( 2 . 1 2 )) i s  n o t  c o n s t a n t  b u t  i n c r e a s e s  a t  h i g h  a n d  l o w  g r o w t h

r a t e s  t o  g i v e  a  s i g m o i d a l  s h a p e  t o  t h e  c r a c k  g r o w t h  c u r v e .

T h i s  s i g m o i d a l  r e l a t i o n s h i p  p r e d i c t s  t h e  e x i s t e n c e  o f  a

t h r e s h o l d ,  A K ^  / f o r  n o n - p r o p a g a t i n g  c r a c k s .  A l t h o u g h  t h i s

i n f o r m a t i o n  i s  v i t a l  f o r  d e t e r m i n i n g  s a f e  n o n - d e s t r u c t i v e

i n s p e c t i o n  i n t e r v a l s  i n  c e r t a i n  e n g i n e e r i n g  s t r u c t u r e s ,  m o s t

o f  t h e  f a t i g u e  c r a c k  g r o w t h  d a t a ,  h o w e v e r ,  h a v e  b e e n

- 5
g e n e r a t e d  f o r  g r o w t h  r a t e s  g r e a t e r  t h a n  1 0  m m / c y c l e .

T h e  b a s i c  f a t i g u e  c r a c k  g r o w t h  d a t a  f o r  B S 4 3 6 0 - 5 0 D  

s t e e l  a n d  i t s  w e l d e d  j o i n t  w e r e  o b t a i n e d  u s i n g  a  c o m p a c t  

t y p e  s p e c i m e n .  T h e  e f f e c t  o f  v a r i a b l e s  s u c h  a s  s t r e s s  r a t i o ,  

f r e q u e n c y ,  s a l t - w a t e r  e n v i r o n m e n t ,  a n d  w e l d i n g  r e s i d u a l

s t r e s s e s  w e r e s t u d i e d f r o m t h r e s h o l d  t o t h e  m i d - r a n g e o f

c r a c k  g r o w t h r a t e s , a n d t h e  r e s u l t s a r e  p r e s e n t e d a n d

d i s c u s s e d  i n  t h i s  c h a p t e r .  I t  h a s  b e e n  e s t a b l i s h e d  i n
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C h a p t e r  2 t h a t  c e r t a i n  m e c h a n i c a l ,  e n v i r o n m e n t a l ,  a n d  

m e t a l l u r g i c a l  f a c t o r s  a f f e c t  f a t i g u e  c r a c k  g r o w t h  r a t e ,  t h e  

r o l e  o f  R - r a t i o ,  f r e q u e n c y ,  e n v i r o n m e n t ,  a n d  w e l d i n g  

r e s i d u a l  s t r e s s e s  b e i n g  o f  s o m e  s i g n i f i c a n c e .  T h e  t e s t  

c o n d i t i o n s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  w e r e  t h e r e f o r e  

v a r i e d  t o  e n s u r e  t h a t  c o i r / r e h e n s i v e  r e s u l t s  w e r e  o b t a i n e d .

4 . 2  E X P E R I M E N T A L  P R O C E D U R E S

T e s t s  w e r e  c a r r i e d  o u t  u s i n g  D o w t y  e l e c t r o h y d r a u l i c  a n d  

M a y e s  s e r v o h y d r a u l i c  f a t i g u e  m a c h i n e s  o n  b o t h  p a r e n t  m e t a l  

a n d  w e l d m e n t  b y  m e a n s  o f  C T  g e o m e t r y ,  d e t a i l s  o f  w h i c h  a r e  

g i v e n  i n  t h e  p r e v i o u s  c h a p t e r .  T h e  t e s t s  w e r e  p e r f o r m e d  i n  

l a b o r a t o r y  a i r  a n d ,  i n  t h e  c a s e  o f  w e l d e d  s p e c i m e n s ,  i n  3 . 5 %  

s o d i u m  c h l o r i d e  s o l u t i o n .  A l l  t e s t s  w e r e  p e r f o r m e d  u n d e r  

a m b i e n t  c o n d i t i o n s  ( i . e . ,  a t  r o o m  t e m p e r a t u r e  o f  2 0 ° C  a n d  a t  

a b o u t  5 0 %  r e l a t i v e  h u m i d i t y ) . A s  p o i n t e d  o u t  e a r l i e r  s o m e  

c h e c k  r e s u l t s  w e r e  m a d e  t o  e n s u r e  t h a t  a l l  m a c h i n e s  g a v e  

s i m i l a r  r e s u l t s  u n d e r  i d e n t i c a l  t e s t i n g  c o n d i t i o n s .

T h e  m e t h o d  u s e d  t o  o b t a i n  l o w  c r a c k  g r o w t h  r a t e s  a n d  

t h r e s h o l d s  w a s  w h a t  i s  r e f e r r e d  t o  h e r e  a s  t h e  " s t e p p i n g -  

d o w n  l o a d "  t e c h n i q u e .  T h i s  m e t h o d ,  w h i c h  h a s  b e e n  w i d e l y  

u s e d  f o r  d e t e r m i n g  A K ^  , i n v o l v e s  t h e  v a l u e  o f  A K  b e i n g  

p r o g r e s s i v e l y  r e d u c e d  b y  s t e p s  o f  1 0 %  o r  l e s s .  D u r i n g  e a c h  

A K  s t e p  i n  t h e  p r e s e n t  c a s e ,  t h e  c r a c k  w a s  a l l o w e d  t o  g r o w  

p a s t  t h e  p l a s t i c  z o n e  c r e a t e d  b y  ^ m a x o f  t h e  p r e v i o u s  s t e p .  

S e v e r a l  r e a d i n g s  o f  c r a c k  l e n g t h  a g a i n s t  n u m b e r  o f  c y c l e s  

w e r e  t a k e n  b e f o r e  m a k i n g  t h e  n e x t  A K  s t e p .  T h i s  p r o c e d u r e
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w a s  c o n t i n u e d  u n t i l  t h r e s h o l d  c o n d i t i o n s  w e r e  a t t a i n e d .  T h e  

t h r e s h o l d  v a l u e ,  A K ^  , w a s  c o n s i d e r e d  t o  h a v e  b e e n  r e a c h e d  

i f ,  a f t e r  t h e  l a s t  A K - s t e p ,  " n o  g r o w t h "  w a s  r e c o r d e d  i n  

a b o u t  1 m i l l i o n  c y c l e s .  T h i s  r e p r e s e n t e d  g r o w t h  r a t e s  o f  t h e  

o r d e r  1 x 1 0  % i m / c y c l e  w i t h i n  t h e  l i m i t s  o f  a c c u r a c y  o f  t h e  

c r a c k  l e n g t h  m o n i t o r i n g  e q u i p m e n t  ( i . e . ,  0 . 0 1 m m ) .

T o  i n v e s t i g a t e  t h e  e f f e c t  o f  s t r e s s  r a t i o ,  t e s t s  w e r e  

p e r f o r m e d  a t  R  e q u a l  t o  0 . 0 8  a n d  0 . 7  a t  a  c y c l i c  f r e q u e n c y  

o f  3 0 H z .  A d d i t i o n a l  t e s t s  w e r e  p e r f o r m e d  o n  t h e  w e l d m e n t  a t  

R = 0 . 5  a n d  3 0 H z  t o  c o n f i r m  t h e  e x p e r i m e n t a l  t r e n d .

T o  i n v e s t i g a t e  t h e  e f f e c t  o f  f r e q u e n c y  s o m e  o t h e r  t e s t s  

w e r e  p e r f o r m e d  a t  a  l o a d i n g  f r e q u e n c y  o f  0 . 2 5 H z  a n d  s t r e s s  

r a t i o s  o f  0 . 0 8  a n d  0 . 7  f o r  b o t h  p a r e n t  m e t a l  a n d  w e l d m e n t .

T h e  e f f e c t  o f  d r e s s i n g  o n  t h e  f a t i g u e  c r a c k  g r o w t h  r a t e  

o f  t h e  w e l d m e n t  w a s  i n v e s t i g a t e d  a n d  a d d i t i o n a l  t e s t s  w e r e  

p e r f o r m e d  o n  s p e c i m e n s  i n  " a s - w e l d e d "  c o n d i t i o n  a t  a  l o a d i n g  

f r e q u e n c y  o f  3 0 H z  a n d  s t r e s s  r a t i o  o f  0 . 7 .

T h e  e f f e c t  o f  a  s a l t - w a t e r  e n v i r o n m e n t  w a s  i n v e s t i g a t e d  

o n l y  f o r  t h e  w e l d m e n t .  C o r r o s i o n  f a t i g u e  t e s t s  w e r e  

p e r f o r m e d  a t  s t r e s s  r a t i o s ,  R ,  o f  0 . 0 8  a n d  0 . 7  a n d  a t  

l o a d i n g  f r e q u e n c i e s  o f  3 0 H z  a n d  0 . 2 5 H z  u s i n g  a  s i n u s o i d a l  

w a v e  f o r m .  T h e  f l u i d  w a s  i n t r o d u c e d  i n t o  t h e  s p e c i m e n  a t  a



-1 1 2 -

f l o w  r a t e  o f  a p p r o x i m a t e l y  1 . 5  m l / m i n .

T o  c h a r a c t e r i z e  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  o n  

f a t i g u e  c r a c k  p r o p a g a t i o n ,  t e s t s  w e r e  p e r f o r m e d  o n  s t r e s s -  

r e l i e v e d  s p e c i m e n s  i n  b o t h  a i r  a n d  s a l t - w a t e r  s o l u t i o n  a t  a 

s t r e s s  r a t i o  o f  0 . 7  a n d  l o a d i n g  f r e q u e n c y  o f  3 0 H z .

I n  a l l  t h e  f o r e g o i n g  t e s t s  t h e  s p e c i m e n  w a s  p r e p a r e d  a s

d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  T h e  s p e c i m e n s  w e r e

p r e c r a c k e d  a t  a  s u i t a b l y  h i g h e r  f r e q u e n c y  u s i n g  a  l o w  l o a d

r a n g e  g i v i n g  a  K  n o t  e x c e e d i n g  2 0  M N / r n ^ ^  f o r  t h e
m a x

3 / 2
b a s e  m e t a l  a n d  a b o u t  2 5  M N / m  f o r  t h e  w e l d m e n t .

S u b s e q u e n t l y ,  t h e  f a t i g u e  c r a c k  w a s  p r o p a g a t e d  a t  t h e  

r e q u i r e d  l o a d i n g  c o n d i t i o n s  ( i . e . ,  s t r e s s  r a t i o ,  f r e q u e n c y ,  

e t c . )  f o r  s o m e  2  t o  3 m m  b e f o r e  t h e  a c t u a l  t e s t  r e a d i n g s  w e r e  

s t a r t e d .  T h i s  p r o c e s s  e n s u r e d  t h a t  u n i f o r m  g r o w t h  a t  t h e  

p a r t i c u l a r  l o a d  r a n g e  w a s  a t t a i n e d  a n d  t h u s  e l i m i n a t e d  

e i t h e r  t h e  i n f l u e n c e  o f  s h o r t  c r a c k s  a t  t h e  o r i g i n a l  n o t c h ,  

o r  t h a t  o f  l o a d  h i s t o r i e s  o n  f a t i g u e  c r a c k  g r o w t h  r a t e .  A l l

t h e  t e s t s  w e r e p e r f o r m e d a t f i x e d l o a d l i m i t s , i . e . ,

c o n s t a n t  R - r a t i o a l l o w i n g t h e c r a c k t o g r o w  f r o m  i t s

o r i g i n a l  l e n g t h  t o  t h e  f i n a l  l e n g t h  r e q u i r e d .  F o r  s o m e  t e s t s

- 5
a t  l o w  f r e q u e n c y  ( 0 . 2 5 H z )  a n d  g r o w t h  r a t e s  b e l o w  1 x 1 0  

m m / c y c l e ,  t h e  " s t e p - u p "  o r  t h e  " s t e p p i n g - d o w n  l o a d "  

t e c h n i q u e s  w e r e  u s e d  t o  s h o r t e n  t h e  i n v e s t i g a t i o n .  F o r  e a c h  

s t e p  t h e  v a l u e  o f  A K  w a s  a d j u s t e d  u p w a r d s  o r  d o w n w a r d s  b y  

n o t  m o r e  t h a n  1 0 %  a n d  t h e  c r a c k  a l l o w e d  t o  g r o w  b y  m o r e  t h a n  

t h e  e x i s t i n g  p l a s t i c  z o n e  p r o d u c e d  b y  p r e v i o u s  l o a d i n g
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c o n d  i t  i o n s P l a s t i c  z o n e  s i z e r P c a n  b e  c a l c u l a t e d  f r o m :

r P
_1_2TT

K 0 ̂ max ^2
( 4 . 1 )

A t  l e a s t  t w o  r e a d i n g s  o f  t h e  c r a c k  l e n g t h  a n d  c o r r e s p o n d i n g  

n u m b e r  o f  c y c l e s  w e r e  t a k e n  f o r  e a c h  s t e p  b e f o r e  t h e  f i r s t  

r e a d i n g  w a s  t a k e n .  T h i s  p r o c e s s  e n s u r e d  e l i m i n a t i o n  o f  l o a d  

h i s t o r y  e f f e c t s .

C r a c k  l e n g t h  m e a s u r e m e n t s  w e r e  m a d e  u s i n g  a  m i c r o s c o p e  

m o u n t e d  o n  a  t r a v e l l i n g  m i c r o m e t r i c  s t a g e  a s  d i s c u s s e d  

p r e v i o u s l y .  T h e  e x p e r i m e n t a l  d a t a  w e r e  r e c o r d e d  i n  t e r m s  o f  

c r a c k  l e n g t h ,  a ,  a n d  c o r r e s p o n d i n g  n u m b e r  o f  c y c l e s ,  N .

T o  c a l c u l a t e  t h e  c r a c k  g r o w t h  r a t e ,  d a / d N ,  f r o m  t h e  

e x p e r i m e n t a l  d a t a ,  a  c o m b i n a t i o n  o f  g r a p h i c a l  c u r v e  f i t t i n g  

a n d  f i n i t e  d i f f e r e n c e  ( s e c a n t )  m e t h o d s  w a s  u s e d .  W h e n  t h e  

r e a d i n g s  s h o w e d  l i t t l e  s c a t t e r  o f  d a / d N  d a t a ,  t h e  r a w  

e x p e r i m e n t a l  r e a d i n g s  w e r e  u s e d  t o  c a l c u l a t e  t h e  g r o w t h  

r a t e s .  H o w e v e r ,  w h e n  t h e  s c a t t e r  w a s  s u b s t a n t i a l ,  s m o o t h  

c u r v e s  w e r e  f i t t e d  ( g r a p h i c a l l y )  t o  t h e  e x p e r i m e n t a l  d a t a  

a n d  p o i n t s  o n  t h e s e  c u r v e s  u s e d  t o  c a l c u l a t e  d a / d N  u s i n g  t h e  

s e c a n t  m e t h o d .  T h i s  p r o c e s s  r e d u c e d  t h e  s c a t t e r  i n  t h e  r a w  

d a t a .  I t  w a s  a l s o  o b s e r v e d  t h a t  s c a t t e r  w a s  m u c h  r e d u c e d  b y  

t a k i n g  r e a d i n g s  a t  c r a c k  i n c r e m e n t s  o f  b e t w e e n  0 . 5 m m  a n d  

1 m m ,  a n d  h e n c e  t h e s e  w e r e  u s e d  f o r  a l l  s u b s e q u e n t  

c a l c u l a t i o n s  o f  d a / d N .
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A n  a t t e m p t  w a s  m a d e  t o  a p p l y  t h e  i n c r e m e n t a l  p o l y n o m i a l  

m e t h o d  u s i n g  l e a s t  s q u a r e s  [ 1 4 2 ] .  A  c o m p u t e r  p r o g r a m  w a s  

d e v e l o p e d  f r o m  w h i c h  d a / d N  a n d  c o r r e s p o n d i n g  A K  v a l u e s  

c o u l d  b e  c a l c u l a t e d .  T h i s  p r o c e d u r e  w a s  s a t i s f a c t o r y  w h e n  a  

l a r g e  n u m b e r  o f  e x p e r i m e n t a l  p o i n t s  w a s  a v a i l a b l e  a n d / o r  

s c a t t e r  w a s  m i n i m a l .  H o w e v e r ,  t h i s  m e t h o d  w a s  u n s u i t a b l e  f o r  

s h o r t  t e s t s  a n d  f o r  r e s u l t s  c o n t a i n i n g  a  c o n s i d e r a b l e  a m o u n t  

o f  s c a t t e r .  T h e r e f o r e ,  f o r  c o n s i s t e n c y  o f  r e s u l t s  a l l  t h e  

d a t a  r e p o r t e d  h e r e  w e r e  a n a l y s e d  u s i n g  o n l y  t h e  s e c a n t  

m e t h o d .

T h e  s t r e s s  i n t e n s i t y  f a c t o r ,  K ,  w a s  c a l c u l a t e d  u s i n g  

t h e  a p p r o p r i a t e  s t a n d a r d  e x p r e s s i o n  f o r  C T  g e o m e t r y ,  i . e . ,  

u s i n g  E q u a t i o n s  ( 3 . 5 )  a n d  ( 3 . 6 ) .  T h e  c r a c k  l e n g t h ,  a ,  u s e d  

t o  c a l c u l a t e  K  i s  t h e  a v e r a g e  o f  t h e  t w o  s u c c e s s i v e  r e a d i n g s  

u s e d  t o  c a l c u l a t e  t h e  c o r r e s p o n d i n g  d a / d N .

4 . 3  R E S U L T S

T h e  e x p e r i m e n t a l  r e s u l t s  a r e  p l o t t e d  i n  t e r m s  o f  d a / d N  

v e r s u s  t h e  c o r r e s p o n d i n g  A K  v a l u e s  f o r  a l l  t h e  t e s t s .

4 . 3 . 1  B a s e  M e t a l

F i g .  4 . 1  s h o w s  a  t y p i c a l  a  v e r s u s  N  c u r v e  o b t a i n e d  

d u r i n g  t h r e s h o l d  t e s t s  u s i n g  t h e  s t e p p i n g - d o w n  l o a d  

t e c h n i q u e .
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The threshold and mid-range fatigue crack growth

results in air have been represented in terms of da/dN

versus AK as shown in Fig. 4.2, which shows the data

obtained for a 24mm-thick specimen tested at stress ratios,

R, of 0.08 and 0.7 and loading frequency of 30Hz. The

results show the considerable influence of stress ratio on

low crack growth rates and thresholds (i.e., growth rates

increase with stress ratio, and AK,, values decrease withth
stress ratio) . However, this effect diminishes with increase 

of crack growth rates.

Figs. 4.3 and 4.4 show the present results at 30Hz in 

air compared with the mean line through Musuva's and Radon's 

[144] results obtained in air for a 25.4mm-thick specimen of 

the same material. The authors used the "increasing R" 

technique at 30Hz. Their results compare very well with the 

present results.

For K . ,, values of 6.25 MN/m?/2 and 11.33 MN/n?/2 ,ITIq X f  ull
correspondig to R-values of 0.08 and 0.7, respectively, were 

found.

Results at a cyclic frequency of 0.25Hz are shown in 

Fig. 4.5. These results show an increased effect of stress 

ratio at lower frequency when compared to the corresponding
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data at 30Hz, and also show that only growth rates at high 

stress ratio are significantly affected by the change in 

frequency.

Figs. 4.6 and 4.7 show the present results at 0.25Hz in 

air compared with the mean line through Musuva's [143] 

results obtained in air for a 25.4mm-thick specimen of the 

same material at 0.25Hz. His results compare very well with 

the present results.

The effect of frequency was evaluated by drawing the 

best fit lines through the results of Figs. 4.2 and 4.5, 

which are shown in Fig. 4.8. The crack growth rates 

seem to be affected by the frequency change from 30Hz to 

0.25Hz at R=0.08, apart from the region of low crack growth 

rates. However, at R=0.7 the growth rates are much higher at 

low frequency, and here the influence is appreciable.

4.3.2 Weldment

Fatigue crack growth of the weldment at the threshold 

and in the mid-range in air have been represented in terms 

of da/dN versus AK, as shown in Fig. 4.9. This shows the 

data for a 24mm-thick welded joint specimen tested in air at 

stress ratios, R, of 0.08 and 0.7 and loading frequency of 

30Hz. Additional tests were performed on the weldment at 

R=0.5 and 30Hz loading frequency to confirm the experimental 

trend and are shown in Fig. 4.10. The results show a
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significant effect of stress ratio on crack growth rates for 

both threshold and mid-range.

Figs, 4.11 and 4.12 shows a comparison between the 

results obtained for weldment and parent plate tested at 

30Hz. The crack growth rates in the weldment were, however, 

lower than the growth rates in the parent material, probably 

due to favourable residual stresses.

For Kmax th'va^ues 1^.75 MN/m2/ 2 ,17.0 MN/m2/ 2 , and 

22.33 MN/m2/ 2 # corresponding to R-values of 0.08, 0.5 and 

0.7, respectively, were found. The relationship between 

stress ratio and A K th *s shown in Fig. 4.13.

not
Fig. 4.14 represents the effect ofAdressing on the 

fatigue crack propagation rate of the weldment. The test was 

conducted in air at stress ratio, R, of 0.7 and loading 

frequency of 30Hz.

The results at a loading frequency of 0.25Hz in air at 

stress ratios, R, of 0.08 and 0.7 are shown in Fig. 4.15. 

The effect of frequency in this case is more pronounced, 

when compared to the corresponding data at 30Hz. The results 

show that the growth rates are significantly affected by the 

change of frequency at R —value of o.0 8 r as shown in Fig.

4.16.
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Figs. 4.17 and 4.18 show the results for the weldment 

compared with the results for the parent plate tested at 

0.25Hz. They clearly indicate that the crack growth rates in 

the weldment are slower than or similar to the crack growth 

rates in the parent metal.

The results of tests in air on stress-relieved 

specimens are shown in Figs. 4.19 and 4.20. Fig. 4.19 shows 

a comparison of results obtained for a stress-relieved weld, 

and for an as-received weld tested at R=0.7 and 30Hz loading 

frequency, indicating that the crack growth rate is 

accelerated in the stress-relieved specimen for values of 

AK between approximately 6 MN/m3^  and 14 MN/m3//2 . Fig. 

4.20 is a comparison of results for the stress-relieved weld 

and the parent plate and it shows that the crack propagation

rate in the stress-relieved weld is still lower than for the

 ̂ parent metal at AK values above 8 MN/m3//2. Fig. 4 .21

illustrates the effect of residual welding stresses on

fatigue crack propagation and was evaluated by drawing the 

best line through the results obtained for the parent metal, 

as-received weld and stress-relieved weld.

x 4.3.3 Weldment in Salt-Water Environment

Typical a versus N curves for a salt-water environment 

are illustrated in Figs. 4.22 and 4.23. Fig. 4.24 shows the 

effect of stress ratio on a weldment in a salt-water
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environment at cyclic frequency of 30Hz and stress ratios of 

0.08 and 0.7.

Fig. 4.25 shows corresponding in-air data. The results 

at both stress ratios (0.08, 0.7) indicate lower growth

rates in salt-water solution as compared to in-air results.
3/ 2AK , for R=0.08 was observed to increase from 13.75 MN/m / th

in air to approximately 22 M N / m ^ ^  , and for R=0.7 from 6.70 

MN/m 3/2 to 9.5 MN/m^/2 in salt-water. It was found that

introduction of salt-water into a crack previously growing 

in air at AK values below 14 MN/m^/^ at R=0.08 and 7.0 

M N / m a t  R=0.7 caused a rather unexpected arrest in crack 

growth. The crack stopped very suddenly, for example, after 

a very short growth.

The results of tests conducted in a salt solution at 

0.25Hz and two stress ratios (i.e., at 0.08 and 0.7) are 

shown in Fig. 4.26. These results show that, like the 

results obtained in air at the same frequency, stress ratio 

has a significant effect on crack growth rates. The results 

are again compared with those obtained in air which are 

shown in Fig. 4.27.

The effect of frequency is shown in Fig. 4.28 at stress

ratios, R, of 0.08 and 0.7. These results show that reducing

the frequency from 30Hz to 0.25Hz gives similar fatigue
3/2crack growth rates at AK values below 35 MN/m and 18.5
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for R of 0.0 8 , 07

MN/nr' , respectively. Above these AK values the growth A
rates tend to increase with decrease in frequency.

The results of tests performed on stress-relieved 

specimens at R=0.7 and 30Hz loading frequency in salt 

solution are compared with the corresponding results 

obtained for as-received specimens and are shown in Fig. 

4.29. These results are also compared with the data obtained 

for the stress-relieved weld in air, see Fig. 4.30. They 

indicate that the growth rates for a stress-relieved weld in 

a salt-water environment are lower than in air at AK values 

below 8 MN/m3//2 .

Finally, a combination of results for stress-relieved 

and as-received welds in air and salt-water environments is 

presented in Fig. 4.31.

4.4 FRACTOGRAPHY

The weldment fracture surfaces of fatigue cracked 

specimens in air were sectioned and mounted for observation 

in the scanning electron microscope (SEM).

All the variations of the fracture surfaces were 

examined; it was found in particular that dendritic 

formations might be responsible for the differences in the 

crack lengths as measured on the sides of the specimen. This
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was attributed to the difference in the cooling rate of the 

weld beads. Fig. 4.32 shows a typical surface close to the 

specimen's side.

The cracks showed a tendency to branching (Fig. 4.33). 

It can be seen that these branches were random in direction, 

but there is no evidence to show that the main crack path 

was a result of a series of random paths. Also, a high 

proportion of secondary cracks was often found in a more 

brittle fracture observed at low AK values.

The failure surfaces showed a number of welding defects 

which may have a bearing on the results obtained. The most 

common was of worm-holes originating from the root of the 

weldments. The size of these defects varied from a pin-hole 

to a gross defect (Fig. 4.34). Some of these defects arose 

from porosity (Fig. 4.35).

The fracture mechanisms observed in the Paris regime 

were microvoid coalescence and striations. A microvoid 

coalescence area is shown in Fig. 4.36 and a typical 

striated area at AK=20 MN/np/^ , R=0.7 and 30Hz is presented 

in Fig. 4.37. Transgranular cleavage-like fracture was 

observed at very low values of AK (7 to 10 MN/m^^ ) close 

to the near threshold region as shown in Fig. 4.38.
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4,5 DISCUSSION

4,5,1 The Effect of Stress Ratio and Frequency in Ai r 

on Parent Metal

It is generally believed [145] that stage II fatigue 

crack propagation is largely independent of the stress 

ratio, R, or mean stress. A greater such dependency, 

however, in the threshold or stage I region has been 

observed by various authors and their results are reviewed 

in Section 2.4.1.

Tests at constant stress ratio, R, have been conducted

[38,146-148] in investigating the effect of mean stress on

fatigue crack propagation, while, in contrast, tests at

constant mean stress have been made [32-35] to investigate

the effect of stress ratio. The results of constant stress

ratio can be easily transformed into the other (i.e.,

constant K ) using the following equation:
mean

Kmean
1
2

(1+R)
(1-R) AK

(4.2)

Tests at constant stress ratio are more easily performed on 

the specimen geometry used in this investigation and also 

they are more appropriate to life-span calculations for non- 

redundant structures where the R-value remains constant with 

increasing crack length.

The present investigation has shown that crack growth
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rates generally increase with stress ratio at low stress 

intensities. The stress ratio effect at low growth rates 

obtained in the data shown in Fig. 4.2 is similar to that 

reported by Cook et al [76], Paris et al [72,73], and Mackey 

[149] for other steels.

The effect of stress ratio on low growth rates has 

usually been explained in terms of either environmental 

interactions or crack closure phenomena [36] . The reported 

data for different kinds of environment are not conclusive 

as to the actual contribution of the environment to the 

effect of stress ratio observed in steels. Nevertheless, by 

examining fatigue crack growth behaviour of high strength 

steels, where the primary mechanism of environmental attack 

during fatigue crack growth in moist air and salt-water 

environments is hydrogen embrittlement [49], some seemingly 

consistent explanations have been put forward [62] which are 

supported by certain data obtained in inert environments 

(such as vacuum) and show a lack of, or at least a markedly 

reduced, effect of stress ratio at low growth rates [76-78]. 

It is also argued by the above authors that the lack of 

stress ratio effect at higher stress intensities, where the 

crack velocities are too fast for environmental factors to 

have any effect, is consistent with the above explanation. 

However, such an explanation of fatigue crack growth 

behaviour in low strength steels at low stress intensities, 

solely in terms of hydrogen embrittlement, may be 

questioned. In these steels, and especially at low stress 

intensities, the hydrogen enrichment ahead of the crack tip.
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as predicted by Ritchie [62], would be very small owing to 

the lower magnitude of hydrostatic tension.

Musuva and Radon [144], who tested the same material 

(i.e.f BS4360-50D) in salt-water, reported no significant 

environmental influence. The decrease in growth rates at low 

stress ratios they observed was attributed to the possible 

effects of fluid corrosion and corrosion products at the 

crack tip. Their results seem to support the general view 

[32,45,70-73] that, in low alloy steels, low growth rates 

and A K ^  are not strongly affected by the environment. 

Although exceptions have been reported [69,71,150] where a 

corrosive environment was found to enhance the growth rates, 

more data is needed before any general conclusions can be 

drawn on the precise influence of the environment.

In view of the above results on both air and corrosive 

environments no firm conclusion could be drawn and 

environmental arguments alone cannot adequatly explain the 

observed effects of stress ratio. Therefore an alternative 

explanation, namely the crack closure concept, is advanced.

The crack closure concept was first reported by Elber

[36] who proposed that closure of the crack surface may 

occur at tensile loads during the loading cycle as a result 

of plastic deformation left in the wake of a growing crack 

at high stress intensities. This phenomenon reduces the
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effective stress intensity factor causing crack growth. 

Since then the concept has been used to explain the effect 

of stress ratio [36,39,72,144].

Most of the initial experimental work on crack closure 

was performed on thin sheet metal where crack tip conditions 

approximated to plane stress [36,151]. Lindley and Richards 

[152] sectioned SEN specimens parallel to the loading axis 

to reveal the crack profile in the thickness of the 

specimen. This demonstrated that under plane strain 

conditions in the centre of the specimen, the crack was 

open, but was locally closed at the surface, where 

conditions will approximate to plane stress. Closure 

therefore at low stress intensities and under plane strain 

conditions, which are the conditions prevailing at low 

fatigue crack growth rates, should be insignificant. 

However, Fleck and Smith [153] in a recent study developed a 

new compliance technique which was capable of monitoring the 

crack closure response at the centre of the specimen, and 

they conducted tests on the compact type specimens of a low 

alloy steel. From these tests they concluded that the crack 

closure was not just a surface phenomenon, could also occur 

in the body of a test-piece (i.e., plane strain regions). In 

particular, for the material they tested, fatigue cracks 

were closed for a significant portion (20%) of the load 

cycle.

Hence it appears that a simple application of the
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closure concept to explain stress ratio effects during 

fatigue crack growth roust be made with caution, as these 

effects are most marked in the low AK region, where it is 

most usual for plane strain conditions to exist.

In laboratory air at low stress ratios, clear evidence

has been found for the build-up of a corrosive oxide product

on the fracture surfaces of cracks growing close to

AK , [154]. The presence of such a layer of oxide particlesth
in the crack will also increase the load in the fatigue

cycle at which crack closure occurs [72]. Hence the

effective AK will be lower than that applied, leading to

lower crack growth rates and higher apparent threshold

values. Further evidence of the importance of fretting

corrosion debris is provided by the work of Paris et al [72]

who found a similar dependence of AK . on stress ratio inth
laboratory air with A533B and A508 steels. In distilled 

water, however, AKth was greater than in air, an increase 

which they also suggested may be due to corrosion products 

limiting cyclic stress intensities.

The present results have shown that stress ratio can 

greatly influence fatigue growth rates at near-threshold 

stress intensities. However, its effects are considerably 

reduced at higher cyclic stress intensities ( AK > 10 

MN/m3/ 2) .
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The effect of stress ratio on growth rates observed at 

lower frequencies (0.25Hz) in air may be explained in terms 

of the hydrogen embrittlement mechanism. It is known that 

hydrogen in moist air can cause embrittlement at the crack 

tip, this resulting in increased growth rates. Hydrogen 

atoms in steel can diffuse to the regions of maximum 

hydrostatic tension ahead of the crack tip, thereby lowering 

the cohesive strength of the lattice [49], This process, 

causing faster crack growth rates, is more significant in 

high strength steels.

It is possible that fatigue crack growth rates could be 

caused by the increase in stress ratio, since the higher 

value of Kmax creates a large stress gradient to promote 

hydrogen diffusion. However, tests at high frequency (such 

as 30Hz) and high crack growth rates would not provide a 

favourable condition for hydrogen to diffuse to the crack 

tip in time to cause embrittlement, since the crack is 

advancing at a high velocity. This argument is supported by 

comparing Fig. 4.2 with Fig. 4.5, and is presented in Fig.

4.8.

4.5.2 The Effect of Stress Ratio and Frequency in Air 

on Weldment

In most of the welded joint specimens the crack 

deviated slightly from the plane of symmetry. However, it 

stayed within the weld for the total crack length (about 

40mm), and the maximum deviation from the plane of symmetry
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was about 1mm. The influence of a slightly curved path on 

the stress intensity was considered to be insignificant and 

was consequently ignored.

In order to achieve low growth rates and true 

thresholds unaffected by load history effects, it was 

necessary to make sufficiently small load changes and to 

test for sufficiently long periods. The present tests were 

performed on specimens with relatively short cracks (i.e., 

0.3<a/w<0.45), where the change in specimen compliance with 

crack length was small, and performed also to allow an 

adequate number of crack increments between load steps 

without too great a change in the value of the stress 

intensity factor. In the present investigation it was 

observed that reducing AK by more than 10% at higher growth 

rates, and more than 5% at low growth rates, caused long 

crack growth delays and sometimes arrest resulting in a 

false threshold value due to load history effects.

Although it is widely accepted that the fatigue of 

weldments is insensitive to mean stress, such a conclusion 

is not applicable to all weld details and stress ratios. For 

a weldment containing severe stress-raisers and subjected to 

pulsating tension, the fatigue properties are insensitive to 

mean stress [155]. However, fatigue of weldments can be 

sensitive to stress ratio, especially negative stress ratios 

[156].
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The present results illustrate that crack growth rate 

increases -with stress ratio. This effect is most pronounced 

at low stress intensities and diminishes with increase in 

growth rate. The stress ratio sensitivity for weld material 

at low growth rates and high frequency is presented in Fig. 

4.10. The present A K ^  results are compared with some 

recently reported investigations on steel and weldments (see 

Fig. 4.13). These results indicate that no simple 

relationship between AK.^ and R seems to exist. However, it 

appears that for ferrite-pearlite steel [72,75] and HT80 

steel welded joints [109], the results tend to point towards 

a limiting value of A K ^  , AK^ ^  , reached at a high positive 

stress ratio. Although this trend contradicts the present 

results the data obtained by Branco et al [32], Davenport 

and Brook [68] and the suggestion by Blacktop and Brook 

[157] that AK^k can be extrapolated to zero at an R-value 

of 1 seems to support the present results but is not correct since 

AKth losses its meaning.

As discussed previously the crack closure phenomenon 

has often been used to explain the observed effect of stress 

ratio on fatigue crack growth rate . According to this 

concept, at low stress ratios, the crack closure stress 

intensity factor, , is greater than the minimum applied 

stress intensity factor,K . , and thus the effective stress 

intensity factor range responsible for the crack growth is 

substantially reduced. At high stress ratios, the crack 

remains open for the whole or for the larger part of the 

load cycle and thus the crack-closure effect becomes less
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pronounced.

Following this argument it would seem reasonable to say 

that crack closure can be significant in weldments depending 

on the magnitude of residual welding stresses which exist in 

welded joints. The stress intensity factor, K, is a 

characteristic parameter for stresses and strains in the 

crack tip region only if tensile stresses and strains are 

produced by the applied load. Fatigue crack growth rates, 

when characterized by K, can be assumed to exist when they 

are caused by that part of AK which, when applied, results 

in tensile stresses and strains at the crack tip. Applying 

this strain characterization analogy to crack closure, the 

minimum stress intensity factor corresponding to zero 

stresses and strains will be defined as the crack closure 

stress intensity factor, •

Thus, the effective stress intensity factor range 

responsible for crack growth in a material with negligible 

residual stresses is given by

AK = K eff max K^t for K . < K__CL m m  CL
, (4.3)

AK -- = K eff max K . for K . > K^tm m  m m  CL . (4.4)

The stress intensity factor range for a welded joint with 

compressive residual stresses is given by



-131-

AK

or

AK -AK app res r(4.5)

AK Kmax K .m m AK res (4.6)

The effective stress intensity factor 

the crack growth in a butt-welded 

residual stress field is of the form:

range responsible for 

joint with compressive

AK __ = K - (K^t + eff max CL Kres> for K . <mm KCL (4.7)

AK -- = K eff max - (K . + AK )m m  res for K . > m m KCL .(4.8)

The comparison of the present data obtained for the parent 

material, Figs. 4.11 and 4.12 at 30Hz and Figs. 4.17 and 

4.18 at 0.25Hz, indicated the existence of a compressive 

residual stress field, thereby suggesting the weld metal to 

be superior than base metal in terms of crack growth rate. 

To verify this, tests were performed on stress-relieved 

welded specimens, from which it was observed that the crack 

growth rate was significantly increased and became 

comparable to the crack growth rates in the parent metal 

(see Figs. 4.17-4.19). It follows from this argument that it 

is reasonable to assume that the crack closure in butt- 

welded joints is primarily due to compressive residual 

stresses induced in the plate during the welding process.

The above analysis shows that, depending on the 

magnitude of the compressive residual stress, it tends to 

maximise the crack closure effect at low growth rates,
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although at high growth rates this effect diminishes 

apparently because of redistribution of these residual 

stresses.

At this point in the discussion, it is important to 

note that most researchers have attributed the decrease in 

fatigue crack growth rate in the weldment to favourable 

residual stresses normal to the crack [109,158,159]. This is 

discussed futher below.

Fig. 2.3 shows a simplified pattern of residual 

stresses for a butt-welded test section. The most 

significant residual stress component in the weld is the 

longitudinal component <yx which can reach the magnitude of 

yield strength. The transverse stress component cy is 

usually substantially smaller, although no measurement of 

the residual stress was made. A qualitative discussion of 

the influence of the residual stress follows.

Although transverse stresses (i.e., parallel to the 

crack plane) do not influence the stress intensity factor, 

they have been shown to influence the plastic flow around 

the crack tip [160]. A tensile stress component parallel to 

the crack will decrease the plastic flow and a compressive 

stress component parallel to the crack will increase the 

plastic flow around the crack tip upon loading. The net 

effect over one cycle is not easily predicted. Theover
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redistribution of longitudinal residual stresses in the 

direction perpendicular to the crack may induce a closing 

moment which will resist the opening of the crack and 

therefore tend to decrease the crack growth rates.

In some specimens, especially at low AK (7-15 

MN/rn^/^), the crack growth is faster on the side of the 

specimen where the first bead was deposited. On that side 

the transverse residual stresses ought to be lower than on 

the side where the second bead was deposited. Also, when 

grinding the specimen, some of the transverse residual 

stresses may be released and therefore the crack growth 

rates should be lower (see Fig. 4.14).

Observations of frequency effects in the weldment 

confirmed the general trend discussed in Section 2.3.2. 

Increasing the loading frequency from 0.25Hz to 30Hz caused 

a reduction in crack growth rates above AK values of 22 

MN/m*^^ and 15 MN/m^/^ at R=0.08 and 0.7, respectively (see 

F i g . 4.16).

Yokobori's formula (Equation (2.21)) implies a 

reduction of about 30% over the same frequency range and a 

further 6% reduction in changing from 10Hz to 30Hz. However, 

the reduction in crack growth rate with increasing frequency 

is a relatively minor effect in the low growth rate regime, 

but it serves as a warning against accelerated tests at high
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growth rates and frequency, which may not give consistent 

results.

The increase in crack growth rate with decreasing 

frequency was explained by Bradshaw and Wheeler [161] as 

being caused by an environmental effect obtained in the 

reaction between the surrounding air and freshly exposed 

metal at the crack tip. Thus at lower frequency there is 

more time available for the reaction between constituents of 

ordinary air such as oxygen, nitrogen, and water vapour, and 

the metal. Therefore, this effect should be more pronounced 

at lower a k  levels. Although there is considerable evidence 

in support of environment-controlled processes causing the 

frequency effect, the concept of a simple time-dependent or 

cycle-dependent interaction may be misleading. The present 

results do not support the above conclusion. Indeed, for 

AK values below 22 MN/m3/ 2 and 15 MN/m3/ 2 , corresponding 

to stress ratios of 0.08 and 0.7, respectively, at 0.25Hz 

the crack growth rate appears to be the same as at the 

higher frequency (i.e., 30Hz). Therefore for a weldment in 

air the sensitivity to frequency is less at lowAK values. 
The environmental influence is more likely to be related to 

dislocation-transport of hydrogen [162], which is a rate- 

sensitive process, rather than to any active path corrosion.

4.5.3 The Effect of Salt-Water Environment on Weldment

The phenomenon of crack growth delay is normally 

related either to a residual stress field present at the
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crack tip [163], crack closure [36] , or to a combination of 

these mechanisms. This effect has been widely investigated 

by means of applying overload/underload cycles in the 

constant amplitude test. The effect of the overload cycle is 

to introduce a relatively large plastic zone ahead of the 

crack tip which in turn produces a compressive residual 

stress field into which growth must proceed for a number of 

cycles before the crack "breaks free" of this compressive 

field. Underloads are not suitable as a means of building up 

residual stresses because of the relatively small plastic 

zone they produce.

There are other factors which can contribute to this 

retardation behaviour, in particular the interaction effect 

of corrosive media . Previous work by Rhodes and Radon 

[164] suggested two distinct processes by which crack 

propagation may occur. One is due to chemical action at the 

crack tip, enhanced by the presence of a tensile stress, 

referred to as "stress-assisted dissolution". The other is 

due to local mechanical failure, enhanced by the presence of 

an adverse environment, "environment-assisted fracture". 

These two processes are mutually competitive. Stress- 

assisted dissolution, by the action of microbranching and 

blunting, actually inhibits mechanical fracture. Conversely, 

if mechanical failure proceeds sufficiently rapidly, there 

is no time for dissolution to take place before the crack 

tip passes any particular point in the material. Thus the 

two processes are not simply superimposed. Either one or the 

other will dominate crack propagation. Both mechanisms will
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influence the rate of crack growth.

Under actual working conditions, some structures will 

experience alternating environmental conditions. For 

example, as a result of tidal wave action, part of a 

supporting offshore structure will be alternately exposed to 

air and immersed in sea water. The effects of this alternate 

wet-and-dry environment have been the subject of several 

investigations.

Barsom and Novak [165] investigated this effect on A514 

steel. First, the specimen was stressed at 0.2Hz under full 

immersion conditions in a 3% NaCl solution, then the NaCl 

bath was removed and the specimen was left to dry in air at 

room temperature overnight. The specimen was then replaced 

in the former salt solution and the test continued as 

before. Barsom and Novak observed that the life of the 

specimen was doubled due to delay equivalent to 115000 

cycles.

Johnson et al [166] conducted tests on BS4360-50D steel 

specimens subjected to an environmental cycle of 6 hours 

immersed in sea water followed by 6 hours in air. Crack 

growth delay was also observed during the drying period. 

They suggested that partial drying out of the specimen would 

concentrate the level of salt in the crack and hence lead to 

an increase in temperature. Both effects might combine to
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increase the corrosion rate and to cause plastic blunting of 

the crack tip, which effectively lowers the effective 

A K values.

Morgan and Bretherton [167] also performed tests on 

BS4360-50D steel specimens subjected to intermittent 

immersion. The results they obtained indicated that in 

situations where the temperature in the vicinity of the 

notch rose significantly during the "dry" periods, crack 

retardation and even total arrest occurred. They attributed 

this retardation to a reduction in effective stress 

intensity at the crack tip due to crack tip blunting by 

increased corrosion. They also concluded that increasing the 

"dry" to "wet" time ratio appears to delay the onset of 

accelerated growth, and that large "dry" to "wet" time 

ratios could cause total crack arrest.

Other experiments conducted by Hodgekiess [168] showed 

similar retardation under extremely low or negligible 

fatigue loading in place of exposure to a dry environment.

During such experiments, it is often necessary to stop

tests overnight. The effect of a rest period in an

environmental fatigue test is to bl unt the crack so that

c r a c k  g r o w t h  m a y  b e  d e l a y e d  w h e n  l o a d  c y c l i n g  r e s t a r t s .

A f t e r  r e - i n i t i a t i o n ,  t h e  c r a c k ,  h o w e v e r ,  p r o g r e s s e s

e v e n t u a l l y  as if n o t h i n g  h a d  ‘h a p p e n e d .  In the p r e s e n t
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investigation, this rest period did not seem to 

growth rate severely; however, after such 

corrosion fatigue crack was propagated for some 

the actual readings were taken.

affect the 

a period the 

2-3mm before

Fig. 4.22 shows a versus N at R=0.08 and loading 

frequency of 30Hz. It is interesting to note that there was 

a delay period of about 1.5 million cycles. At a crack 

length of about 22.25 mm, the crack was suddenly arrested 

for no apparent reason (i.e., no overload or other transient 

influences were noted or introduced prior to arrest) . 

Although no fractographic evidence is available, it appears 

that either microstructural inhomogeneity and/or excessive 

micro-crack branching occured. Fig. 4.23 also shows a delay 

of approximately 2 million cycles at R=0.7 and cyclic 

frequency of 30Hz. This delay may be attributed to the 

deposited salt in the crack when the specimen was left to 

dry during shackle replacement (approximately 5 hours). 

Drying out the specimen will obviously increase the salt 

concentration at the crack tip. The retardation behaviour 

would most probably be caused by blunting of the crack tip.

The results obtained at loading frequencies of 30Hz and 

0.25Hz and two stress ratios (i.e., 0.08 and 0.7) showed a 

considerable decrease of crack growth rates when compared to 

the corresponding air data (see Fig. 4.25). The retardation 

observed in a salt-water environment could be explained in 

terms of solution chemistry and the mechanical interaction
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between fluid and crack tip geometry [169]. It is possible 

that due to the nature of the channels used to collect the 

fluid, the slow flow rate resulted in a rapid mixing of the 

crack and bulk solution. This could result in a difference 

in pH between the successive solutions at the crack tip 

and/or the possibility of the used fluid and corroded 

products being deposited at the crack tip and causing 

blunting which in turn reduces the growth rates. At lower 

values of AK , the crack growth rate is low, and blunting 

could occur as a result of general corrosion. However, at 

higher values of AK the growth rates are higher and it is 

possible that in this range the environmental action 

complements the mechanical stresses to enhance growth rates.

Tu and Seth [170] explained the retardation of fatigue 

cracks in corrosive environments at low AK values in terms 

of the effects of deposited corrosion products at the crack 

tip which form a protective film and effectively reduce the 

amount of further corrosion agents entering the crack tip, 

thus causing a slower crack growth rate at low values of 

A K  and thresholds. At high values of AK where the growth 

rate is higher the corrosion products do not have enough 

time to pile up, and corrosive agents can enter the fresh 

fracture surfaces created during the loading cycle to cause 

further embrittlement without delay.

Radon et al [171] suggested a dissolution process which 

leads to crack blunting, the same mechanism responsible for
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the lower crack growth rate in sodium chloride solution than 

in air at low test frequencies. The dissolution process 

contributes mainly by increasing the radius of curvature at 

the crack tip, for which at high growth rates a longer time 

will be necessary, since a larger volume of material will 

have to be removed. Thus, high growth rates do not favour 

crack tip blunting. This explanation agrees well with the 

present results, as there is less retardation at high growth 

rates.

A stress-assisted dissolution model proposed by Rhodes 

and Radon [164] suggested the occurrence of extensive 

microbranching and crack tip blunting as a result of metal 

dissolution. Both mechanisms, which have been previously 

discussed, will influence the rate of crack growth. In the 

present investigation, it appears that stress-assisted 

dissolution dominated the process of crack growth. However, 

no fractographic examination was made, and hence the 

mechanism of micro-branching cannot be confirmed in the 

present study.

It is interesting to note that where crack growth

continues at a reduced rate, a critical value of AK exists,

irrespective of loading frequency, beyond which rapid growth

ensues. This was observed for "as-received" welds. These

A K  values are approximately 32 MN/m 3/ 2 at R=0.08, and 20 
3/2MN/m ' at R=0.7; however, more tests are needed on stress- 

relieved welds in order to come to a general conclusion.
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The data summarized in Fig. 4.27 show that the 

frequency effect occurs only at high growth rates. At near 

threshold and intermediate growth rates the data tend to 

bunch together. This observation confirms those of other 

investigators [43,51]. The results suggest two distinct 

regions which are identified [51] as "frequency-independent" 

and "frequency-dependent", regions I and II, respectively. 

In region I, where the growth rate is only AK-dependent, 

the exposure of clean metal surface at the crack tip is a 

rate-controlling mechanism. In region II, where the crack 

growth rate is only frequency-dependent, it is likely that 

some reaction-step in hydrogen-metal interaction at the 

crack tip controls the growth rate.

4.6 CONCLUSIONS

The linear elastic fracture mechanics approach was used

to characterize the effects of stress ratio, frequency, and

salt-water environment on fatigue crack behaviour in BS4360-

50D steel butt-welded joints tested under ambient conditions

at 21°C. From the results obtained in the threshold and
—  8 —3medium growth rates (3x10 mm/cycle <da/dN<2xl0

mm/cycle), the following conclusions may be drawn:-

1) Stress ratio and frequency of loading significantly 

affect crack growth rates both in the parent material and 

the weldment for the load range investigated. In general,
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the fatigue crack growth rate increases with increasing 

positive stress ratio and/or with decrease in cyclic 

frequency for both parent plate and the weldment tested in 

air at a given value of AK. The effect of frequency is more 

pronounced at high stress ratios for the parent plate. The 

effects of stress ratio and frequency can be adequately 

described in terms of the crack closure concept and the 

environmental effect of moist air.

2) A comparison of rates of fatigue crack growth in both the 

"as-received" and "stress-relieved" weld material and the 

parent plate in air suggest that fatigue crack propagation 

will be faster in the parent plate due to favourable 

residual stresses in the weldment.

3) Fatigue crack growth in a weldment is highly sensitive to 

change of A K , as shown in the data obtained (e.g., Fig. 

4.10) by the narrow range of stress intensity factor.

4) Salt-water solution does not enhance fatigue crack growth 

rates in the weld material at low values of A K . The salt­

water enhancement of growth rates occurs only at mid and
3/2high AK values (i.e., AK>30 MN/m 7 at R=0.08 and AK>20 

, 3/2MN/m at R=0.7). High testing frequency and stress ratio 

in welded joint specimens and in salt-water environment 

produces transient effects showing characteristics of stress 

corrosion in the region of 9< AK<12 MN/m?/2 . Corrosion 

fatigue crack growth rates increase with increase of stress 

ratio and decrease of frequency. However, frequency produces 

no effect at low AK values. A reasonable and conservative
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estimate of the fatigue crack growth rate in 

can be made using growth rate results in the 

as an upper bound and is represented by:

the weldment 

base material

da
dN 9.0 x 10 8 (AK)3-0

5) The decrease in 

salt solution at 

dissolution process 

leads to crack tip

crack growth rates 

low values of AK 

as discussed in 

blunting.

of weld material in 

can be explained by a 

Section 4.5.3 which

6) Stress-relieving does not change the shape 

in both air and salt-water environments, but 

the stress intensity factor range, 

characteristics of compressive residual stress 

crack tip.

of the curves 

only reduces 

A K , showing 

acting at the



Yigure 4.1 Crack length a versus N during threshold tests
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Figure 4.2 E f f e c t  o f  s t r e s s  r a t i o  o n  f a t i g u e  c r a c k  g r o w t h
o f  B S 4 3 6 0 - 5 0 D  s t e e l  u s i n g  C T  s p e c i m e n  in air.
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I

F i g u r e  4 . 3  C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f r o m  t h e  p r e s e n t
s t u d y  a n d  t h o s e  o f  M u s u v a  [1433.
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F i g u r e  4.4 C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f r o m  t h e  preser.t
s t u d y  a n d  t h o s e  o f  M u s u v a  [143].
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F i g u r e  4 . 5  E f f e c t  o f  s t r e s s  r a t i o  o n  f a t i g u e  c r a c k  growth.
o f  B S 4 3 6 0 - 5 0 D  s t e e l  u s i n g  C T  s p e c i m e n  in air.
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F i g u r e  4.6 C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f r o m  t h e  p r e s e n t
s t u d y  a n d  t h o s e  o f  M u s u v a  [143].
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F i g u r e  4.7 C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f r o m  t h e  p r e s e n t
s t u d y  a n d  t h o s e  o f  M u s u v a  [1433.
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F i g u r e  4.8 E f f e c t  o f  f r e q u e n c y  o n  c r a c k  g r o w t h  r a t e  of
B S 4 3 6 0 - 5 0 D  s t e e l  u s i n g  C T  s p e c i m e n  in air.
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F i g u r e  4.9 E f f e c t  o f  s t r e s s  r a t i o  on f a t i g u e  c r a c k
p r o p a g a t i o n  in w e l d m e n t  u s i n g  C T  s p e c i m e n
in air.
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m *

F i g u r e  4 . 1 0  E f f e c t  o f  s t r e s s  r a t i o  o n  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  w e l d m e n t  u s i n g  C T  s p e c i m e n
in air.
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F i g u r e  4 . 1 1  C o m p a r i s o n  o f  f a t i g u e  c r a c k  g r o w t h  c u r v e s
o b t a i n e d  f o r  B S 4 3 6 0 - 5 0 D  a n d  w e l d m e n t  u s i n g
C T  s p e c i m e n  in air.
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Figure 4.12 Comr-ar iron of fatigue crack growth curves 
obtained for B54360-50D and weldment using 
CT specimens in air.
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F i g u r e  4 . 1 5  E f f e c t  o f  r  . o n  f a t i g u e  c r a c k  p r o p a g a t i o n
o f  w e l d m e n t  u s i n g  C T  s p e c i m e n s  in air.
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Figure 4.17 Comparison of the results obtained for BS4360-5OD 
steel and weldment using CT specimen in air.



- 1 6 1 -

Figure
BS4360-50D steel and weldment using 
CT specimens in air.
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Figure 4.19 Comparison of the results obtained for
stress-relieved weld and as-received weld 
using CT specimen in air.
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Figure 4.20 Comparison of the results obtained for
stress-relieved weld and parent plate using 
CT specimen in air.
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Figure 4.21 Effect of welding residual stress on fatigue 
crack propagation.
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F i g u r e  4 . 2 4  E f f e c t  o f  s t r e s s  r a t i o  o n  w e l d m e n t  u s i n g  C T
s p e c i m e n  i n  s a l t  s o l u t i o n .
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weldment using CT specimens in air and salt 
water environments.
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F i g u r e  4 . 2 6  S t r e s s  r a t i o  e f f e c t  o n  w e l d m e n t  u s i n g  C T
s p e c i m e n  i n  s a l t  s o l u t i o n .
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F i g u r e  4 . 2 7  C o m p a r i s o n  o f  t h e  e f f e c t  o f  s t r e s s  r a t i o  f o r
w e l d m e n t  u s i n g  C T  s p e c i m e n  in a i r  and s a l t
s o l u t i o n .
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Figure 4.28 Frequency and stress ratio effects on weldment 
using CT specimen in salt solution.
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Figure 4.29 Comparison of results obtained for as-received 
and stress-relieved weldment using CT specimen 
in salt solution.
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Figure 4.30 Comparison of results obtained for stress-relieved 
weldment using CT specimen in air and salt 
solution.
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Figure 4.31 Comparison of results obtained for stress-relieved 
and as-received weld by using CT specimen in air 
and salt solution.



- 1 7 5 -

Figure 4.32 Dendritic formations with columnar grains

Figure 4.33 SEM Photograph showing secondary cracking
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Figure 4.34 Weldment fracture surfaces showing a number 
of defects

Figure 4.35 Fatigue fracture in welded specimen across 
a region of porosity
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Figure 4.36 SEM photograph showing area of microvoid 
coalescence in the Paris regime

Figure 4.37 A typical striated area in the Paris
regime AK=20 MN/m3/2, R = 0.7, f = 30Hz
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Figure 4.38 SEM photograph in the threshold region
illustrating transgranular cleavage-like 
fracture
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C H A P T E R  5_
S U R F A C E  C R A C K  G R O W T H  O F  B S 4 3 6 0 - 5 0 D  W E L D E D  S T E E L

5 . 1  I N T R O D U C T I O N

I t  h a s  b e e n  i n c r e a s i n g l y  w i d e l y  r e c o g n i z e d  t h a t  d e f e c t s  

i n  w e l d e d  s t r u c t u r e s  i n t r o d u c e d  d u r i n g  f a b r i c a t i o n  o r  

d e v e l o p e d  i n  s e r v i c e  m a y  b e c o m e  p o t e n t i a l  s o u r c e s  o f  

c a t a s t r o p h i c  f a i l u r e .  D u r i n g  t h e  l a s t  d e c a d e  m u c h  a n a l y t i c a l  

a n d  e x p e r i m e n t a l  r e s e a r c h  h a s  b e e n  a c c o m p l i s h e d  o n  t h e  

f a t i g u e  g r o w t h  a n d  f r a c t u r e  o f  s u r f a c e  f l a w s  a n d  t h e

d e v e l o p m e n t  o f  a c c u r a t e  s t r e s s  i n t e n s i t y  c a l i b r a t i o n s  f o r  

s e m i - e l l i p t i c a l  c r a c k s  i n  s t r u c t u r e s .  T h i s  e f f o r t  w a s  

u n d e r t a k e n  b e c a u s e  t h e  s u r f a c e  f l a w  h a s  b e e n  t h e  m o s t  

p r e v a l e n t  t y p e  o f  f l a w  i n  m a n y  c l a s s e s  o f  s t r u c t u r e ,  

p a r t i c u l a r l y  i n  w e l d e d  s t r u c t u r e s .  W e l d  d e f e c t s  a r e  t h e  

c o m m o n  o r i g i n  o f  s u r f a c e  f l a w s  i n  w e l d e d  j o i n t s .  O t h e r  

o r i g i n s  o f  s u r f a c e  f l a w s  a r e  i n c l u s i o n s ,  a r c  s t r i k e s ,  

c o r r o s i o n  p i t s ,  w e l d - b o r d e r  c r a c k s ,  t o o l  m a r k s ,  e t c .

A  s u r f a c e  f l a w  m a y  b e  c o m p l e t e l y  e m b e d d e d  i n  a  

s t r u c t u r e  o r  i t  m a y  h a v e  g r o w n  t o  o n e  s u r f a c e  o r  h a v e  

o r i g i n a t e d  a t  a  s u r f a c e .  S u r f a c e  c r a c k  p r o p a g a t i o n  i s  a n  

i m p o r t a n t  p r o b l e m  w h i c h  i n v o l v e s  t h e  d e v e l o p m e n t  o f  f l a w s  

j u s t  a f t e r  t h e i r  i n i t i a t i o n .  I n  m a n y  c a s e s  i t  c a n  b e  s h o w n  

t h a t  a  m a j o r  p a r t  o f  t h e  p r o p a g a t i o n  t i m e  e l a p s e s  w h i l e  t h e  

c r a c k  i s  a  p a r t - t h r o u g h  c r a c k .  A n a l y s i s  o f  f a t i g u e  c r a c k  

g r o w t h  f r o m  a  s u r f a c e  f l a w  o f  a n y  c o n f i g u r a t i o n  i s  u s u a l l y  

p e r f o r m e d  b y  c o n s i d e r i n g  t h e  f l a w  t o  b e  a  s e m i - e l l i p t i c a l
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c r a c k  f o r  t h e  s a k e  o f  s i m p l i c i t y .  T h e  f a t i g u e  c r a c k  g r o w t h  

p r o p e r t i e s  a r e  g e n e r a l l y  m e a s u r e d  w i t h  s p e c i m e n s  c o n t a i n i n g  

t h r o u g h - t h i c k n e s s  c r a c k s ,  d u e  t o  t h e  f a c t  t h a t  w i t h  t h e m  i t  

i s  e a s i e r  t o  m a k e  c r a c k  l e n g t h  m e a s u r e m e n t s  a n d  t o  

c h a r a c t e r i z e  t h e  s t r e s s  i n t e n s i t y  f a c t o r ,  a s  w e l l  a s  t o  t h e  

r e l a t i v e l y  l o w  c o s t .  I t  i s  i m p o r t a n t  t o  c o n f i r m  t h a t  t h e  

s a m e  l a w s  c a n  b e  a p p l i e d  in t h e  c a s e  o f  c r a c k  g r o w t h  i n  

s p e c i m e n s  c o n t a i n i n g  s u r f a c e  c r a c k s .

T o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  o f  c r a c k  g r o w t h ,  

s u r f a c e  c r a c k  p r o p a g a t i o n  s h o u l d  b e  s t u d i e d ,  a n d  v a r i a t i o n s  

i n  t h e  s h a p e  o f  t h e  c r a c k  a n d  t y p e  o f  l o a d i n g  m u s t  b e  

c a r e f u l l y  c o n s i d e r e d .  U n f o r t u n a t e l y ,  t h e  f a t i g u e  d a t a  o f  

s u r f a c e  c r a c k s  i s  d i f f i c u l t  e i t h e r  t o  a n a l y s e  o r  t o  o b t a i n .  

T h e  p r o b l e m  l i e s ,  a n a l y t i c a l l y ,  i n  t h e  c r a c k  t i p  s t r e s s  

i n t e n s i t y  f a c t o r  s o l u t i o n  a s  d e s c r i b e d  i n  S e c t i o n  3 . 6 . 2  a n d ,  

e x p e r i m e n t a l l y ,  i n  t h e  f a c t  t h a t  c r a c k  p r o p a g a t i o n  i n s i d e  

t h e  s p e c i m e n  c a n n o t  b e  m e a s u r e d  d i r e c t l y  s i n c e  s u e t  

p r o p a g a t i o n  i s  n o t  v i s i b l e  t o  t h e  n a k e d  e y e .

I n i t i a l  m e a s u r e m e n t  o f  t h e  g r o w t h  r a t e  o f  s u r f a c e  

c r a c k s  w a s  m a d e  b y  s u r f a c e  o b s e r v a t i o n  u s i n g  a n  o p t i c a l  

t e c h n i q u e .  E v a l u a t i o n  o f  c r a c k  d e p t h ,  a n d  t h e r e f o r e  t h e  

c r a c k  s h a p e ,  w a s  d o n e  b y  a  h e a t  t i n t i n g  p r o c e d u r e  [ 1 7 2 ] ,  o r  

b y  a n  o v e r l o a d  t e c h n i q u e  [ 1 7 3 ]  w h i c h  m a r k s  s u c c e s s i v e

f r o n t s .  I t  h a s  b e e n  e s t a b l i s h e d  t h a t  t h e  l o a d  l e v e l  c a n  

i n f l u e n c e  t h e  c r a c k  s h a p e  a n d  s u b s e q u e n t  r a t e  o f  f a t i g u e

c r a c k  g r o w t h  [ 1 7 4 ] .  T h e  d e v e l o p m e n t  o f  p o t e n t i a l  d r o p
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c a l i b r a t i o n  [ 1 1 7 ]  f a c i l i t a t e s  t h e  c o n t i n u o u s  m o n i t o r i n g  o f  

t h e  c r a c k  d e p t h  w i t h o u t  i n t e r r u p t i o n  o f  t h e  d e s i r e d  f a t i g u e  

l o a d i n g .  T h e  p r e s e n t  w o r k  e m p l o y s  t h e  p o t e n t i a l  d r o p  

t e c h n i q u e  t o  m o n i t o r  t h e  g r o w t h  o f  c r a c k s  i n  t h e  t h r o u g h ­

t h i c k n e s s  d i r e c t i o n  a n d  t o  v e r i f y  t h e  v a l i d i t y  o f  t h e  s t r e s s  

i n t e n s i t y  s o l u t i o n  r e c o m m e n d e d  [ 1 3 8 ]  f o r  s u r f a c e  c r a c k s  i n  a  

b e n d i n g  s t r e s s  f i e l d .  T h e  e m p h a s i s  o f  t h e  a n a l y s i s  h a s  b e e n  

o n  e s t a b l i s h i n g  a  c o r r e l a t i o n  b e t w e e n  t h e s e  g r o w t h  r a t e s  a n d  

t h o s e  o b t a i n e d  f r o m  c o m p a c t - t y p e  s p e c i m e n s .

5 . 2  E X P E R I M E N T A L  P R O C E D U R E S

F o u r - p o i n t  b e n d  t e s t s  w e r e  c a r r i e d  o u t  u s i n g  D o w t y  

e l e c t r o h y d r a u l i c  a n d  M a y e s  s e r v o h y d r a u l i c  f a t i g u e  m a c h i n e s  

o n  p a r e n t  m e t a l ,  w e l d m e n t ,  a n d  h e a t  a f f e c t e d  z o n e  ( H A Z ) . 

T h e s e  t e s t s  u s e d  S N P  g e o m e t r y ,  d e t a i l s  o f  w h i c h  a r e  g i v e n  i n  

C h a p t e r  3 .  A l l  t h e  t e s t s  w e r e  p e r f o r m e d  i n  l a b o r a t o r y  a i r  a t  

2 0 °  C  u n d e r  a m b i e n t  c o n d i t i o n s .  I n  t h e  c a s e  o f  w e l d e d - j o i n t  

s p e c i m e n s  a n d  p a r e n t  m e t a l ,  s o m e  t e s t s  w e r e  p e r f o r m e d  i n  a  

3 . 5 %  s o d i u m  c h l o r i d e  s o l u t i o n .

T h e  m e t h o d  u s e d  t o  o b t a i n  l o w  c r a c k  g r o w t h  r a t e s  a n d  

t h r e s h o l d s  h a s  b e e n  d e s c r i b e d  i n  C h a p t e r  4 .  I t  i s ,  h o w e v e r ,  

w o r t h  p o i n t i n g  o u t  h e r e  t h a t ,  f o r  t h e  n o t c h  g e o m e t r y  u s e d  i n  

t h i s  i n v e s t i g a t i o n ,  t h e  d e e p e s t  p o i n t  o f  t h e  c r a c k  f r o n t  w a s

i n  a  h i g h e r  s t r e s s  s t a t e  t h a n  t h a t  a t  t h e  s u r f a c e  s i n c e  t h e  

s t a t e  o f  d e f o r m a t i o n  f o r  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k s

v a r i e s  f r o m  p l a n e  s t r a i n  a t  t h e  d e e p e s t  p o i n t  o f  t h e  c r a c k  

f r o n t  t o  c o n d i t i o n s  a p p r o a c h i n g  p l a n e  s t r e s s  w h e r e  t h e  c r a c k
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f r o n t  i n t e r c e p t s  t h e  f r e e  s u r f a c e .  I t  w a s  a s s u m e d  t h a t  a  

h i g h e r  s t r e s s  s t a t e  a t  t h e  d e e p e s t  p o i n t  t o g e t h e r  w i t h  p l a n e  

s t r a i n  c o n d i t i o n s  w o u l d  p r o d u c e  a  p l a s t i c  z o n e  s i z e  

c o m p a r a b l e  t o  t h e  o n e  o n  t h e  s u r f a c e  w h e r e  t h e  c o n d i t i o n s  

a r e  t h o s e  o f  a  l o w e r  s t r e s s  s t a t e  a n d  p l a n e  s t r e s s ,  w h i c h  

i m p l i e s  m o r e  e x t e n s i v e  y i e l d  r e g i o n s .  T h u s ,  t h e  c a l c u l a t i o n  

o f  t h e  p l a s t i c  z o n e  s i z e  w a s  b a s e d  o n  t h e  K  e x p e r i e n c e d  

a t  t h e  s u r f a c e  p o i n t .

T h e  e f f e c t  o f  s t r e s s  r a t i o  o n  s u r f a c e  c r a c k s  w a s  

i n v e s t i g a t e d ,  a n d  t e s t s  w e r e  p e r f o r m e d  a t  R - v a l u e s  e q u a l  t o  

0 . 0 8  a n d  0 . 7  a t  a  c y c l i c  f r e q u e n c y  o f  3 0 H z .  T o  i n v e s t i g a t e  

t h e  e f f e c t  o f  f r e q u e n c y ,  s o m e  o t h e r  t e s t s  w e r e  c a r r i e d  o u t  

a t  0 . 2 5 H z  a n d  s t r e s s  r a t i o s  o f  0 . 0 8  a n d  0 . 7  f o r  p a r e n t  

m e t a l ,  w e l d m e n t ,  a n d  h e a t  a f f e c t e d  z o n e .

T o  e v a l u a t e  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  o n  f a t i g u e  

c r a c k  g r o w t h ,  t e s t s  w e r e  p e r f o r m e d  o n  s t r e s s - r e l i e v e d  

s p e c i m e n s  a t  a  s t r e s s  r a t i o  o f  0 . 7  a n d  c y c l i c  f r e q u e n c y  o f  

3 0 H z .  T h e  e f f e c t  o f  r e s i d u a l  b e n d i n g  s t r e s s e s  w a s  

i n v e s t i g a t e d ,  t h e  t e s t s  b e i n g  p e r f o r m e d  o n  w e l d e d  j o i n t  

s p e c i m e n s  w i t h  t h e  n o t c h  l o c a t e d  o n  b o t h  t h e  c o m p r e s s i v e  a n d  

t h e  t e n s i l e  s i d e s  a s  d i s c u s s e d  i n  S e c t i o n  3 . 1 .

C o r r o s i o n  f a t i g u e  t e s t s  w e r e  p e r f o r m e d  o n  t h e  p a r e n t  

m e t a l ,  a n d  o n  b o t h  a s - r e c e i v e d  a n d  s t r e s s - r e l i e v e d  w e l d m e n t s  

a t  R - v a l u e s  o f  0 . 0 8  a n d  0 . 7  a n d  a  l o a d i n g  f r e q u e n c y  o f  3 0 H z
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i n  a  3 . 5 %  s a l t - w a t e r  s o l u t i o n .  T h e  f l u i d  w a s  i n t r o d u c e d  i n t o  

t h e  s p e c i m e n  n o t c h  a t  a  f l o w  r a t e  o f  a p p r o x i m a t e l y  1 . 5

m l / m i n .

T h e  d e t a i l s  o f  s p e c i m e n  p r e p a r a t i o n  a n d  t h e  r i g  u s e d  

a r e  d i s c u s s e d  i n  C h a p t e r  3 .  A l l  t h e  s p e c i m e n s  w e r e  p r e ­

c r a c k e d  a t  a  c y c l i c  f r e q u e n c y  o f  3 0 H z  u s i n g  a  l o w  l o a d  r a n g e

3 / 2
g i v i n g  K  n o t  e x c e e d i n g  2 0  M N / m  f o r  t h e  b a s e  m e t a l ,  a n d  

3 / 2
a b o u t  1 5  M N / m  f o r  t h e  w e l d m e n t  a n d  h e a t  a f f e c t e d  z o n e .  

T h e  p r o p a g a t e d  f a t i g u e  c r a c k  w a s  a l l o w e d  t o  g r o w  f o r  s o m e  2  

t o  3 m m  a t  t h e  r e q u i r e d  l o a d i n g  c o n d i t i o n s  ( i . e . ,  s t r e s s  

r a t i o ,  f r e q u e n c y ,  e t c . )  b e f o r e  t h e  a c t u a l  t e s t  r e a d i n g s  w e r e  

t a k e n .  T h i s  p r o c e s s  e n s u r e d  t h e  e l i m i n a t i o n  b o t h  o f  t h e  

i n f l u e n c e  o f  s h o r t  c r a c k s  a t  t h e  o r i g i n a l  n o t c h  a n d  o f  t h a t  

o f  l o a d  h i s t o r y  o n  f a t i g u e  c r a c k  g r o w t h  r a t e .  A l l  t h e  t e s t s  

w e r e  p e r f o r m e d  a t  f i x e d  l o a d  l i m i t s ,  i . e . ,  c o n s t a n t  l o a d  

a m p l i t u d e ,  t h e r e b y  a l l o w i n g  t h e  c r a c k  t o  g r o w  f r o m  i t s  

o r i g i n a l  l e n g t h  t o  t h e  f i n a l  l e n g t h  a s  r e q u i r e d .

T h e  c r a c k  a l o n g  t h e  s u r f a c e  w a s  m e a s u r e d  u s i n g  a  

m i c r o s c o p e  m o u n t e d  o n  a  t r a v e l l i n g  m i c r o m e t r i c  s t a g e ,  a n d  

d e p t h  m e a s u r e m e n t s  ( i . e . ,  c r a c k  l e n g t h  i n  t h r o u g h - t h i c k n e s s  

d i r e c t i o n )  w e r e  m a d e  u s i n g  a n  A . C .  p o t e n t i a l  d r o p  m i c r o g a u g e  

a s  d i s c u s s e d  i n  C h a p t e r  3 .  T h e  e x p e r i m e n t a l  d a t a  w e r e  

r e c o r d e d  i n  t e r m s  o f  c r a c k  l e n g t h ,  2 c ,  c r a c k  d e p t h ,  a ,  a n d  

c o r r e s p o n d i n g  n u m b e r  o f  c y c l e s ,  N .
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A  f i n i t e  d i f f e r e n c e  ( s e c a n t )  m e t h o d  w a s  u s e d  t o  

c a l c u l a t e  t h e  c r a c k  g r o w t h  r a t e s ,  d a / d N ,  d c / d N ,  f r o m  t h e  r a w  

e x p e r i m e n t a l  d a t a ,  w h i c h  w a s  p o s s i b l e  b e c a u s e  t h e y  s h o w e d  

l i t t l e  s c a t t e r .

T h e  s t r e s s  i n t e n s i t y  f a c t o r s , K  a n d  K  , w e r e  c a l c u l a t e d
c  a

u s i n g  t h e  s o l u t i o n  p r o p o s e d  b y  K o t e r a z a w a  a n d  M i n a m i s a k a  

[ 1 3 8 ]  i n  c o n j u n c t i o n  w i t h  t h e  c o r r e c t i o n  f a c t o r  p r o p o s e d  b y  

H o l d b r o o k  a n d  D o v e r  [ 1 4 0 ] .  T h e  h a l f - c r a c k  l e n g t h ,  c ,  a n d  

c r a c k  d e p t h ,  a ,  a s  u s e d  t o  c a l c u l a t e  a n d  , w e r e  d e r i v e d  

f r o m  t h e  a v e r a g e  o f  t w o  s u c c e s s i v e  r e a d i n g s  a s  r e q u i r e d  t o  

c a l c u l a t e  t h e  c o r r e s p o n d i n g  c r a c k  g r o w t h  r a t e .

5 . 3  R E S U L T S

T h e  e x p e r i m e n t a l  r e s u l t s  a r e  p l o t t e d  i n  t e r m s  o f  c r a c k  

g r o w t h  r a t e s ,  d a / d N  a n d  d c / d N ,  v e r s u s  t h e  c o r r e s p o n d i n g  

A K  v a l u e s  f o r  a l l  t h e  t e s t s .

5 . 3 . 1  B a s e  M e t a l

F i g s .  5 . 1  a n d  5 . 2  s h o w  t y p i c a l  a  o r  c  v e r s u s  N  c u r v e s  

f o r  t h e  t e s t s  c o n d u c t e d  i n  a i r  a t  s t r e s s  r a t i o s ,  R ,  o f  0 . 0 8  

a n d  0 . 7 ,  r e s p e c t i v e l y ,  a n d  l o a d i n g  f r e q u e n c y  o f  3 0 H z .

T h e  t h r e s h o l d  a n d  m i d - r a n g e  

r e s u l t s  i n  a i r  a r e  p r e s e n t e d  i n  F i g .

s u r f a c e  c r a c k  g r o w t h  

5 . 3 .  T h i s  s h o w s  t h e

r e s u l t s  o b t a i n e d  f o r  a n  S N P  s p e c i m e n  t e s t e d  a t  s t r e s s
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r a t i o s ,  R ,  o f  0 . 0 8  a n d  0 . 7  a n d  l o a d i n g  f r e q u e n c y  o f  3 0 H z . 

T h e  r e s u l t s  r e v e a l  t h e  c r i t i c a l  e f f e c t  o f  s t r e s s  r a t i o  o n  

l o w  c r a c k  g r o w t h  r a t e s  a n d  t h r e s h o l d s .  H o w e v e r ,  a t  h i g h e r  

g r o w t h  r a t e s  t h e r e  a p p e a r s  t o  b e  o n l y  a  s l i g h t  s t r e s s  r a t i o  

e f f e c t  ( i . e . ,  t h e  e f f e c t  o f  s t r e s s  r a t i o  d e c r e a s e s  w i t h  

i n c r e a s i n g  g r o w t h  r a t e s ) . F r o m  t h e s e  r e s u l t s  i t  i s  a l s o  

a p p a r e n t  t h a t  l o w e r i n g  t h e  c r a c k  g r o w t h  r a t e  a t  t h e  f r e e  

s u r f a c e  r e s u l t s  i n  l o w e r  g r o w t h  r a t e s  a t  t h e  d e e p e s t  p o i n t .

F i g .  5 . 4  s h o w s  t h e  r e s u l t s  o b t a i n e d  a t  a  c y c l i c  

f r e q u e n c y  o f  0 . 2 5 H z  f o r  R - v a l u e s  e q u a l  t o  0 . 0 8  a n d  0 . 7 .  T h e  

e f f e c t  o f  s t r e s s  r a t i o  i s  s l i g h t l y  m o r e  p r o n o u n c e d  a t  t h i s  

f r e q u e n c y  a t  h i g h  g r o w t h  r a t e s  t h a n  t h o s e  o f  3 0 H z . T h e  

e f f e c t  o f  f r e q u e n c y  i s  i l l u s t r a t e d  i n  F i g .  5 . 5 ,  w h i c h  s h o w s  

t h a t  t h e  g r o w t h  r a t e s  i n c r e a s e  w i t h  d e c r e a s e  i n  f r e q u e n c y .  

F r o m  t h e s e  r e s u l t s  i t  i s  e v i d e n t  t h a t  t h e  e f f e c t  o f  s t r e s s  

r a t i o  i n c r e a s e s  i n v e r s e l y  w i t h  l o a d i n g  f r e q u e n c y .

F i g s .  5 . 6  a n d  5 . 7  s h o w  t h e  p r e s e n t  r e s u l t s  a t  0 . 2 5 H z  i n  

a i r  c o m p a r e d  w i t h  t h e  m e a n  l i n e  t h r o u g h  t h e  T h o r p e  e t  a l  

[ 1 7 5 ]  r e s u l t s  o b t a i n e d  f r o m  t e s t s  p e r f o r m e d  o n  a  3 8 m m  t h i c k  

S N P  g e o m e t r y  s p e c i m e n  o f  t h e  s a m e  m a t e r i a l .  T h e s e  a u t h o r s  

u s e d  a  t h r e e - p o i n t  b e n d  r i g  a n d  a  c y c l i c  f r e q u e n c y  o f  0 . 1 H z  

a t  s t r e s s  r a t i o s ,  R ,  o f  0 . 1  a n d  0 . 7 .  T h e i r  r e s u l t s  c o m p a r e  

v e r y  w e l l  w i t h  t h e  p r e s e n t  r e s u l t s  a t  0 . 2 5 H z  a n d  a n  R - v a l u e  

o f  0 . 0 8 ,  b u t  n o t  w i t h  t h o s e  f o r  0 . 2 5 H z  a n d  s t r e s s  r a t i o  o f  

0 . 7  i n  w h i c h  t h e  d i f f e r e n c e s  b e t w e e n  t h e  r e s u l t s  a r e  

m a n i f e s t .
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T h e  p r e s e n t  r e s u l t s  a r e  a l s o  c o m p a r e d  w i t h  t h e  r e s u l t s

o b t a i n e d  f o r  C T  g e o m e t r y  a n d  a r e  s h o w n  i n  F i g s .  5 . 8  a n d  5 . 9

f o r  l o a d i n g  f r e q u e n c i e s  o f  3 0 H z  a n d  0 . 2 5 H z  a n d  s t r e s s  r a t i o s

o f  0 . 0 8  a n d  0 . 7 ,  r e s p e c t i v e l y .  T h e  r e s u l t s  g e n e r a l l y  c o m p a r e

v e r y  w e l l ,  e s p e c i a l l y  t h e  l o w  f r e q u e n c y  t e s t s ,  i n d i c a t i n g

t h a t  t h e  K - c a l i b r a t i o n  u s e d  y i e l d s  a c c u r a t e  d a t a .  H o w e v e r ,

t h e  t e s t s  a t  3 0 H z ,  t h e  l o w  c r a c k  g r o w t h  r a t e  r e g i m e  a n d

t h r e s h o l d s  ( i . e . ,  t h e  S N P  r e s u l t s ) ,  i n d i c a t e  h i g h e r

3 / 2
r ^ K t h  v a l u e s * T h e s e  A K ^  v a l u e s  w e r e  f o u n d  t o  b e  4 . 1  M N / m

a n d  8 . 2  M N / m ^ ^  a t  s t r e s s  r a t i o s  o f  0 . 0 8  a n d  0 . 7 ,

r e s p e c t i v e l y ,  a n d  a r e  a v e r a g e  v a l u e s  o f  A K  , a t  t h e  s u r f a c e
t h

a n d  d e e p e s t  p o i n t  o f  t h e  c r a c k .

F i g .  5 . 1 0  s h o w s  t h e  r e s u l t s  o f  t e s t s  c o n d u c t e d  i n  a

3 . 5 %  s a l t - w a t e r  s o l u t i o n  a t  3 0 H z  a n d  R - v a l u e s  o f  0 . 0 8  a n d

0 . 7 .  I t  i n d i c a t e s  t h a t , u n l i k e  t h e  r e s u l t s  o b t a i n e d  i n  a i r ,

s t r e s s  r a t i o  h a s  n o  s i g n i f i c a n t  e f f e c t  o n  c r a c k  g r o w t h  r a t e s

i n  a  s a l t - w a t e r  e n v i r o n m e n t  a t  a  l o a d i n g  f r e q u e n c y  o f  3 0 H z

f o r  t h e  l o a d  r a n g e  i n v e s t i g a t e d .  T h e s e  r e s u l t s  a r e  c o m p a r e d

w i t h  t h o s e  o b t a i n e d  i n  a i r ,  F i g .  5 . 1 1 .  T h i s  c l e a r l y  s h o w s

t h a t  c r a c k  g r o w t h  r a t e s  a r e  h i g h e r  i n  s a l t - w a t e r  t h a n  i n  a i r

a t  b o t h  l o w  a n d  h i g h  s t r e s s  r a t i o s  f o r  A K  v a l u e s  a b o v e  1 8

M N / m 3 / 2  a t  R = 0 . 0 8 ,  a n d  1 5  M N / m 3 / 2 a t  R = 0 . 7 .  H o w e v e r ,

e x t r a p o l a t i n g  t h e  d a t a  o b t a i n e d  i n  t h e  s a l t - w a t e r

-5
e n v i r o n m e n t  b e l o w  1  x  1 0  m m / c y c l e  i n d i c a t e s  t h a t  t h e  c r a c k

g r o w t h  r a t e  i s  t h e  s a m e  a n d / o r  l o w e r  i n  a  s a l t - w a t e r

e n v i r o n m e n t  c o m p a r e d  t o  a i r .  F o r  e x a m p l e ,  a t  R = 0 . 7 ,  i t
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a p p e a r s  t h a t  t h e  c r a c k  g r o w t h  r a t e  i s  a p p r o x i m a t e l y  t h r e e  

t i m e s  s l o w e r  i n  a  s a l t - w a t e r  s o l u t i o n  t h a n  i n  a i r  ( -  s e e  

F i g .  5 . 1 1 ) .

F i g .  5 . 1 2  s h o w s  t h e  p r e s e n t  r e s u l t s  f o r  a  s a l t - w a t e r  

e n v i r o n m e n t  c o m p a r e d  w i t h  t h e  m e a n  l i n e  t h r o u g h  M u s u v a ' s  

[ 1 4 4 ]  r e s u l t s .  H e  p e r f o r m e d  t e s t s  w i t h  t h e  s a m e  m a t e r i a l  i n  

a  s a l t - w a t e r  e n v i r o n m e n t  u s i n g  a  2 5 . 4 m m - t h i c k  C T  s p e c i m e n  

u n d e r  i d e n t i c a l  l o a d i n g  c o n d i t i o n s .  H i s  r e s u l t s  f o r  l o w  

s t r e s s  r a t i o  c o m p a r e  v e r y  w e l l  w i t h  t h e  p r e s e n t  r e s u l t s .  

H o w e v e r ,  a t  h i g h  s t r e s s  r a t i o s  t h e  p r e s e n t  r e s u l t s  i n d i c a t e  

a  h i g h e r  g r o w t h  r a t e  ( a b o u t  f o u r  t i m e s  a t A K = 2 0  M N / m  ' ) .

5 . 3 . 2  W e l d m e n t

T h e  t h r e s h o l d  r e s u l t s  f o r  w e l d e d  j o i n t  s p e c i m e n s  t e s t e d  

i n  a i r  a t  s t r e s s  r a t i o s  o f  0 . 0 8  a n d  0 . 7  a n d  a  l o a d i n g  

f r e q u e n c y  o f  3 0 H z  a r e  s h o w n  i n  F i g .  5 . 1 3 .  A s  w i t h  t h e  b a s e  

p l a t e ,  t h i s  a l s o  i l l u s t r a t e s  t h e  e f f e c t  o f  s t r e s s  r a t i o  o n  

l o w  c r a c k  g r o w t h  r a t e s  a n d  t h r e s h o l d s ,  w h i c h  a p p e a r s  t o  

d i m i n i s h  a t  h i g h e r  c r a c k  g r o w t h  r a t e s .

K
m a x , t h

3 / 2  3 / 2
v a l u e s  o f  6 . 5 2  M N / m  a n d  1 4 . 3 3  M N / m

c o r r e s p o n d i n g  t o  R - v a l u e s  o f  0 . 0 8  a n d  0 . 7 ,  r e s p e c t i v e l y ,

w e r e  f o u n d  ( - s e e  F i g .  5 . 1 3 ) .  T h e s e  K _____ ^  v a l u e s  a r e  t h e

a v e r a g e s  o f  K
m a x , t h  

p o i n t  o f  t h e  c r a c k .

m a x  f t h

o b t a i n e d  f o r  t h e  s u r f a c e  a n d  d e e p e s t
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T h e  r e s u l t s  o b t a i n e d  a t  a  c y c l i c  f r e q u e n c y  o f  0 . 2 5 H z  i n  

a i r  a t  s t r e s s  r a t i o s ,  R ,  o f  0 . 0 8  a n d  0 . 7  a r e  s h o w n  i n  F i g .

5 . 1 4 .  T h e  e f f e c t  o f  f r e q u e n c y  i s  i l l u s t r a t e d  i n  F i g .  5 . 1 5  b y  

d r a w i n g  t h e  m e a n  l i n e  t h r o u g h  t h e  r e s u l t s  o f  F i g s .  5 . 1 3  a n d

5 . 1 4 .  T h e  r e s u l t s  s h o w  t h e  g e n e r a l  t r e n d  o b s e r v e d ,  t h a t  i s ,  

a  d e c r e a s e  i n  f r e q u e n c y  r e s u l t s  i n  a n  i n c r e a s e  i n  g r o w t h  

r a t e  a t  A K —  v a l u e s  a b o v e  5  M N / m ^ ^  . B e l o w  t h i s  v a l u e  t h e  

f r e q u e n c y  d o e s  n o t  s e e m  t o  h a v e  a n y  e f f e c t  o n  g r o w t h  r a t e .

T o  e v a l u a t e  t h e  e f f e c t  o f  b e n d i n g  r e s i d u a l  s t r e s s e s ,  

t e s t s  w e r e  p e r f o r m e d  o n  w e l d e d  j o i n t  s p e c i m e n s  w i t h  t h e  

n o t c h  o r i e n t a t e d  o n  t h e  " c o m p r e s s i v e "  s i d e  a t  R = 0 . 0 8  a n d  

c y c l i c  f r e q u e n c y  o f  3 0 H z .  T h i s  i s  s h o w n ,  t o g e t h e r  w i t h  

r e s u l t s  o b t a i n e d  f r o m  t h e  s p e c i m e n s  w i t h  t h e  n o t c h  o n  t h e  

" t e n s i l e "  s i d e ,  i n  F i g .  5 . 1 6 .  A s  c a n  b e  s e e n  t h e  c r a c k  

g r o w t h  r a t e s  i n  t h e  s p e c i m e n  w i t h  t h e  n o t c h  o r i e n t a t e d  o n  

t h e  t e n s i l e  s i d e  a r e  h i g h e r  t h a n  t h o s e  i n  t h e  s p e c i m e n  w i t h  

t h e  n o t c h  o r i e n t a t e d  o n  t h e  c o m p r e s s i v e  s i d e .  T h i s  m a k e s  

c l e a r  t h a t  t h e  n o t c h  o r i e n t a t i o n  h a s  a  s i g n i f i c a n t  e f f e c t  o n  

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  w e l d e d  j o i n t s ,  a n d  c a n  r e s u l t  

i n  c o n s i d e r a b l y  d i f f e r e n t  f a t i g u e  d a t a  w h e n  c o m p a r e d  w i t h  

t h o s e  o f  t h e  p a r e n t  p l a t e .  T h i s  c a n  b e  s e e n  i n  F i g .  5 . 1 7 ,  

w h e r e  t h e r e  i s  n o  d i f f e r e n c e  i n  f a t i g u e  c r a c k  p r o p a g a t i o n  o f  

t h e  b a s e  p l a t e  a n d  o f  t h e  w e l d e d  j o i n t  s p e c i m e n  w i t h  t h e  

n o t c h  l o c a t e d  o n  t h e  " c o m p r e s s i v e "  s i d e ,  s u g g e s t i n g  t h a t  t h e  

c o m p r e s s i v e  b e n d i n g  s t r e s s e s  r e d u c e d  t h e  e f f e c t i v e  s t r e s s  

i n t e n s i t y  f a c t o r  a t  t h e  c r a c k  t i p .
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T h e  c o m p a r i s o n  o f  g r o w t l i  r a t e s  i n  w e l d  a n d  b a s e  m e t a l  

g i v e n  i n  F i g s .  5 . 1 8  a n d  5 . 1 9  s h o w s  t h a t ,  g e n e r a l l y ,  c r a c k s  

g r e w  m o r e  s l o w l y  i n  t h e  p a r e n t  m a t e r i a l  t h a n  i n  t h e  w e l d  

m e t a l .  T h e  f a s t e r  g r o w t h  o f  c r a c k s  i n  t h e  w e l d  m e t a l  

s u g g e s t s  t h e  p r e s e n c e  o f  t e n s i l e  r e s i d u a l  s t r e s s e s .  T h e  

d i f f e r e n c e  i n  g r o w t h  r a t e s  b e t w e e n  t h e  w e l d  m e t a l  a n d  p a r e n t  

p l a t e  s e e m s  t o  i n c r e a s e  i n v e r s e l y  w i t h  f r e q u e n c y .

T h e  p r e s e n t  r e s u l t s  a r e  a l s o  c o m p a r e d  w i t h  t h e  r e s u l t s  

o b t a i n e d  f o r  C T  s p e c i m e n s  ( s e e  C h a p t e r  4 ) ,  a s  s h o w n  i n  F i g s .  

4 . 2 0  a n d  4 . 2 1  f o r  l o a d i n g  f r e q u e n c i e s  o f  3 0 H z  a n d  0 . 2 5 H z ,  

r e s p e c t i v e l y .  T h e s e  r e s u l t s  d o  n o t  a g r e e  w i t h  e a c h  o t h e r ,  

u n l i k e  t h e  r e s u l t s  f o r  t h e  b a s e  p l a t e  o b t a i n e d  f o r  d i f f e r e n t  

g e o m e t r i e s .  N e v e r t h e l e s s  t h e y  i n d i c a t e  t h e  i m p o r t a n t  r o l e  o f  

r e s i d u a l  s t r e s s e s  i n  f a t i g u e  c r a c k  p r o p a g a t i o n  o f  b u t t -  

w e l d e d  j o i n t s .

H a r d n e s s  m e a s u r e m e n t s  a c r o s s  t h e  w e l d e d  s p e c i m e n s  i n  

" a s - r e c e i v e d "  c o n d i t i o n  r e v e a l e d  t h e  e x i s t e n c e  o f  a  v e r y  

h a r d  H A Z ,  w i t h  V . H . N . s  o f  2 3 2  a t  t h e  c e n t r e  o f  t h e  w e l d  a n d  

a p p r o x i m a t e l y  3 6 0  i n  t h e  H A Z .  H a r d n e s s  m e a s u r e m e n t s  w e r e  

a l s o  t a k e n  a c r o s s  t h e  " s t r e s s - r e l i e v e d "  w e l d e d  s p e c i m e n s .  

T h e s e  r e s u l t s  a r e  s h o w n  i n  F i g .  5 . 2 2 ,  a n d  i n d i c a t e  t h a t  

s t r e s s - r e l i e v i n g  d i d  c a u s e  slight s o f t e n i n g  o f  t h e  p a r e n t

m a t e r i a l .
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T h e  r e s u l t s  o f  t e s t s  o n  " s t r e s s - r e l i e v e d "  w e l d s  a t  

R = 0 . 7  a n d  3 0 H z  a r e  c o m p a r e d  t o  t h e  c o r r e s p o n d i n g  r e s u l t s  

o b t a i n e d  f o r  " a s - r e c e i v e d "  w e l d s  a n d  a r e  p r e s e n t e d  i n  F i g .  

5 . 2 3 .  T h e  b e n e f i c i a l  i n f l u e n c e  o f  s t r e s s - r e l i e v i n g ,  w h e n  

A  K < 1 0  M N / m  ^ ^ m u s t  b e  a t t r i b u t e d  t o  t h e  l o w e r i n g  o f  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 .

T h e  e f f e c t  o f  a  s a l t - w a t e r  e n v i r o n m e n t  o n  c r a c k  g r o w t h  

r a t e s  a t  s t r e s s  r a t i o s  o f  0 . 0 8  a n d  0 . 7  a n d  a  c y c l i c  

f r e q u e n c y  o f  3 0 H z  i s  i l l u s t r a t e d  i n  F i g .  5 . 2 4 .  A  c o m p a r i s o n  

w i t h  t h e  c o r r e s p o n d i n g  i n - a i r  d a t a  i s  p r e s e n t e d  i n  F i g .  

5 . 2 5 ,  w h i c h  i n d i c a t e s  a  s a l t - w a t e r  e n h a n c e m e n t  o f  g r o w t h  

r a t e s  a t  A K  v a l u e s  a b o v e  1 0  M N / r r r ^ ^  . T h e s e  d a t a  a r e  a l s o  

c o m p a r e d  w i t h  t h e  r e s u l t s  o b t a i n e d  f r o m  C T  g e o m e t r y  i n  a  

s a l t - w a t e r  e n v i r o n m e n t  a n d  a r e  s h o w n  i n  F i g .  5 . 2 6 .

T h e  e f f e c t  o f  s a l t - w a t e r  o n  " s t r e s s - r e l i e v e d "  w e l d s  w a s  

a l s o  i n v e s t i g a t e d  a n d  i s  p r e s e n t e d  i n  F i g .  5 . 2 7 ,  t o g e t h e r  

w Ti t h  t h e  c o r r e s p o n d i n g  i n - a i r  d a t a  a n d ,  i n  F i g .  5 . 2 8 ,  i s  

c o m p a r e d  w i t h  t h e  r e s u l t s  f o r  " a s - r e c e i v e d "  w e l d s  i n  s a l t ­

w a t e r  s o l u t i o n .  A s  c a n  b e  s e e n  f r o m  t h e  s u m m a r y  g r a p h  i n  

F i g .  5 . 2 9 ,  t h e  s a l t - w a t e r  e n h a n c e m e n t  o n l y  o c c u r s  a f t e r  a  

c e r t a i n  A K  v a l u e  i s  r e a c h e d ,  b u t  t h e  e f f e c t  o f  s t r e s s -  

r e l i e v i n g  i n c r e a s e s  t h i s  v a l u e  o f  A K t o  1 6  M N / m  ' , w h i l e  f o r  

t h e  c a s e  o f  w e l d e d  j o i n t  s p e c i m e n s  i n  " a s - r e c e i v e d "  

c o n d i t i o n ,  i t  i s  f o u n d  t o  b e  1 0  M N / m  J , p r o b a b l y  d u e  t o  t h e  

n a t u r e  o f  t h e  r e s i d u a l  s t r e s s e s  a c t i n g  a t  t h e  c r a c k  t i p .
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5 . 3 . 3  H e a t - A f f e c t e d  Z o n e

F a t i g u e  c r a c k  g r o w t h  r e s u l t s  f o r  H A Z  i n  a i r  a r e

p r e s e n t e d  i n  F i g s .  5 . 3 0  a n d  5 . 3 1  f o r  s t r e s s  r a t i o s  o f  0 . 0 8

a n d  0 . 7  a n d  l o a d i n g  f r e q u e n c i e s  o f  3 0 H z  a n d  0 . 2 5 H z ,

r e s p e c t i v e l y .  T h e s e  r e s u l t s  i n d i c a t e  a  c o n s i d e r a b l e  e f f e c t

o f  s t r e s s  r a t i o  o n  c r a c k  g r o w t h  a t  l o w  c r a c k  g r o w t h  r a t e s

a n d  t h r e s h o l d s  a t  3 0 H z . T h i s  e f f e c t  b e c o m e s  l e s s  m a r k e d  w i t h

i n c r e a s e  i n  c r a c k  g r o w t h  r a t e .  H o w e v e r ,  t h e  e f f e c t  o f  s t r e s s

r a t i o  a p p e a r s  t o  i n c r e a s e  w i t h  a  d e c r e a s e  i n  f r e q u e n c y .  F o r

R  v a l u e s  o f  0 . 0 8  a n d  0 . 7  a t  3 0 H z ,  K  ,, v a l u e s  o f  6 . 5 2
m a x ,t h

3/2 3/2
M N / m  a n d  1 4 . 3  M N / m ' 7 , r e s p e c t i v e l y ,  w e r e  o b t a i n e d .

T h e  e f f e c t  o f  f r e q u e n c y  i s  i l l u s t r a t e d  i n  F i g . 5 . 3 2 ,  

w h i c h  c o n f i r m s  t h e  g e n e r a l  t r e n d  o b s e r v e d ,  t h a t  i s ,  

d e c r e a s i n g  f r e q u e n c y  r e s u l t i n g  i n  h i g h e r  c r a c k  g r o w t h  r a t e s .

T h e s e  r e s u l t s  a r e  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  

r e s u l t s  o b t a i n e d  f o r  t h e  b a s e  m e t a l  a n d  t h e  w e l d m e n t  a n d  a r e  

s h o w n  i n  F i g s .  5 . 3 3  a n d  5 . 3 4  f o r  a  l o a d i n g  f r e q u e n c y  o f  

3 0 H z , a n d  i n  F i g s .  5 . 3 5  a n d  5 . 3 6  f o r  0 . 2 5 H z ,  a t  t w o  s t r e s s  

r a t i o s ,  0 . 0 8  a n d  0 . 7 ,  r e s p e c t i v e l y .  T h e s e  r e s u l t s  i n d i c a t e  

t h a t  t h e  g r o w t h  r a t e s  a r e  g e n e r a l l y  h i g h e r  i n  H A Z  t h a n  t h e  

b a s e  m e t a l  a f t e r  a  c e r t a i n  A K  i s  r e a c h e d ,  b e l o w  w h i c h  t h e  

g r o w t h  r a t e s  a p p e a r  t o  b e  t h e  s a m e .  T h e s e  A K  v a l u e s  a r e  l O
* 5 / 0  ”5 / 0

M N / m  a n d  6 M N / m  a t  0 . 2 5 H z  a n d  3 0 H z  c o r r e s p o n d i n g  t o  R —  

v a l u e s  o f  0 . 0 8  a n d  0 . 7 ,  r e s p e c t i v e l y .
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A  c o m p a r i s o n  o f  r e s u l t s  f o r  H A Z  w i t h  t h o s e  f o r  t h e  

w e l d m e n t  i n d i c a t e s  t h a t  t h e  c r a c k  g r o w t h  r a t e s  i n  H A Z  a r e  i n  

g e n e r a l  s i m i l a r  t o  t h o s e  f o r  t h e  w e l d m e n t  a t  a  c y c l i c  

f r e q u e n c y  o f  3 0 H z . A t  l o w  c y c l i c  f r e q u e n c y  ( 0 . 2 5 H z )  a n d  l o w  

s t r e s s  r a t i o ,  t h e  c u r v e s  f o r  b o t h  H A Z  a n d  w e l d m e n t  t e n d  t o  

r u n  p a r a l l e l ,  w i t h  t h e  c r a c k  g r o w t h  r a t e s  i n  H A Z  b e i n g  t h e  

l o w e r .  H o w e v e r ,  a t  a  s t r e s s  r a t i o  o f  0 . 7  t h e  g r o w t h  r a t e s  i n  

H A Z  a n d  w e l d m e n t  a r e  t h e  s a m e  f o r  A K  v a l u e s  l e s s  t h a n  5  

M N / m 3/ 2 .

5 . 4  D I S C U S S I O N

T h e  p r i m a r y  t a s k  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  h a s  b e e n  

t o  o b t a i n  a c c u r a t e  v a l u e s  o f  s u r f a c e  f a t i g u e  c r a c k  

p r o p a g a t i o n  d a t a  f o r  w e l d m e n t  i n  c o n j u n c t i o n  w i t h  s u i t a b l e  

c o m p u t e r  s i m u l a t i o n  o f  s u c h  c r a c k s .  T h e  d e s c r i p t i o n s  o f  s u c h  

s i m u l a t i o n  a n d  o f  t h e  c h a r a c t e r i z a t i o n  o f  t h e  s h a p e  o f  a  

g r o w i n g  c r a c k  a r e  g i v e n  i n  C h a p t e r  6 , a n d  t h e  p r e s e n t  

c h a p t e r  i s  a c c o r d i n g l y  l i m i t e d  t o  a  d i s c u s s i o n  o f  t h e  

r e s u l t s  p r e s e n t e d .

5 . 4 . 1  B a s e  M e t a l

T h e  r e s u l t s  f o r  c r a c k  g r o w t h  i n  a i r  a r e  p l o t t e d  f o r  

b o t h  s u r f a c e  a n d  i n - d e p t h  c r a c k  g r o w t h  i n  F i g s .  5 . 3  a n d  5 . 4 .  

T h e  c r a c k  g r o w t h  r a t e s  s h o w  g o o d  a g r e e m e n t  w i t h  t h e  r e s u l t s  

o f  t h e  C T  t e s t s ,  a l t h o u g h  t h e r e  a p p e a r s  t o  b e  a  s l i g h t  o v e r ­

e s t i m a t e  o f  t h e  t h r e s h o l d  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e  

^ K t h ^ s e e  F:*-9S * 5 . 8  a n d  5 . 9 ) .  T h i s  w o u l d  s e e m  t o  i n d i c a t e  a
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s l i g h t  l o a d  h i s t o r y  e f f e c t .  T h e  p l a s t i c  d e f o r m a t i o n  

a s s o c i a t e d  w i t h  a  c r a c k  t i p  e x p o s e d  t o  m o d e  I l o a d i n g  i s  

g e n e r a l l y  m o r e  e x t e n s i v e  i n  p l a n e  s t r e s s  t h a n  w h e n  a  s t a t e  

o f  p l a n e  s t r a i n  p r e v a i l s .  I n  p l a n e  s t r e s s  t h e  a b s e n c e  o f  

l a t e r a l  c o n s t r a i n t  c r e a t e s  m o r e  e x t e n s i v e  y i e l d  r e g i o n s  

[ 1 7 6 ] .  I n  t h e  c a s e  o f  a  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k ,  t h e  

s t a t e  o f  d e f o r m a t i o n  v a r i e s  f r o m  p l a n e  s t r a i n  a t  t h e  d e e p e s t  

p o i n t  o f  t h e  c r a c k  f r o n t  t o  c o n d i t i o n s  a p p r o a c h i n g  p l a n e  

s t r e s s  w h e r e  t h e  c r a c k  f r o n t  i n t e r c e p t s  t h e  f r e e  s u r f a c e .  

T h i s  i s  s o  b e c a u s e ,  s i n c e  t h e  s t a t e  o f  d e f o r m a t i o n  v a r i e s  

a l o n g  t h e  c r a c k  f r o n t ,  s o  d o e s  t h e  d e g r e e  o f  p l a s t i c  

d e f o r m a t i o n .  A  n u m b e r  o f  m o d e l s  h a v e  b e e n  p r o p o s e d  f o r  

d e t e r m i n a t i o n  o f  t h e  p l a s t i c  z o n e  s i z e .  A  b r i e f  d i s c u s s i o n  

o f  t h e s e  m o d e l s  i s  g i v e n  b e l l o w .

R i c e  [ 1 7 7 ]  e s t i m a t e d  t h e  p l a s t i c  z o n e  s i z e  u n d e r  p l a n e

s t r e s s  c o n d i t i o n s  a n d  p e r f e c t  p l a s t i c i t y  f o r  a  s e m i - i n f i n i t e

c r a c k  i n  a  l a r g e  p l a t e .  T h e  m a x i m u m  d i m e n s i o n  o f  t h e  p l a s t i c

z o n e  i n v o l v e d , r  , w a s  f o u n d  t o  b eP

r P , ( 5 . 1 )

w h e r e  K  i s  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a n d  CTy t h e  u n i a x i a l  

y i e l d  s t r e n g t h .  U n d e r  c o n d i t i o n s  o f  p l a i n  s t r a i n ,  t h e  

p r o b l e m  h a s  b e e n  t r e a t e d  b y  K e e r  a n d  M u r a  [ 1 7 8 ] ,  w h o  s t u d i e d  

a  c i r c u l a r  c r a c k  o f  r a d i u s  a  s u b j e c t e d  t o  a  r e m o t e  u n i f o r m  

t e n s i l e  s t r e s s  f i e l d .  T h e y  f o u n d  t h e  p l a s t i c  z o n e  s i z e  t o  b e  

g i v e n  b y
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A  n u m b e r  o f  o t h e r  m o d e l s  h a v e  b e e n  p r o p o s e d  f o r  

e s t i m a t i n g  t h e  p l a s t i c  z o n e  s i z e  u n d e r  s m a l l  s c a l e  y i e l d i n g  

a n d  p l a n e  s t r a i n  c o n d i t i o n s ,  a m o n g  t h e m  t h a t  o f  I r w i n  [ 1 7 9 ] :

- 1
. ( 5 . 2 )

r  =  0 . 0 5 3  ( — ) 2 , ( 5 . 3 )
P  cr
F y

a n d  t h a t  o f  L i u  [ 1 8 0 ] :

r  =  0 . 1 3  ( — — —  ) 2 . ( 5 . 4 )
P ° y

T h e s e  m o d e l s  a r e  b a s e d  o n  a  t w o - d i m e n s i o n a l  r e p r e s e n t a t i o n  

o f  t h e  c r a c k  g e o m e t r y  a n d  h e n c e  t h e i r  a p p l i c a b i l i t y  t o  t h e  

s u r f a c e  c r a c k  c o n f i g u r a t i o n ,  w h e r e  f r e e  s u r f a c e  e f f e c t s  a r e  

p r e d o m i n a n t ,  i s  d u b i o u s .

A y r e s  [ 1 8 1 ]  t r e a t e d  t h e  p r o b l e m  u s i n g  a  f i n i t e -  

d i f f e r e n c e  t e c h n i q u e  f o r  d e t e r m i n a t i o n  o f  t h e  t h r e e -  

d i m e n s i o n a l  s t r e s s  a n d  d e f o r m a t i o n  f i e l d  i n  t h e  n e i g b o u r h o o d  

o f  a  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k  i n  a  t h i c k  p l a t e .  T h e  

m a t e r i a l  w a s  a s s u m e d  t o  b e  e l a s t i c  a n d  p e r f e c t l y  p l a s t i c .  H e  

s h o w e d  t h a t  t h e  p l a s t i c  z o n e  a t  t h e  d e e p e s t  p o i n t  o f  a  

s u r f a c e  c r a c k  h a v i n g  a n  a s p e c t  r a t i o  o f  0 . 5  a t  a  h i g h  

a p p l i e d  s t r e s s  o f  0 . 8 8  cr^ p e n e t r a t e s  t o  t h e  b a c k  s u r f a c e .  

H o w e v e r ,  t h e  c r i t i c a l  c r a c k  d e p t h  w h e n  t h e  p l a s t i c  z o n e  

r e a c h e s  t h e  b a c k  s u r f a c e  c a n  b e  a p p r o x i m a t e d  f o r  s e m i ­

e l l i p t i c a l  s u r f a c e  c r a c k  i n  b e n d i n g  s t r e s s  f i e l d  a s  f o l l o w s .
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S t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  d e e p e s t  p o i n t  o f  a  

s u r f a c e  c r a c k  i s  g i v e n  b y  K o t e r a z a w a  a n d  M i n a m i s a k a  [ 1 3 4 ]  a s

K M ,  M.
a y  Tra 

E  ( k )
, ( 5 . 5 )

w h e r e  a n d  M 2 a r e  c o r r e c t i o n  f a c t o r s ,  a  i s  c r a c k  d e p t h  a n d  

0 i s  t h e  b e n d i n g  s t r e s s .

T h e  e l a s t i c  s t r e s s  f i e l d  a h e a d  o f  t h e  c r a c k  t i p  i s  

g i v e n  b y :

a  =  K  j y  2i r r  , ( 5 . 6 )

w h e r e  r  i s  t h e  d i s t a n c e  f r o m  t h e  c r a c k  t i p .  T h e  p l a s t i c  z o n e  

s i z e  c a n  b e  w r i t t e n  a s

P , ( 5 . 7 )

w h e r e  r  i s  t h e  r a d i u s  o f  t h e  
P

c a l c u l a t e d  b y  s u b s t i t u t i n g  

E q u a t i o n  ( 5 . 6 ) .

p l a s t i c  z o n e  a n d  w h i c h  c a n  b e  

a  =  a v  ( y i e l d  s t r e s s )  i n t o

W h e n  t h e  p l a s t i c  z o n e  r e a c h e s  t h e  b a c k  s u r f a c e ,  t h e  

c r i t i c a l  d e p t h  a D  i s  g i v e n  b y

a
P

B  -  p . ( 5 . 8 )
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S u b s t i t u t i n g  E q u a t i o n  ( 5 . 7 )  i n t o  ( 5

a
y

K a
y

(B-a )P

F r o m  ( 5 . 5 )

M 1 M 2 ° = ay

M , M 01 2  CT
E ( K )  a

tt (B-ap)
Trap

M-M
1 2  a  E  ( K )

y

B -  1

o r " ") = MlM2 ( V ‘K) )
T h e r e f o r e ,  t h e  r e q u i r e d  v a l u e  o f  a. 

o b t a i n e d  f r o m  E q u a t i o n  ( 5 . 1 4 ) .

.6 ), w e  o b t a i n

, ( 5 . 9 )

.(5.10)

( 5 . 1 1 )

( 5 . 1 2 )

( 5 . 1 3 )  

. ( 5 . 1 4 )

p c a n  b e  n u m e r i c a l l y

T h u s ,  f r o m  t h e  f o r e g o i n g  b r i e f  d i s c u s s i o n  o f  t h e  

p r o b l e m  o f  p l a s t i c  z o n e  s i z e ,  i t  c a n  b e  s e e n  t h a t  m o s t  o f
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t h e  f o r m u l a e  e s t i m a t e  t h e  s i z e  o f  p l a s t i c  z o n e  o n l y  i n  t w o  

d i m e n s i o n s .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  t h r e s h o l d  c r a c k  

g r o w t h  r a t e  m e a s u r e m e n t s  w e r e  b a s e d  o n  t h e  c r a c k  a t  t h e  

s u r f a c e  o f  t h e  s p e c i m e n  w h e r e  p l a n e  s t r e s s  d o m i n a t e s .  T h e  

p l a s t i c  z o n e  s i z e  w a s  c a l c u l a t e d  u s i n g  R i c e ' s  f o r m u l a  

( E q u a t i o n  ( 5 . 1 ) ) ,  w h i c h  a p p e a r s  t o  u n d e r e s t i m a t e  t h e  s i z e  o f  

t h e  p l a s t i c  z o n e  a n d  h e n c e  r e s u l t e d  i n  h i g h  A K ^ ^ v a l u e s .

T h e s e  r e s u l t s  a l s o  i n d i c a t e  a  s l i g h t  o v e r e s t i m a t i o n  o f

t h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  d e e p e s t  p o i n t  o f  t h e

c r a c k .  T o  r e a c h  t h e  t h r e s h o l d  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e ,

A K t h '  t h e  s t e p p i n g - d o w n  l o a d  t e c h n i q u e  w a s  u s e d .  I t  w a s

e x p e c t e d  t h a t  t a k i n g  t h e  c r a c k  a t  t h e  s u r f a c e  t o  l o w  g r o w t h

r a t e s  a n d  t h r e s h o l d s  w o u l d  h a v e  l e d  t o  A K . ,  a t  t h e  d e e p e s t
t h

p o i n t .  H o w e v e r ,  a s  t h e  c r a c k  i n c r e a s e s  i n  d e p t h ,  t h e  

s t r e s s e s  a t  t h e  c r a c k  d e p t h  b e c o m e  s m a l l e r  b e c a u s e  o f  t h e  

s t r e s s  g r a d i e n t  d u e  t o  t h e  b e n d i n g  s t r e s s  f i e l d ,  a n d  t h e  

r a t e  o f  g r o w t h  b e c o m e s  l e s s ;  n e v e r t h e l e s s ,  t h e  c r a c k  l e n g t h  

i s  n o t  e x p o s e d  t o  a  c h a n g e  i n  s t r e s s  a s  t h e  a p p l i e d  s t r e s s  

a t  t h e  s u r f a c e  i s  c o n s t a n t .  T h e r e f o r e ,  i t  i s  e x p e c t e d  t h a t  

t h e  c h a n g e  i n  c r a c k  d e p t h  w i t h  r e s p e c t  t o  c r a c k  l e n g t h  w i l l  

b e c o m e  s m a l l e r  a s  t h e  c r a c k  b e c o m e s  l a r g e r ,  w h i c h  w o u l d  

r e s u l t  i n  v e r y  l o w  g r o w t h  r a t e s  a n d  a  m u c h  h i g h e r  t h r e s h o l d  

s t r e s s  i n t e n s i t y  f a c t o r .  A  s i m p l i f i e d  m o d e l  o f  b e n d i n g  

s t r e s s  d i s t r i b u t i o n  w o u l d  p r e d i c t  t h a t  t h e  c r a c k  d e p t h  w o u l d

a s y m p t o t i c a l l y  a p p r o a c h  t h e  m i d - t h i c k n e s s  w h e r e  t h e  s t r e s s  

i s  z e r o  b u t  c o m p r e s s i v e  b e y o n d  t h e  m i d - t h i c k n e s s .
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T h e  c r a c k  g r o w t h  d a t a  f o r  s e m i - e l l i p t i c a l  c r a c k s  a p p e a r  

t o  s h o w  a  h i g h e r  s t r e s s  r a t i o  d e p e n d e n c e  t h a n  t h o s e  o f  t h e  

p r e v i o u s  C T  s p e c i m e n .  T h i s  c a n  b e  d i s c u s s e d  i n  t e r m s  o f  t h e  

c r a c k  c l o s u r e  c o n c e p t .  A l t h o u g h  t h e  d e t a i l e d  m e c h a n i s m  o f  

t h e  i n t e r a c t i o n s  b e t w e e n  t h e  g r o w t h  o f  t h e  c r a c k  a n d  p l a s t i c  

f l o w  i s  b e y o n d  t h e  s c o p e  o f  p r e s e n t  w o r k  a  b r i e f  d i s c u s s i o n  

f o l l o w s .

D u e  t o  t h e  d u c t i l i t y  o f  t h e  m a t e r i a l  u s e d ,  c y c l i c  

l o a d i n g  p r o d u c e s  a  p l a s t i c  z o n e  a t  t h e  c r a c k  t i p .  R i c e  [ 1 9 D  

h a s  s u b d i v i d e d  t h i s  p l a s t i c  z o n e  i n t o  t w o  p a r t s :  a  f o r w a r d  

p l a s t i c  z o n e  a n d  a  r e v e r s e  p l a s t i c  z o n e ,  w i t h  t h e  t e n s i l e  

d e f o r m a t i o n  i n  t h e  f o r w a r d  p l a s t i c  z o n e  b e i n g  c o m p r e s s e d  i n  

t h e  r e v e r s e  p l a s t i c  z o n e ,  a n d  t h e  r e v e r s e  p l a s t i c  z o n e  

c o n t a i n i n g  m o s t  o f  t h e  d e f o r m a t i o n  g e n e r a t e d  d u r i n g  a  l o a d  

c y c l e .  I t  i s  t h o u g h t  t h a t  t h e  r e v e r s e  p l a s t i c  z o n e  i s  m a i n l y  

r e s p o n s i b l e  f o r  t h e  r e s i d u a l  t e n s i l e  d i s p l a c e m e n t  a t  t h e  

c r a c k ' s  f r e e  s u r f a c e s ,  a n d  f o r  t h e  c o m p r e s s i v e  s t r e s s e s  

w h i c h  u l t i m a t e l y  l e a d  t o  c r a c k  c l o s u r e  a t  l o w e r  a p p l i e d  

s t r e s s e s .  I n c r e a s i n g  t h e  R - v a l u e  a t  c o n s t a n t  cr l e a d s  

t o  a  r e d u c t i o n  o f  c r a c k  g r o w t h  r a t e  a n d  a l s o  d e c r e a s e s  t h e  

s i z e  o f  t h e  r e v e r s e  p l a s t i c  z o n e ,  s i n c e  A K  g e t s  s m a l l e r .  

T h u s  t h e  r e s i d u a l  t e n s i l e  d i s p l a c e m e n t  a l s o  d e c r e a s e s  

g r a d u a l l y  w i t h  i n c r e a s i n g  c r a c k  d e p t h  ( A K  d e c r e a s e s  

g r a d u a l l y  a l s o  w i t h  i n c r e a s i n g  c r a c k  d e p t h  d u e  t o  t h e  s t r e s s

g r a d i e n t  i n  t h e  b e n d i n g  s t r e s s  f i e l d )  u n t i l  n e w  a p p r o p r i a t e  

z o n e  s i z e s  a r e  o b t a i n e d .  T h e r e f o r e ,  i t  i s  e x p e c t e d  t h a t  

b l u n t i n g  b e h i n d  t h e  c r a c k  t i p  i n c r e a s e s  a t  a n y  c o n s t a n t  R  

w i t h  i n c r e a s i n g  n u m b e r  o f  f a t i g u e  c y c l e s  a n d  c o n s e q u e n t l y
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l e a d s  t o  m o r e  c r a c k  c l o s u r e .

A  c h a n g e  i n  g r o w t h  r a t e s  d e p e n d i n g  o n  t h e  t e s t

f r e q u e n c y  w a s  o b s e r v e d  f o r  b o t h  s t r e s s  r a t i o s  b e t w e e n  t h e

t w o  s e t s  o f  r e s u l t s  ( s e e  F i g . 5 . 5 ) ,  t h e  c r a c k  g r o w t h  r a t e  a t

0 . 2 5 H z  b e i n g  a p p r o x i m a t e l y  t w o - a n d - h a l f  t i m e s  f a s t e r  t h a n  a t  

a / 3 / 2
3 0 H z ,  f o r  A k = 1 5  M N / m  a n d  s t r e s s  r a t i o  o f  0 . 0 8 ,  a n d  t h r e e  

t i m e s  a t  A k = 8  M N / m 3 / 2  a t  R = 0 . 7 .

T h i s  r e d u c t i o n  i n  c r a c k  g r o w t h  r a t e  a s  a  r e s u l t  o f  

i n c r e a s e  i n  l o a d i n g  f r e q u e n c y  w a s  t h e  s a m e  f o r  a l l  s p e c i m e n  

t y p e s .  H o w e v e r ,  t h i s  f r e q u e n c y  d e p e n d e n c e  w a s  m o r e  

p r o n o u n c e d  f o r  s u r f a c e  c r a c k s  ( s e e  F i g .  5 . 5 ) .  H y d r o g e n  

e m b r i t t l e m e n t  i s  o f t e n  u s e d  t o  e x p l a i n  t h i s  e f f e c t .  I n  t h i s  

a n  e x t r a  a c t i v e  m e c h a n i s m  i s  n e c e s s a r y  t o  r a t i o n a l i z e  t h e  

r e t e n t i o n  o f  t h e  f r e q u e n c y  d e p e n d e n c e  o f  g r o w t h  r a t e  t o  

h i g h e r  A K  # d e s p i t e  t h e  o b s e r v e d  s i m i l a r i t y  o f  t h e  g r o w t h  

r a t e s  o b t a i n e d  f o r  d i f f e r e n t  g e o m e t r i e s .  S u c h  a  m e c h a n i s m ,  

w h i c h  p r o d u c e s  u n i f o r m l y  a c c e l e r a t e d  g r o w t h  w i t h  a  d e c r e a s e  

i n  f r e q u e n c y ,  h a s  b e e n  a s c r i b e d  a t  h i g h  t e m p e r a t u r e  t o  a n  

e n v i r o n m e n t a l  i n t e r a c t i o n  f o r  w h i c h  a n  a c t i v a t i o n  e n e r g y  c a n  

b e  m e a s u r e d  [ 1 8 2 ] .  I t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  t h e s e  

o b s e r v a t i o n s  c a n  b e  r a t i o n a l i z e d  i n  t e r m s  o f  f u r t h e r  

p a r a m e t e r s  w h i c h  d e t e r m i n e  t h e  c r a c k  g r o w t h  r a t e  i n  t h e  

i n t e r m e d i a t e  a n d  h i g h  r e g i m e s .  F i r s t l y ,  a t  h i g h  s t r e s s  

i n t e n s i t i e s ,  w h e r e  c r a c k  e x t e n s i o n  i s  v e r y  r a p i d  d u e  t o  

p u r e l y  m e c h a n i c a l  e f f o r t ,  s t a t i c  p a r a m e t e r s  s u c h  a s  y i e l d  

s t r e n g t h  a n d  f r a c t u r e  t o u g h n e s s  w o u l d  b e  e x p e c t e d  t o
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u n i q u e l y  d e f i n e  a  p a r t i c u l a r  g r o w t h  r a t e .  S e c o n d l y ,  a t  l o w  

s t r e s s  i n t e n s i t i e s ,  a  f u r t h e r  m e c h a n i s m  n e e d s  t o  b e  a c t i v e  

t o  h i n d e r  t h e  b o t h  i n h e r e n t l y  f a s t e r  a n d  e n v i r o n m e n t a l l y  

e n h a n c e d  c r a c k  g r o w t h  r a t e  t h a t  h a s  b e e n  p r o p o s e d  f o r  t h e  

i n t e r m e d i a t e  r a n g e .

I n  t h i s  c o n t e x t  i t  h a s  b e e n  p r o p o s e d  b y  W a l k e r  a n d  

B e e v e r s  [ 1 8 3 ]  t h a t  g r o w t h  r a t e s  c a n  b e  s i g n i f i c a n t l y  

m o d i f i e d  b y  a  " n o n - c l o s u r e "  m e c h a n i s m  a r i s i n g  f r o m  t h e  

c o m b i n a t i o n  o f  o u t - o f - p l a n e  c r a c k  g r o w t h  a n d  a  r e l a t i v e  

d i s p l a c e m e n t  b e t w e e n  t h e  f r a c t u r e  f a c e s .  C l e a r l y ,  t h e  d e g r e e  

o f  " n o n - c l o s u r e "  w o u l d  b e  a c c e n t u a t e d  a t  l o w  A K  v a l u e s  

w h e r e  t h e  c r a c k - o p e n i n g  d i s p l a c e m e n t s  a r e  s m a l l .  T h i s  m o d e l  

h a s  b e e n  e x t e n d e d  b y  S u r e s h  e t  a l  [ 1 8 4 ]  t o  i n c l u d e  f r e t t i n g -  

e n h a n c e d  o x i d a t i o n  o f  t h e  n e w l y  p r o d u c e d  c r a c k  f a c e s ,  

l e a d i n g  t o  a n  a c c u m u l a t i o n  o f  v e r y  f i n e  d e b r i s  a n d  t h e r e f o r e  

i n c r e a s e d  c o n t a c t  a t  t h e  m i n i m u m  a p p l i e d  l o a d ,  i n  p a r t i c u l a r  

a d j a c e n t  t o  t h e  c r a c k  t i p .  T h i s  w o u l d  i m p l y  t h a t  t h e  

i n h e r e n t l y  f a s t e r ,  l e s s  o u t - o f - p l a n e ,  g r o w t h  a t  0 . 2 5 H z  c o u l d  

b e  c o u n t e r - b a l a n c e d  b y  i n c r e a s e d  n o n - c l o s u r e  r e s u l t i n g  f r o m  

o x i d a t i o n  p r o d u c t s .

F o r g r o w t h r a t e s  b e l o w  1 x 1 0  m m / c y c l e , d i v e r g e n c e  o f

g r o w t h r a t e s c a n  b e  s e e n b e t w e e n  t h e  t w o c r a c k

c o n f i g u r a t i o n s  ( i . e ., C T  a n d  S N P ). T h e  o c c u r r e n c e  o f t h e s e

r e d u c e d g r o w t h r a t e s  a t  l o w s t r e s s  i n t e n s i t i e s , a n d

t h e r e f o r e a t  n e c e s s a r i l y  s h o r t c r a c k  l e n g t h s  a n d l o w

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

H o w e v e r ,  t h r e s h o l d  t e s t s  w h i c h  w e r e  b a s e d  o n  t h e  s u r f a c e  

p o s i t i o n  o f  t h e  c r a c k  t i p  b y  v a r y i n g  t h e  a p p l i e d  l o a d  r a n g e ,  

r e s u l t e d  i n  v e r y  l o w  g r o w t h  r a t e s .  T h i s  l o w  r a t e  c o r r e l a t e d  

w e l l  w i t h  t h e  v a l u e  t o  b e  e x p e c t e d  f r o m  t h e  s u b s u r f a c e  

p o s i t i o n ,  A K ^ ,  b u t  s t r e s s  i n t e n s i t y  c a l i b r a t i o n  a t  t h i s

p o s i t i o n  d e c r e a s e s  w i t h  r e s p e c t  t o  t h e  s u r f a c e  v a l u e  f o r  

l o n g  c r a c k  l e n g t h s .  H e n c e ,  i t  m i g h t  h a v e  b e e n  e x p e c t e d  t h a t  

t a k i n g  t h e  c r a c k  a t  t h e  s u r f a c e  t o  l o w  s t r e s s  i n t e n s i t i e s  

a n d  t h r e s h o l d s  w o u l d  h a v e  l e d  t o  a  d e c r e a s e  i n  g r o w t h  r a t e s  

a t  t h e  d e e p e s t  p o i n t .  T h e r e f o r e ,  t h e  o b s e r v e d  b e h a v i o u r  m a y  

b e  i n t e r p r e t e d  a s  r e p r e s e n t i n g  a n  e f f e c t i v e  a c c e l e r a t i o n  i n  

g r o w t h  r a t e  f o l l o w e d  b y  a  d e c e l e r a t i o n  o f  s u b s u r f a c e  c r a c k  

g r o w t h  w i t h  i n c r e a s i n g  c r a c k  l e n g t h  a t  t h e  s u r f a c e  p o s i t i o n .  

T h i s  i n d i c a t e s  t h a t  t h e r e  i s  n o  s y s t e m a t i c  e r r o r  i n  t h e  

s t r e s s  i n t e n s i t y  c a l i b r a t i o n ,  r a t h e r ,  t h e  a c t u a l  g r o w t h  r a t e  

c h a n g e s  d u e  t o  t h e  s t r e s s  g r a d i e n t .  I t  i s  l i k e l y  t h a t  t h e s e  

c h a n g e s  c o u l d  a r i s e  e i t h e r  f r o m  s o m e  f e a t u r e  o f  t h e  c r a c k  

f r o n t  c u r v a t u r e  o r  f r o m  t h e  r a t e s  o f  p l a n e  s t r e s s  t o  p l a n e  

s t r a i n  g r o w t h ,  w h i c h  a r e  g r e a t e r  f o r  t h e  s u r f a c e  n o t c h e d  

g e o m e t r y .  I t  c o u l d  a l s o  p o s s i b l y  b e  d u e  t o  t h e  f a c t  t h a t  t h e  

m e c h a n i c a l  p r o p e r t i e s  i n  t h e  t r a n s v e r s e  a n d  t h r o u g h ­

t h i c k n e s s  d i r e c t i o n s  a r e  d i f f e r e n t  ( s e e  T a b l e  3 . 1 ) .

H e n c e ,  i t  i s  p r o p o s e d  t h a t ,  e v e n  i f  t h e  s h a p e  o f  t h e

c r a c k  h a s  a n  e f f e c t  o n  c r a c k  g r o w t h  r a t e ,  t h e  g r e a t e s t

p r o p o r t i o n  o f  t h e  h i g h  A K  r e t a r d a t i o n  a t  t h e  d e e p e s t  p o i n t  

o f  t h e  c r a c k  a s  o b s e r v e d  a r i s e s  f r o m  t h e  e f f e c t  o f  t h e

s t r e s s  s t a t e  o n  f a t i g u e  c r a c k  p r o p a g a t i o n .  M o r e o v e r ,  s h o u l d
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t h e  p l a n e  s t r e s s  g r o w t h  b e  b r o u g h t  a b o u t  b y  a  s i g n i f i c a n t l y  

d i f f e r e n t  m e c h a n i s m  t h a n  t h a t  d u e  t o  t h e  b u l k  o f  t h e  t e s t -  

p i e c e ,  t h e n  t h e  d e g r e e  o f  r e t a r d a t i o n  p r o d u c e d  c o u l d  w e l l  b e  

f u r t h e r  i n c r e a s e d .

D e s p i t e  u s i n g  s t a n d a r d  A . C .  p o t e n t i a l  d r o p  m i c r o g a u g e  

m o n i t o r i n g  p r o b e s ,  i t  w a s  e s t i m a t e d  t h a t  l i n e a r i t y  a n d  h e n c e  

p r e d i c t a b i l i t y  i n  c r a c k  d e p t h  c a l i b r a t i o n  w a s  o n l y  a c h i e v e d  

w i t h  c r a c k  d e p t h s  i n  e x c e s s  o f  0 . 5 m m .  N e v e r t h e l e s s ,  t h e  

a b i l i t y  t o  m e a s u r e  c r a c k  d e p t h  w i t h o u t  r e c o u r s e  t o  

p r e d i c t i o n s  b a s e d  o n  s u c h  m i c r o g a u g e  r e a d i n g s  w a s  c o n s i d e r e d  

h i g h l y  d e s i r a b l e ,  p a r t i c u l a r l y  f o r  t h r e s h o l d  t e s t s  ( i . e . ,  

v e r y  l o w  g r o w t h  r a t e s ) .

T h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  a r e  c o m p a r e d

w i t h  t h o s e  o f  i n v e s t i g a t i o n s  c a r r i e d  o u t  b y  T h o r p e  e t  a l

[ 1 7 5 ]  o n  t h e  s a m e  m a t e r i a l  a n d  s p e c i m e n  g e o m e t r y  u n d e r

t h r e e - p o i n t  b e n d  t e s t s .  I t  i s  f o u n d  t h a t  t h e  r e s u l t s  o f  b o t h

t e s t s  a r e  c o m p a r a b l e  u n d e r  s i m i l a r  t e s t  c o n d i t i o n s  ( i . e . ,

e n v i r o n m e n t  -  s e e  F i g s .  5 . 6  a n d  5 . 7 ) .  H o w e v e r ,  T h o r p e  e t  a l

c a r r i e d  o u t  t e s t s  o n  3 8 m m - t h i c k  p l a t e s  a n d  g r o w t h  r a t e s

h i g h e r  t h a n  1 x 1 0  m m / c y c l e  a t  R = 0 . 1 ,  a n d  1 x 1 0  m m / c y c l e  a t

R = 0 . 7  i . e . ,  o n l y  o v e r  o n e  o r d e r  o f  m a g n i t u d e .  T h e r e  i s  a

c o n s i d e r a b l e  d i f f e r e n c e  b e t w e e n  t h e  p r e s e n t  r e s u l t s  a t  R = 0 . 7

f o r  t h e  d e e p e s t  p o i n t  o f  t h e  c r a c k  f r o n t  a n d  t h e  r e s u l t s  o f

T h o r p e  e t  a l ,  t h e  p r e s e n t  r e s u l t s  g i v i n g  m u c h  h i g h e r  g r o w t h

r a t e s  t h a n  t h o s e  o f  t h e  o t h e r  a u t h o r s ;  f o r  e x a m p l e ,  a t  a  

A T C  , 3 / 2
o f  1 0  M N / m  t h e  g r o w t h  r a t e s  o f  t h e  d e e p e s t  p o i n t  o f
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t h e  c r a c k  f r o n t  i n  t h e  p r e s e n t  r e s u l t s  a r e  o n e  o r d e r  o f  

m a g n i t u d e  h i g h e r  t h a n  t h o s e  o b t a i n e d  i n  t h e  l a t t e r  

i n v e s t i g a t i o n .  A l t h o u g h  t h e  a u t h o r s  u s e d  t h e  s a m e  K  

c a l i b r a t i o n  a s  i n  t h e  p r e s e n t  c a s e ,  i t  a p p e a r s  t h a t  t h e i r  

m e a s u r e m e n t s  o f  c r a c k  d e p t h s  w e r e  i n  s e r i o u s  e r r o r .  H o w e v e r ,  

a s  i s  s h o w n  i n  t h e  n e x t  c h a p t e r ,  c o m p u t e r  s i m u l a t i o n  o f  a  

s u r f a c e  c r a c k  p r e d i c t s  a  m u c h  h i g h e r  g r o w t h  r a t e  f o r  a  3 8 m m -  

t h i c k  s e c t i o n  t h a n  f o r  a  2 4 m m ,  t h e  p r e s e n t  c a s e .  I d e a l l y  t h e  

c r a c k  g r o w t h  r a t e  d a t a  f o r  a  3 8 m m - t h i c k  s e c t i o n  s h o u l d  b e  

c o n s i s t e n t l y  h i g h e r  t h a n  t h e  p r e s e n t  d a t a .

T h e  r e s u l t s  o f  c o r r o s i o n  f a t i g u e  a r e  s h o w n  i n  F i g .  

5 . 1 2 .  T h e y  i n d i c a t e  t h a t  t h e  B S 4 3 6 0 - 5 0 D  s t e e l  s t u d i e d  i s  

s l i g h t l y  s e n s i t i v e  t o  a  c h a n g e  i n  s t r e s s  r a t i o  i n  a  s a l t ­

w a t e r  e n v i r o n m e n t  a n d  t h a t  t h e  r e l a t i o n s h i p  d e s c r i b i n g  t h e  

i n t e r m e d i a t e  r a n g e  o f  g r o w t h  ( i . e . ,  P a r i s  e q u a t i o n )  h a s  a n  

e x p o n e n t  o f  2 . 7 ,  a  v a l u e  a r r i v e d  a t  b y  o t h e r  w o r k e r s  [ 1 4 3 ] .

T h e  r e s u l t s  o b t a i n e d  a t  a  f r e q u e n c y  o f  3 0 H z  i n  s a l t ­

w a t e r  s o l u t i o n  s h o w e d  i n c r e a s e d  g r o w t h  r a t e s  f o r  A K  v a l u e s  

. 3 / 2  .
a b o v e  1 5  M N / m  c o m p a r e d  t o  i n - a i r  r e s u l t s .  H o w e v e r ,  o n

t h e  b a s i s  o f  e x t r a p o l a t i n g  t h e  g r o w t h  c u r v e s  t h e r e  a p p e a r s  

t o  b e  a  l o w e r  g r o w t h  r a t e  f o r  l o w e r  A K  v a l u e s  ( < 1 5  M N / m  ) .  

T h i s  i n d i c a t e s  t h a t  t h e  e f f e c t  o f  t h e  e n v i r o n m e n t  i s  m o r e  

i m p o r t a n t  i n  t h e  i n t e r m e d i a t e  s t a g e s  t h a n  i n  t h e  e a r l y  

s t a g e s  o f  c r a c k  p r o p a g a t i o n .  T h i s  v i e w p o i n t  h a s  b e e n  s h a r e d

b y  m a n y  i n v e s t i g a t o r s  [ e . g . ,  1 8 5 ,  1 8 6 ] ,  w h o  a r e  o f  t h e

o p i n i o n  t h a t  t h e  p r e d o m i n a n t  e f f e c t  o f  e n v i r o n m e n t a l  a t t a c k
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i s  e x p e r i e n c e d  w h e n  c r a c k  l e n g t h ,  a n d  h e n c e  g r o w t h  r a t e s ,  

a r e  c o m p a r a t i v e l y  l a r g e .

T h e  r o l e  o f  t h e  e n v i r o n m e n t  i n  p r o d u c i n g  e n h a n c e d  c r a c k  

g r o w t h  r a t e s  h a s  b e e n  v i e w e d  a s  e s s e n t i a l l y  t h e  s a m e

m e c h a n i s m  i n  b o t h  t r u e  c o r r o s i o n  f a t i g u e  a n d  s t r e s s  

c o r r o s i o n  f a t i g u e ,  b u t  w i t h  d i f f e r i n g  e f f e c t s  i n  t h e  l a t t e r  

[ 5 2 ] .  I n  a q u e o u s  e n v i r o n m e n t s  a n d  i n  h y d r o g e n - b e a r i n g  

e n v i r o n m e n t s ,  t h e  m e c h a n i s m  o f  e n v i r o n m e n t a l  e n h a n c e m e n t  o f  

c r a c k  g r o w t h  r a t e s  i s  s e e n  a s  t h e  r e s u l t  o f  h y d r o g e n

e m b r i t t l e m e n t .  B r i e f l y ,  a  r e a c t i o n  t a k e s  p l a c e  b e t w e e n  t h e  

s u r r o u n d i n g  m e d i u m  a n d  t h e  f r e s h l y  e x p o s e d  m e t a l  s u r f a c e  a t  

t h e  c r a c k  t i p ,  l e a d i n g  t o  t h e  a b s o r p t i o n  o f  a t o m i c  h y d r o g e n .  

T h e s e  h y d r o g e n  a t o m s  d i f f u s e  i n t o  t h e  m e t a l  t o  r e c o m b i n e  a t  

a  s u i t a b l e  s i t e  w i t h i n  t h e  p l a s t i c  z o n e  a n d  h e n c e  c a u s e

e m b r i t t l e m e n t  l o c a l i s e d  i n  t h e  c r a c k  t i p  r e g i o n .  T h e

p r o d u c t i o n  o f  h y d r o g e n  g a s  i n  s p e c i m e n s  i n  w h i c h  t h e  m e t a l  

s u r f a c e s  w e r e  n o t  c o m p l e t e l y  d r i e d  h a s  b e e n  r e p o r t e d  

p r e v i o u s l y  [ 1 8 7 ] ,  a n d  i n d i c a t e s  t h a t  a  h y d r o g e n  

e m b r i t t l e m e n t  m e c h a n i s m  m u s t  b e  c o n s i d e r e d  a  v a l i d  

p r o p o s i t i o n .

H o l d e r  [ 1 8 8 ]  a t t r i b u t e d  t h e  r e d u c t i o n  i n  f a t i g u e  c r a c k  

p r o p a g a t i o n  r a t e  i n  t h e  p r e s e n c e  o f  a  c o r r o s i v e  e n v i r o n m e n t  

t o  a d s o r p t i o n  o f  s a l t - w a t e r  m o l e c u l e s  o n  t h e  u l t r a - c l e a n  

s u r f a c e  o f  t h e  n e w l y  f o r m e d  s l i p - s t e p s .  T h i s  a d s o r p t i o n  

m o d e l  f o r  c o r r o s i o n  f a t i g u e  r e q u i r e s  a  s u r f a c e - a c t i v e  

s p e c i e s  o f  s o l u t i o n  w h i c h  b e c o m e s  a t t a c h e d  t o  a  m e t a l - m e t a l
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b o n d  a n d  r e d u c e s  t h e  t o t a l  e n e r g y  b a l a n c e  i n  t h e  s y s t e m  

[ 1 8 9 ] ,  a n d  i s  t h e r e f o r e  t h e r m o d y n a m i c a l l y  f a v o u r a b l e .  T h i s  

m a y  b e  t h e  s o u r c e  o f  t h e  e n e r g y  r e q u i r e d  t o  t r a n s p o r t  s a l t ­

w a t e r  m o l e c u l e s  a d s o r b e d  o n  t h e  n o t c h  s u r f a c e  t o w a r d s  t h e  

a c t i v e  c r a c k  f r o n t .

M u s u v a  [ 1 4 3 ] ,  w h o  c o n d u c t e d  t e s t s  o n  B S 4 3 6 0 - 5 0 D  s t e e l  

u n d e r  i d e n t i c a l  m e c h a n i c a l  a n d  e n v i r o n m e n t a l  c o n d i t i o n s  

u s i n g  C T  g e o m e t r y ,  d i d  n o t  o b s e r v e  a n y  e f f e c t s  o f  s t r e s s  

r a t i o .  H i s  r e s u l t s  c o m p a r e  w e l l  w i t h  t h e  p r e s e n t  r e s u l t s  a t  

A K  v a l u e s  b e l o w  2 0  M N / m  , H o w e v e r ,  t h e  p r e s e n t  r e s u l t s ,  

f o r  e x a m p l e  a t  R = 0 . 7 ,  p r e d i c t  a  c r a c k  g r o w t h  r a t e  t h r e e  

t i m e s  f a s t e r  t h a n  t h a t  w h i c h  h e  p r e d i c t e d .  T h i s  a c c e l e r a t i o n  

o f  t h e  c r a c k  g r o w t h  c a n  b e  a t t r i b u t e d  t o  t h e  t y p e s  o f  

s p e c i m e n  u s e d  u n d e r  d i f f e r e n t  l o a d i n g  c o n d i t i o n s  ( i . e . ,  

t e n s i o n  a n d  b e n d i n g ) . S u r f a c e  c r a c k s  i n  b e n d i n g  a p p e a r  t o  b e  

m o r e  s e n s i t i v e  t o  c o r r o s i o n - p r o d u c t  w e d g i n g  a n d  t h u s  a l l o w  a  

m o r e  m e a n i n g f u l  a s s e s s m e n t  o f  c o r r o s i o n  f a t i g u e .  H o w e v e r ,  

o n c e  a c c e l e r a t e d  s u r f a c e  c r a c k  g r o w t h  h a s  b e e n  i n i t i a t e d ,  

c r a c k  e x t e n s i o n  s e e m s  t o  b e  m o r e  r a p i d  t h a n  f o r  t h e  t h r o u g h ­

t h i c k n e s s  c r a c k s ,  a s  t h e  c o r r o s i o n  p r o d u c t s  c a n  b u i l d  u p  a  

h i g h e r  s t r e s s  i n t e n s i t y  a n d  c o n s e q u e n t l y  a  h i g h e r  e f f e c t i v e  

s t r e s s  i n t e n s i t y  f a c t o r  i n  t h e  s u r f a c e - n o t c h e d  s p e c i m e n s  i n  

b e n d i n g ,  a n d  h e n c e  g i v e  r i s e  t o  a  h i g h e r  g r o w t h  r a t e .

5 . 4 . 2  W e l d m e n t

tic T h e  r e l a t i o n s h i p  o f  c r a c k  g r o w t h  r a t e  t o  A K  f o r  a

s u r f a c e  n o t c h e d  w e l d  s p e c i m e n  i s  s h o w n  i n  F i g s .  5 . 1 3  a n d
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5 . 1 4  f o r  l o a d i n g  f r e q u e n c i e s  3 0 H z  a n d  0 . 2 5 H z .  I t  m a y  b e  

c l e a r l y  s e e n  t h a t ,  u n l i k e  t h e  c a s e  f o r  C T  g e o m e t r y ,  t h e  

f a t i g u e  c r a c k  p r o p a g a t i o n  r a t e  d i d  n o t  v a r y  s u b s t a n t i a l l y  

d e s p i t e  t h e  c h a n g e  i n  t h e  s t r e s s  r a t i o  f r o m  0 . 0 8  t o  0 . 7  a t  

3 0 H z . T h e s e  r e s u l t s  s u g g e s t  t h a t  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  i n  w e l d e d  j o i n t  s p e c i m e n s  a r e  l a r g e  e n o u g h  t o  p u l l  

t h e  c r a c k  f u l l y  o p e n  b u t  t o  i n d u c e  n o  e f f e c t s  o f  t e n s i l e  

m e a n  s t r e s s  o n  t h e  f a t i g u e  c r a c k  p r o p a g a t i o n  p r o p e r t i e s .

T h i s  i s  i n  a g r e e m e n t  w i t h  a n  i n v e s t i g a t i o n  c a r r i e d  o u t  

b y  M a d d o x  e t  a l  [ 3 3 ]  o n  t h e  e f f e c t  o f  s t r e s s  r a t i o  o n  

s t r u c t u r a l  s t e e l .  T h e y  s t u d i e d  t h e  c r a c k - c l o s u r e  p h e n o m e n o n  

b y  o b s e r v i n g  t h e  b e h a v i o u r  o f  s t r a i n  g a u g e s  f i x e d  a l o n g s i d e  

t h e  c r a c k  p a t h .  T h e y  f o u n d  t h a t  i t  w a s  n o t  q u i t e  t r u e  t o  

s u p p o s e  t h a t  c r a c k  c l o s u r e  o c c u r r e d  a t  z e r o  s t r e s s .  F o r  

s t e e l s  s t u d i e d  t h e y  o b s e r v e d  t h a t  c l o s u r e  a l w a y s  o c c u r r e d  

t o w a r d s  t h e  b o t t o m  o f  t h e  t e n s i l e  p a r t  o f  t h e  c y c l e ,  b u t  

w h i l e  t h e  a p p l i e d  s t r e s s  w a s  s t i l l  t e n s i l e .  B y  s t u d y i n g  t h e  

c l o s u r e  s t r e s s  t h e y  w e r e  a b l e  t o  p r o p o s e  a n  e f f e c t i v e  s t r e s s  

i n t e n s i t y  f a c t o r  r a n g e ,  ^ K e f f  / w h i c h  w a s  t h a t  p a r t  o f  t h e  

A K  r a n g e  o v e r  w h i c h  t h e  c r a c k  t i p  r e m a i n e d  o p e n .  H a r r i s o n  

[ 1 9 0 ]  r e l a t e d  t h i s  b e h a v i o u r  t o  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 ,  a n d  s u g g e s t e d  t h a t ,  i f  t h e  r e s i d u a l  s t r e s s  i s  a t  

y i e l d  i n  t e n s i o n ,  t h e r e  w i l l  b e  l i t t l e  e f f e c t  o f  a n  

e x t e r n a l l y  a p p l i e d  R - r a t i o  s i n c e  t h e  l o c a l  s t r e s s  r a t i o  w i l l  

b e  p o s i t i v e .  H o w e v e r ,  i f  t h e  l o c a l  s t r e s s  r a n g e  i s  l a r g e  

( i . e . ,  g r e a t e r  t h a n  y i e l d ) ,  t h e  l o c a l  s t r e s s  r a t i o  c o u l d  b e  

n e g a t i v e .  T h e r e f o r e ,  f o r  a  w e l d e d  s p e c i m e n ,  i f  t h e  a p p l i e d  

s t r e s s  r a n g e  i s  s m a l l ,  t h e  e f f e c t i v e  R - r a t i o  i s  p o s i t i v e ,
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b u t ,  i f  t h e  s t r e s s  r a n g e  i n c r e a s e s ,  t h e  e f f e c t i v e  R  w i l l  

d e c r e a s e  u n t i l ,  w h e n  t h e  s t r e s s  r a n g e  i s  e q u a l  t o  y i e l d ,  t h e  

e f f e c t i v e  R  w i l l  b e  z e r o .

O b s e r v a t i o n  o f  t h e  e f f e c t  o f  f r e q u e n c y  i n  t h e  p r e s e n t  

s t u d y  ( s e e  F i g .  5 . 1 5 )  c o n f i r m e d  t h e  g e n e r a l  t r e n d s  d i s c u s s e d  

a b o v e .  I n c r e a s i n g  f r e q u e n c y  f r o m  0 . 2 5 H z  t o  3 0 H z  c a u s e d  a  

r e d u c t i o n  i n  c r a c k  g r o w t h  r a t e s .

A s  m e n t i o n e d  i n  C h a p t e r  3 ,  b u t t - w e l d i n g  o f  p l a t e s  

u s u a l l y  c a u s e s  s o m e  a n g u l a r  d i s t o r t i o n .  T h e  r e a s o n s  f o r  t h i s  

a n g u l a r  d i s t o r t i o n  a r e  t h e s e :  t h e  f i r s t  r u n  o f  w e l d  c o o l s ,  

c o n t r a c t s ,  a n d  d r a w s  t h e  p l a t e s  t o g e t h e r ;  t h e  s e c o n d  r u n  h a s  

t h e  s a m e  s h r i n k a g e  e f f e c t ,  s i n c e  t h e  c o n t r a c t i o n  f o r c e s  a r e  

r e s i s t e d  b y  t h e  s o l i d i f i e d  f i r s t  r u n  w h i c h  a c t s  a s  a  f u l c r u m  

f o r  a n g u l a r  d i s t o r t i o n ?  h o w e v e r ,  s u b s e q u e n t  r u n s  i n c r e a s e  

t h i s  e f f e c t  a n d  a r e  o n l y  s l i g h t l y  i n f l u e n c e d  b y  t h e  

c o u n t e r a c t i o n  o f  t h e  c a p p i n g  w e l d i n g .

A l t h o u g h  t h e  u s e  o f  a  d o u b l e - V e e  p r e p a r a t i o n  i s  

r e c o m m e n d e d  [ 1 9 1 ]  i n  o r d e r  t o  b a l a n c e  t h e  s h r i n k a g e  s t r e s s e s  

a b o u t  t h e  n e u t r a l  a x i s  o f  t h e  s e c t i o n ,  w i t h  c o n s e q u e n t  

e l i m i n a t i o n  o f  a n g u l a r  d i s t o r t i o n ,  s o m e  a n g u l a r  d i s t o r t i o n  

w i l l  s t i l l  b e  p r e s e n t .  S u c h  a  j o i n t  p r e p a r a t i o n  w a s  u s e d  i n  

t h i s  s t u d y ,  b u t  i t  w a s  f o u n d  t h a t  m o s t  o f  t h e  p l a t e s  w e r e  

s t i l l  s l i g h t l y  d i s t o r t e d .  A n g u l a r  d i s t o r t i o n  s u g g e s t s  t h e  

e x i s t e n c e  o f  r e s i d u a l  b e n d i n g  s t r e s s e s .  G r i n d i n g  t o  m a k e  t h e
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s i d e s  o f  t h e  p l a t e  p a r a l l e l  w o u l d  r e l e a s e  s o m e  o f  t h e s e  

r e s i d u a l  b e n d i n g  s t r e s s e s .  I n  f a t i g u e  t e s t s  u n d e r  b e n d i n g  

l o a d s ,  t h e  r e m a i n i n g  r e s i d u a l  b e n d i n g  s t r e s s e s  a p p e a r  t o  

h a v e  a  c o n s i d e r a b l e  e f f e c t  o n  c r a c k  g r o w t h  r a t e s ,  d e p e n d i n g  

o n  t h e  s i d e  m e a s u r e d  ( s e e  F i g .  3 . 6 )  w h e r e  t h e  r e s i d u a l  

b e n d i n g  s t r e s s  i s  e i t h e r  i n  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  

b e n d i n g  s t r e s s  o r  i n  t h e  o p p o s i t e  d i r e c t i o n ,  r e f e r r e d  t o  

h e r e  a s  t h e  " t e n s i l e "  s i d e  a n d  t h e  " c o m p r e s s i v e "  s i d e ,  

r e s p e c t i v e l y .

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e s e  r e s i d u a l  

b e n d i n g  s t r e s s e s  o n  f a t i g u e  c r a c k  p r o p a g a t i o n ,  t e s t s  w e r e  

p e r f o r m e d  o n  s p e c i m e n s  w i t h .  t h e  n o t c h  l o c a t e d  o n  e i t h e r  t h e  

" c o m p r e s s i v e "  s i d e  o r  t h e  " t e n s i l e "  s i d e .  T h e  r e s u l t s  s h o w  

t h e  i m p o r t a n c e  o f  t h e s e  r e s i d u a l  b e n d i n g  s t r e s s e s  a n d  t h e i r  

e f f e c t  o n  t h e  f a t i g u e  c r a c k  g r o w t h  ( s e e  F i g .  5 . 1 6 ) .  F r o m  

t h e s e  r e s u l t s  i t  a p p e a r s  t h a t  w h e n  t h e  n o t c h  i s  p o s i t i o n e d  

o n  t h e  " c o m p r e s s i v e "  s i d e  t h e  r e s u l t a n t  b e n d i n g  s t r e s s  i s  

l e s s  t h a n  t h e  a p p l i e d  s t r e s s ,  a s  t h e  a p p l i e d  a n d  r e s i d u a l  

b e n d i n g  s t r e s s e s  a r e  i n  o p p o s i t e  d i r e c t i o n s .  I n  c o n t r a s t ,  

t h e  n o t c h  o n  t h e  " t e n s i l e "  s i d e  i n c r e a s e s  t h e  r e s u l t a n t  

b e n d i n g  s t r e s s  a t  t h e  c r a c k  t i p  s i n c e  b o t h  t h e  a p p l i e d  a n d  

t h e  r e s i d u a l  b e n d i n g  s t r e s s e s  a r e  i n  t h e  s a m e  d i r e c t i o n .  A n  

i n t e r e s t i n g  f e a t u r e  o f  f r a c t u r e  s u r f a c e s  o f  w e l d e d  s p e c i m e n s  

w i t h  t h e  n o t c h  l o c a t e d  o n  t h e  c o m p r e s s i v e  s i d e  w a s  t h e  

o b s e r v a t i o n  o f  a  " t u r n - b a c k  z o n e "  w h i c h  i s  s h o w n  i n  F i g .  

5 . 3 7 .  C u r s e  e t  a l  E 1 7 2 J  w h o  s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  

s h a p e  o f  t h e  s e m i - e l l i p t i c a l  s u r f a c e  c r a c k s  b y  t h e  h e a t ­

t i n t i n g  m e t h o d  a l s o  o b s e r v e d  t h e  t u r n - b a c k  z o n e .  T h e y
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a t t r i b u t e d  t h i s  e f f e c t  t o  t h e  r e s i d u a l  c o m p r e s s i v e  s t r e s s e s  

a t  t h e  s p e c i m e n ' s  f r e e  s u r f a c e .  T h e  s u r f a c e  c o m p r e s s i v e  

s t r e s s e s  a p p e a r  t o  k e e p  t h e  c r a c k  t i p  ( a t  t h e  f r e e  s u r f a c e )  

c l o s e d  d u r i n g  a  p a r t  o f  t h e  c y c l i c  l o a d i n g ,  t h e r e b y  r e d u c i n g  

t h e  c y c l i c  d a m a g e  f o r  a  g i v e n  a m o u n t  o f  r e m o t e  l o a d i n g .

B u r k  a n d  L a w r e n c e  [ 1 9 2 ]  o b s e r v e d  t h a t  s m a l l  j o i n t  

d i s t o r t i o n  r e s u l t i n g  f r o m  w e l d i n g  c a n  i n d u c e  s i g n i f i c a n t  

b e n d i n g  s t r e s s e s .  T h e y  c a l c u l a t e d  s u c h  s t r e s s e s  b y  p a r t i a l l y  

s t r a i g h t e n i n g  t h e  s p e c i m e n  u n d e r  l o a d ,  a n d  c o n c l u d e d  t h a t  

t h e  i n d u c e d  b e n d i n g  s t r e s s e s  d e p e n d  u p o n  Y o u n g ' s  m o d u l u s  a n d  

t h e  s i z e  o f  t h e  j o i n t  d i s t o r t i o n ,  a n d  s h o u l d  b e  t a k e n  i n t o  

a c c o u n t  i n  t h e  c a l c u l a t i o n  o f  t h e  f a t i g u e  c r a c k  p r o p a g a t i o n  

t i m e .

T o  e x t e n d  t h e  s a f e t y  m a r g i n  f o r  d e s i g n ,  a l l  t h e  r e s u l t s  

r e p o r t e d  h e r e  w e r e  o b t a i n e d  w i t h  t h e  i n i t i a l  n o t c h  

p o s i t i o n e d  o n  t h e  " t e n s i l e "  s i d e ,  w i t h  t h e  e x c e p t i o n  o f  

t h o s e  o b t a i n e d  i n  i n v e s t i g a t i n g  t h e  e f f e c t  o f  r e s i d u a l  

b e n d i n g  s t r e s s e s .  T h e r e f o r e ,  t h e  r e s u l t s  p r e s e n t e d  a r e  

s o m e w h a t  c o n s e r v a t i v e .

T h e  i n f e r i o r i t y  o f  t h e  f a t i g u e  p r o p e r t i e s  o f  w e l d e d  

j o i n t s  t o  t h o s e  o f  b a s e  m e t a l  h a s  b e e n  a t t r i b u t e d  t o  t h e  

t e n s i l e  r e s i d u a l  s t r e s s  o f  t h e  w e l d e d  j o i n t  u s e d  i n  a s -  

w e l d e d  c o n d i t i o n  [ 1 0 9 ] .  M a n y  i n v e s t i g a t o r s  [ e . g . ,  

1 0 9 , 1 9 3 , 1 9 4 ]  h a v e  m e a s u r e d  t h e  w e l d i n g  r e s i d u a l  s t r e s s e s
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p a r a l l e l  t o  t h e  l o n g i t u d i n a l  d i r e c t i o n  o f  w e l d i n g  u s i n g  a n  

X - r a y  t e c h n i q u e .  T h e y  f o u n d  t h a t  t h e  r e s i d u a l  s t r e s s  w a s  

t e n s i l e  n e a r  t h e  m i d d l e  b u t  c o m p r e s s i v e  n e a r  t h e  e d g e  o f  t h e  

t e s t - p i e c e .  T h i s  t r e n d  p e r s i s t e d  a f t e r  m a c h i n i n g  t h e  

s p e c i m e n .  O h t a  e t  a l  [ 1 0 9 ]  a l s o  m e a s u r e d  t h e  c r a c l  c l o s u r e  

a n d  o b s e r v e d  t h a t  t h e  c r a c k  w a s  f u l l y  o p e n e d  d u r i n g  t h e  

w h o l e  r a n g e  o f  l o a d i n g  i n  w e l d e d  s p e c i m e n s  a n d  s u g g e s t e d  

t h a t  t h e  e f f e c t i v e  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e ,  ^ K e f f # 

w a s  e q u a l  t o  t h e  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e ,  A K ,  i n  

w e l d e d  s p e c i m e n s ,  w h i l e  ^ e f f  w a s  s m a l l e r  t h a n  A K  j.n  t h e  

b a s e  m e t a l  s p e c i m e n s .  S i n c e  c r a c k  g r o w t h  r a t e s  d e p e n d  u p o n  

A K ^ ^ r a i s e d  t o  s o m e  p o w e r ,  t h e s e  c l o s u r e  r e s u l t s  e x p l a i n  w h y  

c r a c k  g r o w t h  r a t e s  i n  t h e  w e l d e d  j o i n t s  a r e  l a r g e r  t h a n  

t h o s e  i n  t h e  b a s e  m e t a l .  T h e  o b s e r v a t i o n  o f  c r a c k  c l o s u r e  

a l s o  c o n f i r m e d  t h e  s u g g e s t i o n  t h a t  t h e  s t r e s s  r a t i o  e f f e c t  

i n  t h e  b a s e  m e t a l  w i l l  d i m i n i s h  i n  w e l d e d  j o i n t s  a s  

d i s c u s s e d  e a r l i e r .

A  c o m p a r i s o n  o f  t h e  w e l d m e n t  r e s u l t s  w i t h  t h o s e  f o r  t h e  

p a r e n t  m e t a l  i n d i c a t e d  t h e  p r e s e n c e  o f  t e n s i l e  r e s i d u a l  

s t r e s s e s  a t  t h e  c r a c k  t i p  i n  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  

s t r e s s .  T h e s e  s t r e s s e s  w e r e  s u p e r i m p o s e d  o n  t h e  a p p l i e d  

s t r e s s  a n d  i n c r e a s e d  t h e  r e s u l t a n t  s t r e s s  a t  t h e  t i p  o f  t h e  

g r o w i n g  c r a c k  w h i c h  r e s u l t e d  i n  a n  i n c r e a s e  i n  t h e  r a t e  o f  

g r o w t h .

T o  c o n f i r m  t h e  a s s u m p t i o n  t h a t  t h e  t e n s i l e  r e s i d u a l  

w e l d i n g  s t r e s s e s  w e r e  t h e  m a i n  c a u s e  o f  f a t i g u e  c r a c k  g r o w t h
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c h a n g e  i n  t h e  w e l d  a s  c o m p a r e d  w i t h  t h e  b a s e  m e t a l ,  t h e  

c h a r a c t e r i s t i c s  o f  f a t i g u e  c r a c k  g r o w t h  i n  s t r e s s - r e l i e v e d  

w e l d s  w e r e  d e t e r m i n e d .  F r o m  t h e  e v a l u a t e d  e x p e r i m e n t a l  

r e s u l t s  i t  f o l l o w s  t h a t  i n  t h e  s t r e s s - r e l i e v e d  s p e c i m e n s  t h e  

r a t e  o f  f a t i g u e  c r a c k  g r o w t h  d e c r e a s e d  a n d  a p p r o a c h e d  t h e  

g r o w t h  r a t e s  o f  t h e  b a s e  m e t a l .  F u r t h e r  c o n f i r m a t i o n  o f  h i g h  

t e n s i l e  r e s i d u a l  s t r e s s  a n d / o r  t h e  c o m b i n e d  e f f e c t  o f  

r e s i d u a l  b e n d i n g  a n d  t e n s i l e  s t r e s s e s  i s  i n d i c a t e d  b y  t h e  

o b s e r v a t i o n  o f  l o c a l  y i e l d i n g  o n  t h e  s u r f a c e  o f  w e l d e d  j o i n t  

s p e c i m e n s  ( s e e  F i g s .  5 . 3 8  a n d  5 . 3 9 )  w h i c h  t o o k  p l a c e  a t  

a p p l i e d  s t r e s s e s  m u c h  l o w e r  t h a n  y i e l d  s t r e s s  ( a -,n o ~ ° * ^ a v  )• 

F u r t h e r m o r e ,  t o  e n s u r e  t h a t  t h e  l o c a l  y i e l d i n g  w a s  n o t  

c a u s e d  b y  o v e r l o a d i n g  b u t  w a s  i n d e e d  t h e  r e s u l t  o f  r e s i d u a l  

t e n s i l e  s t r e s s ,  a  w e l d  s p e c i m e n  w a s  p r e p a r e d  w i t h  t h e  n o t c h  

l o c a t e d  4 0 m m  a w a y  f r o m  t h e  w e l d  a x i s  a n d  o n  t h e  b a s e  p l a t e .  

F a t i g u e  t e s t s  w e r e  c a r r i e d  o u t  u n d e r  t h e  s a m e  l o a d i n g  

c o n d i t i o n s ,  a n d  i t  w a s  o b s e r v e d  t h a t  l o c a l  y i e l d i n g  o c c u r r e d  

a r o u n d  t h e  w e l d ,  a s  s h o w n  i n  F i g .  5 . 3 9 .

I n  t h e  p r e s e n t  i n v e s t i g a t i o n  a t t e m p t s  w e r e  m a d e  t o  

m e a s u r e  r e s i d u a l  s t r e s s e s ;  t h i s  p r o v e d  t o  b e  d i f f i c u l t ,  

h o w e v e r ,  t h e  o n l y  r e a s o n a b l e  c o n c l u s i o n  t h a t  c o u l d  b e  

r e a c h e d ,  b a s e d  o n  t h e  r e s u l t s  f r o m  s t r e s s - r e l i e v e d  w e l d  a n d  

f r o m  o b s e r v a t i o n  o f  l o c a l  y i e l d i n g ,  b e i n g  t h a t  t h e  r e s i d u a l  

s t r e s s e s  m a y  b e  o f  t h e  o r d e r  o f  m a g n i t u d e  o f  t h e  y i e l d  

s t r e s s .  N e v e r t h e l e s s ,  i t  w o u l d  b e  w o r t h w h i l e  m e a s u r i n g  s u c h  

s t r e s s e s  s i n c e  t h e  o b s e r v e d  d i f f e r e n c e s  i n  f a t i g u e  c r a c k  

p r o p a g a t i o n  r a t e  m i g h t  t h u s  b e  q u a n t i f i e d  m o r e  a c c u r a t e l y .
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C o m p a r i s o n  o f  t h e  r e s u l t s  o b t a i n e d  f o r  S N P  g e o m e t r y  

w i t h  t h o s e  f o r  w e l d e d  j o i n t  C T  s p e c i m e n s  d e m o n s t r a t e d  t h e  

f a c t  t h a t  t h e  r e s i d u a l  s t r e s s e s  a c t i n g  a t  t h e  c r a c k  t i p  h a v e  

d i f f e r e d ,  m o s t  p r o b a b l y  b y  g o i n g  i n  o p p o s i t e  d i r e c t i o n s ,  

t h e r e b y  r e s u l t i n g  i n  t h e  s u p e r i o r i t y  o f  t h e  f a t i g u e  c r a c k  

p r o p a g a t i o n  r a t e  o f  C T  g e o m e t r y  a n d  t h e  i n f e r i o r i t y  o f  S N P  

g e o m e t r y  t o  t h o s e  o f  t h e  b a s e  p l a t e .

T h e  i n t r o d u c t i o n  o f  a  s a l t - w a t e r  e n v i r o n m e n t  w a s  f o u n d  

t o  h a v e  a  s i g n i f i c a n t  e f f e c t  o n  f a t i g u e  c r a c k  p r o p a g a t i o n  

r a t e s  i n  w e l d e d  j o i n t s  i n  a  b e n d i n g  s t r e s s  f i e l d  f o r  

A K  v a l u e s  g r e a t e r  t h a n  8  M N / m  ; b e l o w  t h i s  A K  v a l u e  t h e  

c r a c k  g r o w t h  r a t e  i n  t h e  w e l d m e n t  a p p e a r s  t o  b e  t h e  s a m e  a s  

o r  l o w e r  t h a n  t h e  i n - a i r  d a t a .  A s  w i t h  t h e  r e s u l t s  i n  a i r  

t h e  s t r e s s  r a t i o  d o e s  n o t  h a v e  a  s i g n i f i c a n t  e f f e c t  i n  a  

s a l t - w a t e r  s o l u t i o n  b e c a u s e  o f  h i g h  t e n s i l e  r e s i d u a l  

s t r e s s e s .  H i g h e r  c r a c k  g r o w t h  r a t e s  i n  s a l t - w a t e r  h a v e  b e e n  

r e p o r t e d  b e f o r e  [ 1 9 5 ] ,  b u t  t h e r e  i s  e v i d e n c e  t h a t  a t  l o w  

s t r e s s  i n t e n s i t y  v a l u e s  ( i . e . ,  l o w  v a l u e s  o f  c r a c k  d e p t h ,  

l e n g t h  a n d  s t r e s s  r a n g e ) , c r a c k  g r o w t h  r a t e s  i n  a i r  a n d  

s a l t - w a t e r  d o  n o t  d i f f e r  s u b s t a n t i a l l y  [ 1 9 6 ] .  A s  l o w  s t r e s s  

i n t e n s i t i e s  a c c o u n t  f o r  t h e  m a j o r  p a r t  o f  f a t i g u e  l i f e ,  

t h e r e  i s  o n l y  a  n e g l i g i b l e  i n f l u e n c e  f r o m  t h e  s a l t - w a t e r  

e n v i r o n m e n t  a n d  t h i s  w a s  c o n f i r m e d  i n  [ 1 9 7 ] .

T h e  e f f e c t  o f  a s a l t - w a t e r  e n v i r o n m e n t  o n  c r a c k  g r o w t h

r a t e s  i n c r e a s e s  s l i g h t l y  w i t h  i n c r e a s i n g  s t r e s s  r a t i o .  A t
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R = 0 . 0 8  t h e  e n v i r o n m e n t a l  a c c e l e r a t i o n  o f  c r a c k  g r o w t h  i n  t h e  

w e l d m e n t  i s  a b o u t  t h e  s a m e  a s  f o r  t h e  i n - a i r  d a t a .  H o w e v e r ,  

a t  t h e  h i g h e s t  s t r e s s  r a t i o  o f  0 . 7 ,  t h e  c r a c k  i n  a  s a l t ­

w a t e r  e n v i r o n m e n t  g r e w  f a s t e r  t h a n  i n  a i r .  T h i s  e f f e c t  w a s  

a l s o  o b s e r v e d  b y  V o s i k o v s k y  [ 1 9 8 ] ,  w h o  t e s t e d  H Y 1 3 0  s t e e l  

w e l d m e n t s  i n  a i r  a n d  3 . 5 %  N a C l  s o l u t i o n .

5 . 4 . 3  H A Z

A s  i n d i c a t e d  e a r l i e r ,  c r a c k  g r o w t h  r a t e s  a r e  h i g h e r  i n  

t h e  H A Z  t h a n  i n  t h e  p a r e n t  m e t a l .  F o r  e x a m p l e ,  a t  A K  = 2 0  

M N / m ^ / ^ ,  t h e  g r o w t h  r a t e s  i n  H A Z  a r e  3  t i m e s  h i g h e r  t h a n  t h e  

c o r r e s p o n d i n g  v a l u e s  i n  t h e  b a s e  m a t e r i a l .  T h i s  t r e n d  h o l d s  

t r u e  f o r  t e s t s  a t  3 0 H z ,  a  f a c t  w h i c h  d i r e c t s  o u r  a t t e n t i o n  

i m m e d i a t e l y  t o  t w o  v a r i a b l e s  a s  p o s s i b l y  h a v i n g  a  c r i t i c a l  

e f f e c t  o n  g r o w t h  r a t e s  i n  H A Z ,  n a m e l y ,  r e s i d u a l  s t r e s s  a n d  

m i c r o s t r u c t u r e ,  a s  d i s c u s s e d  b e l o w .

T h e  r e s i d u a l  t e n s i l e  s t r e s s e s  a p p e a r  t o  i n t e r a c t  w i t h  

t h e  a p p l i e d  o p e n i n g  l o a d s ,  r e s u l t i n g  i n  a  c o n s i d e r a b l y  

h i g h e r  v a l u e  f o r  t h e  c r i t i c a l  c r a c k  t i p  s t r e s s  i n t e n s i t y .  

F a t i g u e  c r a c k s  i n  H A Z  s t a r t e d  f r o m  t h e  m a c h i n e d  n o t c h  a t  a n  

a n g l e  o f  b e t w e e n  2 °  a n d  5 °  f r o m  t h e  p l a n e  o f  s y m m e t r y  a w a y  

f r o m  t h e  w e l d .  T h i s  d e v i a t i o n  a p p e a r s  t o  b e  c a u s e d  b y  n o n -  

s y m m e t r i c  r e s i d u a l  f o r c e s  o n  b o t h  s i d e s  o f  t h e  c r a c k  p l a n e  

a n d  a  n o n - s y m m e t r i c  p l a s t i c  z o n e  a t  t h e  c r a c k  t i p  w h i c h  a r e  

c a u s e d  b y  t h e  d i f f e r e n t  f l o w  s t r e n g t h s  o f  t h e  w e l d  m e t a l  a n d  

t h e  b a s e  m a t e r i a l .  A s  t h e  c r a c k  a d v a n c e s ,  t h e  c r a c k  t i p  

a p p e a r s  t o  d e v i a t e  t o w a r d s  t h e  s o f t e r  r e g i o n s .  T h i s  r e s u l t s
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i n  a  g r e a t e r  r a t e  o f  g r o w t h  a n d  a  c o r r e s p o n d i n g  l a r g e r  

p l a s t i c  z o n e  [ 1 0 4 ] .  J u s t  h o w  m u c h  o f  t h e  d e v i a t i o n  e f f e c t  

c a n  b e  a t t r i b u t e d  t o  t h e  v a r i a t i o n  o f  f l o w  s t r e s s  a n d  h o w  

m u c h  t o  t h e  r e s i d u a l  s t r e s s e s  c l e a r l y  n e e d s  f u r t h e r  

r e s e a r c h .

T h e  p o s s i b l e  d e l e t e r i o u s  e f f e c t  o f  m i c r o s t r u c t u r a l  

c h a n g e s  d u r i n g  t h e  w e l d i n g  p r o c e s s  i s  h i g h l i g h t e d  b y  t h e  

e x t r e m e  s u s c e p t i b i l i t y  o f  t h e  h a r d  H A Z  s t r u c t u r e  d e v e l o p e d  

i n  t h e  s t e e l  i n v e s t i g a t e d .  I t  h a s  b e e n  s u g g e s t e d  t h a t  a  v e r y  

s m a l l  h e a t  i n p u t ,  s u c h  a s  i f  t h e  w e l d  b e a d  w e r e  s m a l l ,  o r  i n  

t h i c k  p l a t e s  ( i . e . ,  t h e  b u l k  o f  c o l d  m a t e r i a l  s u r r o u n d i n g  

t h e  w e l d  w o u l d  h a v e  a  h i g h e r  c o o l i n g  r a t e ) ,  w i l l  r e s u l t  i n  a  

v e r y  h a r d  H A Z  a n d  a  b r i t t l e  m i c r o s t r u c t u r e  [ 1 9 9 ] .  H o w e v e r ,  

i t  s h o u l d  b e  b o r n e  i n  m i n d  t h a t  s u c h  u n f a v o u r a b l e  w e l d i n g  

c o n d i t i o n s  c a n  h a r d l y  b e  a v o i d e d  i n  p r a c t i c e  w h e n  

f a b r i c a t i n g  l a r g e  w e l d e d  s t r u c t u r e s .

T h e  d o m i n a n t  r o l e  o f  m i c r o s t r u c t u r e  i n  d e t e r m i n i n g  t h e  

m e c h a n i s m  b y  w h i c h  f a t i g u e  c r a c k s  p r o p a g a t e  i n  H A Z  a n d  t h e  

a s s o c i a t e d  m a t e r i a l  i s  c l e a r l y  i n d i c a t e d  i n  t h e  r e s u l t s  

g i v e n  i n  F i g .  5 . 2 2 .  T h e  h a r d n e s s  o f  H A Z  i s  a t t r i b u t e d  t o  t h e  

p r e s e n c e  o f  l a r g e  g r a i n s  c o n t a i n i n g  m a r t e n s i t e .  T h i s  i s  t h e  

h a r d e s t  c o n s t i t u e n t  f o u n d  i n  s t e e l  a n d  i t s  p r e s e n c e  a c c o u n t s  

f o r  t h e  h i g h  h a r d n e s s  r e c o r d e d .  I t s  f o r m a t i o n  i s  d u e  t o  t h e  

r a p i d  f a l l  i n  t e m p e r a t u r e  o f  w e l d e d  p l a t e  d u r i n g  c o o l i n g .

T h e  f r a c t u r e  s u r f a c e s  o f  H A Z  s p e c i m e n s  w e r e  g e n e r a l l y  

r o u g h e r  a n d  w e r e  c r y s t a l l i n e  i n  a p p e a r a n c e .
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S o m e  a u t h o r s  [ 2 0 0 ]  s u g g e s t  t h a t  t h e  f a t i g u e  c r a c k  

g r o w t h  r a t e s  i n  H A Z  a r e  i n d e p e n d e n t  o f  m i c r o s t r u c t u r e  a n d  

a r e  o n l y  i n f l u e n c e d  b y  t h e  r e s i d u a l  s t r e s s e s .  H o w e v e r ,  t h e  

f r a c t o g r a p h y  o f  t h e  f a i l e d  H A Z  s p e c i m e n s  r e v e a l e d  r e g i o n s  o f  

i n t e r g r a n u l a r  a n d  t r a n g r s a n u l a r  f r a c t u r e  ( s e e  F i g s .  5 . 4 0  a n d  

5 . 4 1 ) .  F a t i g u e  c r a c k s  p r o p a g a t e  m o r e  r a p i d l y  a n d  o v e r  l a r g e  

d i s t a n c e s  m a i n l y  b e c a u s e  o f  t h e  i n t e r g r a n u l a r  f r a c t u r e  

m e c h a n i s m  a c t i n g  o n  l a r g e  g r a i n s .  H e n c e ,  i t  a p p e a r s  t h a t  t h e  

a v e r a g e  r a t e  o f  f a t i g u e  c r a c k  g r o w t h  u n d e r  a  m i x e d  

i n t e r g r a n u l a r  a n d  t r a n s g r a n u l a r  f r a c t u r e  m e c h a n i s m  w i l l  b e  

h i g h e r  t h a n  f o r  a  c r a c k  w h i c h  p r o p a g a t e s  t h r o u g h  t h e  

t r a n s g r a n u l a r  m e c h a n i s m  a l o n e .  T h i s  w a s  a l s o  o b s e r v e d  b y  

M a d d o x  [ 2 0 1 ]  w h o  s t u d i e d  c r a c k  g r o w t h  b e h a v i o u r  o f  H A Z  i n  

B S 9 6 8  s t e e l .  H e  f o u n d  t h a t  t h e  r a t e  o f  c r a c k  p r o p a g a t i o n  w a s  

r e d u c e d  b y  t h e r m a l l y  s t r e s s - r e l i e v i n g  t h e  H A Z .  T h e  

f r a c t o g r a p h y  o f  f r a c t u r e  s p e c i m e n s  s h o w e d  s o m e  a r e a s  o f  

i n t e r g r a n u l a r  f r a c t u r e  b u t  t h e  p r o p o r t i o n  o f  i n t e r g r a n u l a r  

f r a c t u r e  w a s  m u c h  l e s s  t h a n  t h a t  o b s e r v e d  i n  t h e  a s - r e c e i v e d  

s p e c i m e n s .  H e  a t t r i b u t e d  t h e  l o w e r  g r o w t h  r a t e  o f  t h e  c r a c k  

p r o p a g a t i o n  o b t a i n e d  f r o m  s t r e s s - r e l i e v e d  s p e c i m e n s  t o  t h e  

l o w e r  i n c i d e n c e  o f  i n t e r g r a n u l a r  f r a c t u r e .  T h i s  w a s  t h e  c a s e  

i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  w h i c h  i n d i c a t e s  t h a t  t h e  

v a r i a t i o n  i n  m i c r o s t r u c t u r e  a t  a  w e l d  s h o u l d  b e  t a k e n  i n t o  

a c c o u n t  a s  w e l l  a s  t h e  r e s i d u a l  s t r e s s e s  w h e n  a n a l y s i n g  

f a t i g u e  i n  w e l d e d  s t r u c t u r e s .

A l t h o u g h  a  l i m i t e d  a m o u n t  o f  w o r k  h a s  b e e n  c a r r i e d  o u t
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a n d  t h e  c o n c l u s i o n s  a r e  s o m e w h a t  t e n t a t i v e ,  t h e  e v i d e n c e  

d o e s  p o i n t  t o  t h e  f a c t  t h a t  f a t i g u e  s a f e t y  i n  w e l d e d  j o i n t s  

d e p e n d s  o n  t h e  H A Z  h a v i n g  a  s i m i l a r  h a r d n e s s  t o  t h a t  o f  t h e  

b a s e  m e t a l .  T h e r e f o r e ,  p r e - h e a t i n g  p r e c a u t i o n s  s h o u l d  b e  

t a k e n  w h e r e  p o s s i b l e ,  b e f o r e  w e l d i n g  s u c h  m a t e r i a l s ,  t o  

a v o i d  h a r d e n e d  H A Z .

D u e  t o  t h e  d i f f i c u l t y  i n  d e t e r m i n i n g  t h e  e x a c t  r e s i d u a l  

s t r e s s  d i s t r i b u t i o n  i n  a  s t r u c t u r e ,  a n d  a l s o  d u e  t o  t h e  

i n h e r e n t  v a r i a b i l i t y  o f  s u c h  s t r e s s e s  i n  e v e n  s t r i c t l y  

c o n t r o l l e d  w e l d i n g  p r o c e s s e s ,  i t  s e e m s  r e a s o n a b l e  t o  u s e  t h e  

u p p e r  b o u n d  o f  t h e  s c a t t e r  b a n d  f o r  t h e  w e l d m e n t  a s  a  

c o n s e r v a t i v e  e s t i m a t e  f o r  t h e  f a t i g u e  c r a c k  g r o w t h  r a t e  i n  

r e g i m e  I I  o f  H A Z .  T h i s  i s  g i v e n  b y

da
d N

1 . 3 5  x  1 0 ~ 8 ( A K ) 4 , 2 . ( 5 . 1 5 )

5 . 5  C O N C L U S I O N S

1 )  T h e  s t r e s s  i n t e n s i t y  f a c t o r  s o l u t i o n  u s e d  f o r  s u r f a c e  

c r a c k s  i n  2 4 m m - t h i c k  s p e c i m e n s  g a v e  a  g o o d  c o r r e l a t i o n  w i t h  

t h e  r e s u l t s  o b t a i n e d  f o r  s p e c i m e n s  o f  t h e  s a m e  t h i c k n e s s  

c o n t a i n i n g  t h r o u g h - t h i c k n e s s  c r a c k s  i n  t h e  p a r e n t  m e t a l .  

H o w e v e r ,  a t  l o w  v a l u e s  o f  A K  t h e r e  w a s  a  m a r k e d  d i f f e r e n c e  

b e t w e e n  t h e  r e s u l t s ,  w h i c h  w a s  p r o b a b l y  d u e  t o  t h e  f a i l u r e  

o f  t h e  c o r r e c t i o n  f a c t o r  a t  l o w  v a l u e s  o f  A K  a n d / o r  

u n d e r e s t i m a t i o n  o f  p l a s t i c  z o n e  s i z e  d u e  t o  t h e  c o m p l e x i t y
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o f  p l a s t i c  z o n e  e f f e c t s  o n  s u r f a c e  c r a c k s .

2 )  F o r  t h e  p a r e n t  p l a t e ,  c r a c k  g r o w t h  b o t h  a t  t h e  s u r f a c e

a n d  i n  t h e  t h r o u g h - t h i c k n e s s  d i r e c t i o n  g e n e r a l l y  i n c r e a s e d  

w i t h  s t r e s s  r a t i o ,  t h i s  e f f e c t  b e i n g  m o s t  s i g n i f i c a n t  a t  l o w  

g r o w t h  r a t e s ,  c a n  b e  e x p l a i n e d  i n  t e r m s  o f  c r a c k

c l o s u r e .  T h e  c o m p a r i s o n  o f  g r o w t h  r a t e s  f o r  s u r f a c e  c r a c k s  

a n d  t h r o u g h - t h i c k n e s s  c r a c k s  i n d i c a t e d  t h a t  t h e  s u r f a c e  

c r a c k s  a r e  m o r e  s e n s i t i v e  t o  s t r e s s  r a t i o  i n  r e g i m e  I I  t h a n  

t h r o u g h - c r a c k s .

3 )  T h e  e f f e c t  o f  f r e q u e n c y  i n  t h e  2 4 m m - t h i c k  B S 4 3 6 0 - 5 0 D  

s t e e l  w a s  t h e  s a m e  a s  o b s e r v e d  i n  t h e  C T  g e o m e t r y  t e s t e d ,  

t h a t  i s ,  d e c r e a s i n g  f r e q u e n c y  r e s u l t s  i n  i n c r e a s e d  g r o w t h  

r a t e s .  H o w e v e r ,  c o m p a r i n g  t h e  r e s u l t s  o b t a i n e d  f o r  d i f f e r e n t  

f r e q u e n c i e s ,  i t  a p p e a r s  t h a t  f r e q u e n c y  h a s  n o  e f f e c t  a t  l o w  

v a l u e s  o f  A k  a n d  t h r e s h o l d s .

4 )  A  c o m p a r i s o n  o f  p r e s e n t  r e s u l t s  w i t h  t h o s e  o b t a i n e d  b y  

o t h e r  i n v e s t i g a t o r s  [ 1 7 5 ]  o n  t h e  s a m e  m a t e r i a l  s h o w e d  a  g o o d  

a g r e e m e n t  a t  l o w  s t r e s s  r a t i o ( i . e . ,  R = 0 . 0 8 ) ;  h o w e v e r ,  a t  

h i g h  s t r e s s  r a t i o  o f  0 . 7  t h e  p r e s e n t  r e s u l t s  p r e d i c t  h i g h e r  

g r o w t h  r a t e s .

5 )  A  s a l t - w a t e r  s o l u t i o n  ( 3 . 5 %  N a C l )  e n h a n c e d  f a t i g u e  c r a c k

3 / 2
g r o w t h  r a t e s  f o r  A K  v a l u e s  a b o v e  1 8  M N / m  a t  R = 0 . 0 8  a n d  1 5  

3 / 2
M N / m  a t  R = 0 . 7 .  C o r r o s i o n  f a t i g u e  c r a c k  g r o w t h  r a t e s

i n c r e a s e  w i t h  s t r e s s  r a t i o .  H o w e v e r ,  f r o m  e x t r a p o l a t i n g

c o r r o s i o n  f a t i g u e  c u r v e s  i t  a p p e a r s  t h a t  f o r  e a r l y  s t a g e s  o f

- 5
c r a c k  p r o p a g a t i o n  i n  a  s a l t - w a t e r  e n v i r o n m e n t  ( < 1 0
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m m / c y c l e )  t h e  g r o w t h  r a t e s  a r e  l o w e r  t h a n  i n  a i r .

6 ) F o r  b u t t - w e l d e d  s p e c i m e n s  t h e  s u r f a c e  c r a c k  g r o w t h  w a s  

f a s t e r  t h a n  i n  t h e  p a r e n t  m a t e r i a l  d u e  t o  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 .  T h i s  w a s  c o n f i r m e d  b y  o b s e r v a t i o n  o f  

l o c a l  y i e l d i n g  w h i c h  t o o k  p l a c e  o n  t h e  s u r f a c e  o f  w e l d e d  

s p e c i m e n s ,  s u g g e s t i n g  t h e  p r e s e n c e  o f  t e n s i l e  r e s i d u a l  

s t r e s s e s .  M o r e o v e r  s t r e s s - r e l i e v e d  s p e c i m e n s  s h o w e d  b e t t e r  

f a t i g u e  p r o p e r t i e s ,  a n d  t h e i r  s u r f a c e  c r a c k  g r o w t h  r a t e s  

w e r e  c o m p a r a b l e  t o  t h o s e  o f  p a r e n t  m a t e r i a l  f o r  a  g i v e n  

v a l u e  o f  A K  .

7 )  T h e  c r a c k  g r o w t h  r a t e  d a t a  o b t a i n e d  f o r  p a r t - t h r o u g h  

c r a c k s  i n  b u t t - w e l d e d  j o i n t s  d i d  n o t  c o r r e s p o n d  t o  t h e  

r e s u l t s  o b t a i n e d  f r o m  C T  g e o m e t r y .  T h e y  s h o w e d  m u c h  h i g h e r  

g r o w t h  r a t e s  w h e n  c o m p a r e d  t o  t h e  l a t t e r .  T h i s  i n d i c a t e s  

t h a t  t h e  r e s u l t a n t s  o f  r e s i d u a l  s t r e s s e s  a c t i n g  o n  t h e  c r a c k  

t i p  w e r e  i n  o p p o s i t e  d i r e c t i o n s .  I t  i s  t h e r e f o r e  t h e  c a s e  

t h a t  t h e  i n f e r i o r i t y  o f  t h e  p r o p e r t i e s  o f  b u t t - w e l d e d  j o i n t s  

u s e d  i n  t h e  i n v e s t i g a t i o n  m u s t  b e  d u e  t o  t e n s i l e  r e s i d u a l  

s t r e s s e s  w i t h i n  t h e  w e l d e d  j o i n t  s p e c i m e n  u s e d  i n  a s -  

r e c e i v e d  c o n d i t i o n .

8 ) T o  o b t a i n  c o n s i s t e n t  d a t a  f r o m  f a t i g u e  t e s t s  o n  

l a b o r a t o r y  s u r f a c e - n o t c h e d  b u t t - w e l d e d  s p e c i m e n s  u n d e r  

b e n d i n g  l o a d s ,  i t  i s  i m p o r t a n t  t o  u s e  t h e  s a m e  n o t c h  

o r i e n t a t i o n  f o r  a l l  s p e c i m e n s ,  a s  t h e r e  e x i s t  b e n d i n g  

r e s i d u a l  s t r e s s e s  w h i c h  a r e  a d d e d  t o  t h e  a p p l i e d  b e n d i n g  

s t r e s s  ( i . e . ,  i n c r e a s i n g  t h e  e f f e c t i v e  s t r e s s  i n t e n s i t y  a t  

t h e  c r a c k  t i p )  o n  o n e  s u r f a c e  o f  t h e  s p e c i m e n , a n d
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c o u n t e r a c t  t h e  a p p l i e d  s t r e s s  i f  t h e  n o t c h  i s  l o c a t e d  o n  t h e  

o t h e r  s u r f a c e  o f  t h e  s p e c i m e n .

9 )  E n h a n c e m e n t  o f  c r a c k  g r o w t h  r a t e s  b e c a u s e  o f  s a l t - w a t e r

e n v i r o n m e n t  i n  w e l d e d  j o i n t  s p e c i m e n s  a p p e a r s  t o  o c c u r  a t

3 / 2
A K  v a l u e s  a b o v e  7  M N / m  , b e l o w  w h i c h  t h e  g r o w t h  r a t e s

s e e m  t o  b e  l o w e r  i n  s a l t - w a t e r  t h a n  i n  a i r .  T h e  s a m e

b e h a v i o u r  w a s  o b s e r v e d  f o r  s t r e s s - r e l i e v e d  s p e c i m e n s  i n  s a l t

s o l u t i o n ,  b u t  t h e  c r o s s - o v e r  f r o m  l o w e r  t o  h i g h e r  g r o w t h

3 / 2
r a t e s  o c c u r s  a t  A K  v a l u e s  o f  a p p r o x i m a t e l y  1 0  M N / m

1 0 )  T h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  c r a c k  g r o w t h  r a t e  

d a t a  o b t a i n e d  f o r  S N P  g e o m e t r y  f o r  t h e  w e l d  m e t a l  a n d  H A Z  a t  

3 0 H z . A t  c y c l i c  l o a d i n g  o f  0 . 2 5 H z ,  h o w e v e r ,  t h e  c r a c k  g r o w t h  

r a t e s  i n  H A Z  s e e m  t o  b e  l o w e r  t h a n  i n  t h e  w e l d  m e t a l .  I n  

g e n e r a l ,  c r a c k  g r o w t h  r a t e s  i n  H A Z  a r e  h i g h e r  t h a n  t h o s e  i n  

b a s e  m e t a l  a t  h i g h  f r e q u e n c y .  H o w e v e r ,  a t  l o w  f r e q u e n c y  

( 0 . 2 5 H z ) a n d  l o w  A K  v a l u e s  ( < 9  M N / m ^ ^  a t  R = 0 . 0 8  a n d  < 4 . 5  

M N / m  ' a t  R = 0 . 7 ) ,  t h e  c r a c k  g r o w t h  r a t e s  i n  H A Z  a p p r o a c h  

t h o s e  i n  t h e  b a s e  m a t e r i a l .

1 1 )  T h e  h i g h e r  c r a c k  g r o w t h  r a t e s  i n  H A Z  a s  c o m p a r e d  w i t h  

t h e  b a s e  m e t a l  a r e  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f / t e n s i l e  

r e s i d u a l  s t r e s s e s  a n d  t h e  m i c r o s t r u c t u r e  o f  H A Z .  T h e  

h a r d n e s s  t e s t  s h o w e d  t h e  p r e s e n c e  o f  v e r y  h a r d  H A Z ,  w h i c h  i s  

a s s o c i a t e d  w i t h  l a r g e  g r a i n s  c o n t a i n i n g  m a r t e n s i t e .  

F r a c t o g r a p h y  o f  t h e  f a i l e d  H A Z  s p e c i m e n s  r e v e a l e d  r e g i o n s  o f  

b o t h  i n t e r g r a n u l a r  a n d  t r a n s g r a n u l a r  f r a c t u r e .
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o f  b u t t - w e l d e d  j o i n t s  u s i n g  S N P  g e o m e t r y  in air.
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air and in salt water.
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Figure 5.27 Effect of salt solution on 'stress-relieved' 
weld using SNP geometry.
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of weldments using SNP in salt solution.
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U s  O ' 7

weldments in air and salt water environments using 
SNP geometry.
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S N P  g e o m e t r y  i n  a i r .
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S N P  g e o m e t r y  i n  a i r .
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Figure 5.32 Effect of frequency on HAZ using 
SNP geometry in air.
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weldment and parent metal using SNP geometry 
in air.
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F i g u r e  5 . 3 6  C o m p a r i s o n  o f  t h e  r e s u l t s  o b t a i n e d  f o r  H A Z ,
w e l d m e n t  a n d  p a r e n t  m e t a l  u s i n g  S N P  g e o m e t r y
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Cross-section of failed butt-welded 
specimen (mating halves) with notch 
located on compressive side showing 
"turn-back zone".
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Figure 5.37
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Figure 5.38 Local yielding 
specimens as a 
tensile stress

on the surface 
result of high

of welded 
residual

Figure 5.39 Local yielding around the weld in a specimen 
with the notch away from the weld
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Figure 5.40 SEM photograph of HAZ illustrating 
intergranular fracture

Figure 5.41 HAZ fracture surfaces showing
transgranular fracture mechanism
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CHAPTER 6

COMPUTER SIMULATION OF SURFACE CRACK PROPAGATION

6,1 INTRODUCTION

Surface notches and flaws in welded structures have 

long been recognised as major sources of potential failure. 

The subcritical or stable flaw growth stage usually involves 

complex geometric shapes and varying stress intensity levels 

along the flaw border, resulting in a very complex class of 

three-dimensional cracked body problems. However, progress 

in numerical methods of analysis and improved computer 

storage capacities are resulting in more powerful 

approximate methods.

In predicting crack growth, the linear elastic fracture 

mechanics approach is usually adopted. This approach is 

especially convenient if the stress intensity factor 

distribution along the surface crack perimeter has been 

established. As discussed in detail in Chapter 3, the 

solutions obtained for the stress intensity factor for a 

surface crack by different investigators disagree with each 

other, in some cases considerably. Therefore it can be 

concluded that a correct prediction of the growth of surface 

cracks depends on an exact calibration of stress intensity 

as well as on the uniformity of the material resistance to 

cracking. If crack growth is estimated under these 

conditions, the results are more likely to agree with 

experimentally observed crack development.
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Surface cracks are known to change shape as they grow, 

under certain conditions. Thus it is desirable to be able to 

predict the changes of shape, as related to flaw shape, 

width and thickness, in order to determine if fracture will 

occur either as a part-through crack or as a through crack.

Analysing the fatigue data obtained during this 

investigation for surface cracks, it was shown that the 

stress intensity calibration (Equations (3.12) and (3.13)) 

correlated well with the results obtained for CT geometry. 

This foundation gives confidence in predicting the growth of 

surface cracks.

6.2 FATIGUE CRACK GROWTH MODEL

Paris [8] first proposed a fatigue crack propagation 

law as:-

|| = C (AK)m  . (2.12)

Subsequent investigators [32-36] have modified Equation

(2.12) to take account of a variety of factors including 

stress ratio, crack closure, threshold stress intensity and 

the critical stress intensity of fracture. One of these 

modifications, proposed by Branco et al [32], is given by:-

da
dN A 6 a r ( 6 . 1 )
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(1-R2) (AK2 -  AK AKt h )
<f> = ----------------------------

2 2 2 . (1-R) -  AK , ( 6 . 2 )

where A and a are constants.

Equation (6.1) is used in the present investigation to
predict crack growth and propagation life. This is achieved
by a computer program that numerically integrates the
equation cycle by cycle to obtain the crack increment and
hence the crack length. The constants used in Equations
(6.1) and (6.2), A, a, and AK , , were determinedth'
empirically from the results of the fatigue tests on the 
base metal and weldment described in the previous chapter; 
Kic- for base metal is given by Radon [202] but was estimated 
for the weldment. It was assumed that the threshold values 
of stress intensity for 0.25Hz and 30Hz are the same.

As discussed in Chapter 5 there was a slight difference 
in the slope of the growth rate curves for the crack at the 
free surface and at the deepest point of the crack front, 
probably due to different states of deformation (i.e., plane 
stress and plane strain), resulting in slight differences in 
A and a. Equation (6.1), which was used to obtain the new 
crack shape and size at the (i+l)th increment of 
ANi cycles crack growth, was expressed in the form of:-
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( 6 . 3 )

f ( 6 . 4 )

Ni+1 N. + AN.
( 6 . 5 )l l

where subscripts a and c denote fatigue crack properties 
through the thickness and at the free surface, respectively.

The use of Equation (6.1) implies a relationship

intensity factor, ^Kth • to fracture.

6.3 PREDICTION OF SURFACE CRACK GROWTH UNDER BENDING 
LOADS IN STEEL AND WELD METAL

Computer runs were made in which the crack growth rates 
for a given applied stress, plate geometry and initial crack 
configuration were simulated by allowing the crack to grow 
for between 100,000 and 200,000 cycles.

Figs. 6.1 to 6.4 compare experimentally determined 
relationships between c and a with the results obtained from 
computer simulation for both steel and the weldment.

between log(da/dN) and log(AK)from a threshold stress

Predicted values of a and c were obtained from the numerical 
integration of Equation (6.1), and an applied bending stress
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of approximately 0.4a was applied to both steel and the 

weldment. The second order equations obtained in order to 

relate predicted a and c for different testing conditions 

are as follows:-

For BS4360-50D steel,

a = - 6.79 + 0.87c - 0.90 X 10“2c2 ,(6.6) at 00O•

oIIC4

a = - 7.66 + 0.92c - 0.93 X lO-l-c2 ,(6.7) R=0.7 j f = 30Hz

a = - 5.79 + 0.79c - 0.81 X 10"2c2 , (6.8) at R=0.08|
a = - 6.95 + 0.87c - 0.89 X 10“2c2 .(6.9) R=0.7 j f—0.25Hz

For the weld metal,

a = - 5.48 + 
a = - 5.76 +

a = — 6.69 + 
a = - 5.99 +

0.85c - 0.93 
0.89c - 0.96

0.96c - 0.12 
0.88c - 0.99

x 10” 2c 2 f (5

x 10” 2c 2 f ( g

x  10“ 1c 2 ,(6
x 10“ 2c 2 .(6

10) at R=0.08
11) R=0.7

12) at R=0.08
13) R=0.7

f~;30Hz

f =0.25Hz

The correlation coefficient between the above equations and
the experimental a and c is in excess of 0.98
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The predicted crack propagation contours are presented
in Figs . 6.5 and 6.6 for the base plate and weldment,
respect ively. As can be seen in these figures, for the
initial crack conf iguration used the crack growth rate
appears to increase from the surface to the centre of the
crack.

To investigate the behaviour of the crack when it 
penetrates across the width of the plate, the problem was 
treated as a single-edge cracked bend specimen using the 
appropriate stress intensity calibration recommended [203]:-

K Y 6Ma^
Bw^ ,(6.14)

Y = 1 . 9 9  - 2 . 4 7 ( a / w ) + 1 2 . 9 7 ( a / w ) 2- 2 3 . 1 7 ( a / w ) 3+ 2 4 . 8 ( a / w ) 4,(6.15)

where a/w is no greater than 0.6 and M is the bending moment 
in three-point or four-point bending. The results are 
presented in Fig. 6.7 for the base plate showing that when 
the crack on the surface penetrates the width it continues 
to grow on the sides of the plate until it is reasonably 
straightened. The final contours shown in Fig. 6.7 appear to 
be part of an ellipse, but more work is needed to come to 
any firm conclusion on this.
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6.3.1 Effect of Geometry
Fatigue of surface crack propagation was predicted for 

two thicknesses, i.e., 19mm and 38mm sections. The crack 
propagation contours are shown in Fig. 6.8. It can readily 
be seen from this figure that the life of the plate is 
considerably reduced by increase in thickness. Comparing the 
life of the 38mm plate to that of the 24mm plate used in the 
experimental study, there is a reduction of approximately 
15% in the total number of cycles to failure in identical 
mechanical conditions.

The effect of width on a surface crack was also 
predicted for three widths, i.e., 500mm, 1000mm and 1500mm. 
The surface crack propagation contours are presented in Fig.
6.9. A comparison of these results is especially interesting 
since they indicate that a surface crack in a bending stress 
field does not appear to transform to a through-thickness 
crack. The results also indicate that increase in width 
increases the life of the plate, for example, the total 
number of cycles to failure for widths of 1500mm and 1000mm 
areup by 69% and 44% respectively, than that for the 500mm- 
wide plate.

6.3.2 The Influence of Initial Flaw Size and Shape
The ratio of a/c can be controlled either by adjusting 

the crack length and keeping the crack depth constant or by 
changing the crack depth and keeping the crack length 
constant. Both procedures will yield the same values of a/c
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but, as will be seen later, will result in considerably 

different crack growth rates and propagation profiles. This 

adjustment is referred to here as "fixed a" when c is 

changed, and "fixed c" when a is changed, to produce an 

initial crack configuration.

Two initial crack configurations were used in the 

simulation of fatigue crack growth, namely, a/c=0.1 and 

a/c=0.8. The crack propagation profiles are shown in Fig. 

6.10 for fixed c and in Fig. 6.11 for fixed a for the case 

of parent plate. The equivalent results for weldment are 

shown in Figs. 6.12 and 6.13, respectively. A considerable 

difference in crack growth rates can be observed between the 

initial crack configurations produced by fixed a and fixed 

c, and there is also a significant difference in growth 

rates both in the through-thickness direction and at the 

free surface for a particular value of a/c produced by fixed 

a and fixed c. It is interesting to note that for a fixed 

value of a/c the life of the sections seems to increase at 

fixed c, for example, at a/c= 0.1, and that fixed c failure 

occurs at 1.4x10^ cycles which is 71% higher than for the 

case of fixed a. Therefore it appears that elongated 

inclusions or a collection of round inclusions lying side- 

by-side may be particularly detrimental to the fatigue 

strength of butt-welded joints. Comparing initial a/c ratios 

of 0.1 and 0.8 at fixed c, it can be seen that the crack 

commences to grow in the through-thickness direction when 

a/c is small (i.e., 0.1). However, the variation in 

propagation of the deepest point at a/c=0.8 seems to be
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minimal. This is probably due either to the large difference 

between the stress intensity factors experienced by the 

crack at the free surface and at the deepest point of the 

crack, or to the stress gradient due to bending, or a 

combination of both.

The prediction of the pattern of growth for any crack 

is defined by the initial crack configuration as shown in 

Figs. 6.14 and 6.15 for the base plate, and in Figs. 6.16 

and 6.17 for the weldment, for fixed c and fixed a, 

respectively. An interesting feature of all growth curves at 

fixed a is their tendency to join a common curve. This trend 

has been observed previously by Corn [204] and Burk [205]. 

Corn has labelled it the "preferred propagation path". 

However, at fixed c, extrapolated growth curves tend to 

intersect at a point with a/B approximately equal to 0.65. 

The growth curves a/c<0.5 for fixed a and a/c<0.3 for fixed 

c appear to emanate from the origin.

The straight line result for a/c=0.1 at fixed a for the 

parent plate is due to the notch geometry used in the 

experimental part of this investigation, as at fixed a 

(i.e., a=5.5mm), the crack length at the free surface needed 

to produce an initial a/c of 0.1 would be 110mm. Therefore 

an elongated initial crack is produced which is analogous to 

the single-edge cracked plate.
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Finally, a comparison of change in crack shape in the 

parent metal and weldment at a/c=0.4 was made and is 

presented in Fig. 6.18 for fixed c and in Fig. 6.19 for 

fixed a. The slight difference in crack shape observed is 

attributed to the material properties of the base plate and 

weld metal whose yield strengths varied by approximately 

14%.

6.4 DISCUSSION

The model described in this chapter appears to provide 

reasonably accurate predictions for surface cracks. It is 

not exceptional in this respect since similar claims have 

been made in other studies reviewed in Chapter 2. However, 

due to its ability to accommodate fatigue crack propagation 

both at the free surface and in the through-thickness

direction from threshold to fracture, the model is able to 

provide additional useful information. Recent analytical 

crack growth programs [206] , in which the changing crack 

contour is taken into account, apply only to tension

loading. Although some attempts have been made at the

computer simulation of a surface flaw in a bending stress 

field [207,208], no current program takes account of complex 

shape changes in the transition from low growth rates to

medium and high growth rates in such stress fields.

C o m p a r i s o n s  b e t w e e n  t h e  p r e d i c t e d  a n d  e x p e r i m e n t a l

r e s u l t s  w e r e  m a d e  o n  t h e  b a s i s  o f  c r a c k  g r o w t h  r a t e  a n d  c

v e r s u s  a  c u r v e s .  T h e  r e s u l t s  s h o w  a n  e x t r e m e l y  g o o d
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correlation. The second-order equations for expressing the 

crack length in the through-thickness direction in terms of 

crack length at the free surface can be used for estimating 

the crack depth without the use of complex measuring devices 

which in turn involve lengthy mathematical processing of raw 

data.

With respect to the effect of geometry there is little 

guidance in the literature as to the real effect of 

thickness on fatigue crack growth; what there is, is 

contradictory. Despite this shortcoming, design engineers 

performing growth analysis tend to extrapolate the growth 

rate data to thicker or thinner sections as a routine 

engineering approximation. The wisdom of this practice is 

doubtful judging from the conflicting results reported in 

the literature on thickness effects on growth rates. Three 

types of thickness effect have been reported by previous 

investigators: (i) no effect due to thickness [209]; (ii) 

growth rates accelerated by increase in thickness [210];

(iii) growth rates accelerated by decrease in thickness 

[211]. The present results concerning the effect of 

thickness predict that growth rates increase with increase 

in thickness, and cast some doubt on the results obtained by 

Thorpe et al [175] whose work was described in the previous 

chapter.

The thickness effect observed seems to be reasonable 

since the effect of the stress gradient on the deepest point
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of the crack would be less for a thicker section than for a 

thinner section containing a flaw with an identical initial 

a/c ratio. Since, for a thin section in a bending stress 

field, the position of the neutral axis, being closer to the 

deepest point of the initial flaw than in a thicker section, 

would restrict the growth in the through-thickness 

direction, it will take a longer time for the crack to take 

up stable shape. It is therefore proposed that the observed 

effect of thickness could be explained in terms of steady 

load cracking which favours the thicker specimens as 

explained above.

The effect of width was investigated to see whether a 

surface crack can transform into a through-thickness crack, 

as was suggested by Pierce and Shannon [212] . They proposed 

that the through-crack produced by the extension of a 

surface crack in a bending stress field would have a length 

ten times the section thickness. However, the crack growth 

simulated for sections having upto 1500mm width did not show 

any tendency to transform to a through-thickness crack. To 

ensure that this was the case the crack growth was simulated 

for a section having 2500mm width, although the results are 

not separately presented because of the unrealistic 

proportions of such a section. The maximum crack depth 

obtained was 24.14mm in a section having a 25.4mm thickness 

and initial a/c=0.28; the final aspect ratio was 0.02. A 

simplified model of bending stress distribution would 

predict that the deepest point of the crack would 

asymptotically approach the mid-thickness where the stress
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is zero and compressive beyond it. However, this does not 

appear to be the case as the data obtained here indicate 

that the thickness will be penetrated by the crack to a 

depth of approximately five-eighths of the thickness. 

Therefore it can be concluded that increasing the width does 

result in an increase in crack depth, but, for the cases 

predicted here, as well as for realistic geometric ratios, a 

part-through surface crack does not appear to penetrate the 

thickness in a bending stress field.

Initial crack configurations with a low aspect ratio at 

fixed a are liable to cause earlier failure since they 

appear to be able to develop to a stable shape more quickly. 

From this point onward the number of cycles to failure is 

about the same irrespective of initial crack configuration. 

However, when c is fixed the behaviour of the surface crack 

seems to be the opposite of that described above: the low 

aspect ratio cracks appear to have longer lives. All the 

growth curves for this case appear to intersect at one point 

when extrapolated, implying that the appearance of the 

fracture surface tends to a common shape irrespective of 

initial flaw geometry.

There are common factors for growth behaviour at both 

fixed a and fixed c. For small crack depths (a/B<0.5) crack 

growth at the free surface, dc/dN, appears to predominate 

over crack growth at the deepest point, da/dN (i.e., 

da/dc>l). For large crack depths (0.5<a/B<0.8) the converse
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behaviour seems to occur (i.e., da/dc<l).

The shape change curves obtained are of considerable 

significance regarding the production of surface cracks for 

laboratory specimens and in fracture mechanics analysis of 

structural life based on the growing surface crack. The 

initial crack configuration required for a given terminal 

crack profile may be determined by tracing backward along 

the curve which contains the profile. Crack shapes are 

easier to produce if they are based on fixed c. The growth 

curves for all initial configurations appear to produce 

slightly different final crack profiles at failure, whereas 

in the case of fixed a the growth curves for all initial 

aspect ratios join together on a common curve. This curve, 

which is observed by Corn [205] and named as the "preferred 

propagation path", is important since a crack whose initial 

aspect ratio does not lie on the preferred propagation path 

will still tend towards it. Furthermore the rate of approach 

to the preferred propagation path appears greater for 

initial cracks having a low aspect ratio.

It would be desirable to compare these results with 

experimental results, but, unfortunately, experimental 

results of this kind cannot be obtained over a wide range of 

aspect ratios due to difficulties involved in producing such 

a crack configuration, and also to the high experimental 

cost which this would necessitate.
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It is apparent from the present results that a 

realistic analysis of surface-initiated fatigue crack growth 

in a bending stress field depends on the substantial changes 

of shape of the crack. Such an analysis must explicitly 

consider the initial crack aspect ratio to be a function of 

both the crack length and crack depth.

6.5 CONCLUSIONS

The main conclusion drawn from these simulations is 

that initial elliptical flaws with low aspect ratio will 

cause earlier failure, since they appear to develop to a 

stable crack more quickly. This is the case assuming the 

initial aspect ratio is a function of the crack depth, a, 

only. Considering the case in which the aspect ratio is a 

function of the crack length, 2c, the converse is true.
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C H A P T E R  7

I M P R O V E M E N T  O F  F A T I G U E  S T R E N G T H  O F  B U T T - W E L D E D  J O I N T S

7 . 1  I N T R O D U C T I O N

T h e  f a t i g u e  s t r e n g t h  o f  b u t t - w e l d e d  j o i n t s  i n  

s t r u c t u r a l  s t e e l  i s  g e n e r a l l y  l o w ,  b u t  t h e r e  a r e  

n e v e r t h e l e s s  g r o w i n g  r e q u i r e m e n t s  f o r  i m p r o v e d  f a t i g u e  

s t r e n g t h .  P e e n i n g ,  p r i o r  o v e r l o a d i n g ,  s p o t  h e a t i n g  [ 9 3 ] ,  

e t c . ,  h a v e  b e e n  u s e d  t o  i m p r o v e  t h e  f a t i g u e  l i f e  o f  w e l d e d  

j o i n t s  a n d  s o m e  a t t e m p t s  h a v e  b e e n  m a d e  t o  a s s e s s  t h e  

c o m p a r a t i v e  c o s t s  o f  s u c h  t e c h n i q u e s .  A l s o ,  i m p r o v e m e n t  o f  

t h e  t y p e s  o f  e l e c t r o d e  u s e d  i n  w e l d i n g  h a s  b e e n  s o u g h t  i n  

o r d e r  t o  p r o d u c e  b e t t e r  w e l d  p r o f i l e s  [ 2 1 3 ] .

I t  i s  d i f f i c u l t  t o  c o m p a r e  r e s u l t s  f r o m  d i f f e r e n t  

i n v e s t i g a t o r s  s i n c e  t h e  w e l d i n g  d e t a i l s  a s  w e l l  a s  t h e  

m a t e r i a l  m a y  v a r y  c o n s i d e r a b l y .  H o w e v e r ,  s i n c e  t h e  a b o v e -  

m e n t i o n e d  p r o c e d u r e s ,  t h o u g h  e f f e c t i v e ,  a r e  e x p e n s i v e ,  

e m p l o y i n g  a n  a l t e r n a t i v e  t e c h n i q u e  t o  p r o d u c e  a  b e t t e r  w e l d  

i s  a  m o r e  d e s i r a b l e  m e a n s  o f  a c h i e v i n g  h i g h e r  f a t i g u e  

s t r e n g t h .

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  f a t i g u e  p r o p e r t i e s  o f  

w e l d e d  j o i n t s  a r e  v i r t u a l l y  i n d e p e n d e n t  o f  t h e  m e c h a n i c a l  

c h a r a c t e r i s t i c s  o f  t h e  p a r e n t  m a t e r i a l .  T h i s  i s  b e c a u s e  o f  

s t r e s s  c o n c e n t r a t i o n s  d u e  t o  t h e  j o i n t  g e o m e t r y  a n d  t o  w e l d  

b e a d  d e f e c t s .  S u c h  d e f e c t s  c a n  b e  d i v i d e d  i n t o  t w o  g r o u p s :
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t h o s e  w h i c h  a r i s e  f r o m  t h e  d e s i g n  o f  t h e  w e l d m e n t  ( i . e . ,  

p a r t i a l  p e n e t r a t i o n ) ; a n d  t h o s e  w h i c h  a r i s e  f r o m  p o o r  

m a t e r i a l  p r o p e r t i e s  o r  i n a d e q u a t e  w e l d i n g  p r o c e d u r e s  ( i . e . ,  

l a c k  o f  i n t e r - r u n  f u s i o n ,  e t c . ) .

T h e  p r e s e n t  i n v e s t i g a t i o n  w a s  t h e r e f o r e  u n d e r t a k e n  i n  

a n  a t t e m p t  t o  i m p r o v e  t h e  f a t i g u e  l i f e  o f  w e l d m e n t s  b y  u s i n g  

a  c o m p l e t e l y  n e w  m e t h o d .  T h i s  m e t h o d ,  w h i c h  i s  n a m e d  

s a n d w i c h  w e l d i n g ,  c o n s i s t s  o f  u s i n g  w e l d i n g  r o d s  w h i c h  h a v e  

d i f f e r e n t  m e c h a n i c a l  p r o p e r t i e s  f o r  e a c h  p a s s  a n d  s t a c k i n g  

u p  a  s a n d w i c h  i n  w h i c h  t h e  o u t e r  l a y e r s  a r e  m a d e  o f  t h e  s a m e  

m a t e r i a l  b u t  h a v i n g  d i f f e r e n t  m e c h a n i c a l  p r o p e r t i e s  f r o m  t h e  

m i d d l e  l a y e r .

7 . 2  S O M E  M E T H O D S  O F  I M P R O V I N G  T H E  F A T I G U E  S T R E N G T H  O F  

W E L D M E N T S

T h e  f a t i g u e  s t r e n g t h  o f  w e l d m e n t s  c a n  b e  i m p r o v e d  i n  

n u m b e r  o f  w a y s .  T e x t  b o o k s  b y  M u n s e  [ 8 4 ]  a n d  G u r n e y  [ 9 3 ]  

d i s c u s s  t h e  s u b j e c t  i n  d e t a i l .  T h e  f o l l o w i n g  s e c t i o n s  

d i s c u s s  t h e  u s e  o f  a  r 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  t o  

i m p r o v e  t h e  f a t i g u e  s t r e n g t h  o f  w e l d m e n t s .  I t  i s  p o s s i b l e  t o  

i m p r o v e  f a t i g u e  s t r e n g t h  b y  c r e a t i n g  r e s i d u a l  c o m p r e s s i v e  

s t r e s s e s  a t  l o c a t i o n s  w h e r e  f a t i g u e  c r a c k s  a r e  l i k e l y  t o  b e  

i n i t i a t e d .  T h e  f o l l o w i n g  s e c t i o n s  a l s o  d i s c u s s  h o w  p r i o r  

o v e r l o a d i n g ,  p e e n i n g  a n d  s p o t  h e a t i n g  c a n  a f f e c t  t h e  f a t i g u e  

s t r e n g t h  o f  s o m e  w e l d e d  s p e c i m e n s .  T h e  i n f o r m a t i o n  i s  t a k e n  

p r i m a r i l y  f r o m  t h e  b o o k  b y  G u r n e y .
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7 . 2 . 1  P r i o r  O v e r l o a d i n g

I f  a  s p e c i m e n  c o n t a i n i n g  a  s t r e s s  c o n c e n t r a t i o n  i s  

l o a d e d  u n t i l  y i e l d i n g  o c c u r s  a t  t h e  n o t c h ,  a n d  t h e  l o a d  i s  

t h e n  r e m o v e d ,  r e s i d u a l  s t r e s s e s  w i l l  r e m a i n  i n  t h e  s p e c i m e n .  

T h e  s i g n  o f  r e s i d u a l  s t r e s s  a d j a c e n t  t o  t h e  n o t c h  i s  

o p p o s i t e  t o  t h a t  o f  o v e r l o a d .  I n  o r d e r  t o  c r e a t 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  a d j a c e n t  t o  a  n o t c h  i t  i s  n e c e s s a r y  t o  

a p p l y  a  t e n s i l e  o v e r l o a d .

S e v e r a l  i n v e s t i g a t o r s  [ 2 1 4 ]  h a v e  r e p o r t e d  t h a t  f a t i g u e  

s t r e n g t h  i n c r e a s e d  w h e n  t h e y  a p p l i e d  t e n s i l e  p r i o r  l o a d i n g .  

H a r r i s o n  [ 2 1 4 ] ,  w h o  s t u d i e d  h o w  t h e  f a t i g u e  s t r e n g t h  o f  

f i l l e t - w e l d e d  s t e e l  s p e c i m e n s  c o u l d  b e  i n c r e a s e d  b y  p r i o r  

o v e r l o a d i n g ,  f o u n d  t h a t  t h e  S - N  c u r v e s  f o r  s p e c i m e n s  

p r e l o a d e d  a t  v a r i o u s  l e v e l s  o f  o v e r l o a d  s t r e s s  w e r e  

a p p r o x i m a t e l y  p a r a l l e l  t o  e a c h  o t h e r .

7 . 2 . 2  P e e n i n g

P e e n i n g  i s  a  c o l d - w o r k i n g  p r o c e s s  t h a t  c o n s i s t s  e i t h e r  

o f  b o m b a r d i n g  t h e  s u r f a c e  o f  a  c o m p o n e n t  w i t h  a  h i g h -  

v e l o c i t y  s t r e a m  o f  m e t a l  p a r t i c l e s ,  o r  b a t t e r i n g  w i t h  a  t o o l  

o p e r a t e d  b y  a  p n e u m a t i c  h a m m e r ,  w i t h  t h e  o b j e c t  o f  i n d u c i n g  

a  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  i n  t h e  s u r f a c e  l a y e r .

G u r n e y  [93] p r e p a r e d  a t a b l e  w h i c h  s u m m a r i s e d  the

f a t i g u e  s t r e n g t h  o f  n o n - l o a d  c a r r y i n g  f i l l e t - w e l d s ,  as
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r e c o r d e d  b y  s e v e r a l  i n v e s t i g a t o r s .  H e  s t a t e d  t h a t  p e e n i n g  

w o u l d  i n c r e a s e  t h e  s t r e n g t h  i n  l o a d - c a r r y i n g  f i l l e t - w e l d s  i n  

a  w a y  s i m i l a r  t o  t h a t  f o u n d  i n  n o n - l o a d  c a r r y i n g  f i l l e t -  

j o i n t s ,  a t  l e a s t  f o r  f a i l u r e s  i n i t i a t i n g  a t  t h e  w e l d  t o e .

M a d d o x  [ 2 1 5 ]  h a s  r e c e n t l y  s t u d i e d  h o w  p e e n i n g  a f f e c t s  

t h e  f a t i g u e  s t r e n g t h  o f  f i l l e t - w e l d s .  T h e  r e s u l t s  s h o w e d  

t h a t  p e e n i n g  w a s  m o r e  e f f e c t i v e  f o r  t r a n s v e r s e  w e l d s  t h a n  

f o r  l o n g i t u d i n a l ;  a l s o ,  t h e  p r e l i m i n a r y  t e s t s  i n d i c a t e d  t h a t  

s h o t - p e e n i n g  w a s  s t i l l  b e n e f i c i a l  u n d e r  v a r i a b l e  a m p l i t u d e  

l o a d i n g .  T h e  b e n e f i t  o f  s h o t - p e e n i n g  v a r i e d  w i t h  p e e n i n g  

c o n d i t i o n s  a n d  e v e n  u n d e r  n o m i n a l l y  i d e n t i c a l  c o n d i t i o n s .

7 > 2 . 3  S p o t  H e a t i n g

I n  s p o t  h e a t i n g ,  t h e  s t r u c t u r e  i s  h e a t e d  l o c a l l y ,  

u s u a l l y  w i t h  a  g a s  t o r c h ,  s o  a s  t o  p r o d u c e  l o c a l  y i e l d i n g ,  

r e s u l t i n g  i n  c o m p r e s s i v e  t h e r m a l  s t r e s s e s .  W h e n  l o c a l l y  

h e a t e d  m e t a l  c o o l s ,  i t  s h r i n k s ,  c a u s i n g  r e s i d u a l  s t r e s s e s .  

T h e s e  r e s i d u a l  s t r e s s e s  c a n  b e  u s e d  f o r  i m p r o v i n g  t h e  

f a t i g u e  p r o p e r t i e s  o f  w e l d m e n t s .  T h e  b a s i c  p r i n c i p l e  i s  t o  

p r o d u c 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 n  t h o s e  l o c a l  a r e a s ,  

e s p e c i a l l y  n e a r  n o t c h e s ,  w h e r e  f a t i g u e  c r a c k s  a r e  l i k e l y  t o  

i n i t i a t e .  S e v e r a l  i n v e s t i g a t o r s  [ 2 1 6 ]  h a v e  c o n d u c t e d  

e x t e n s i v e  s t u d i e s  o n  t h i s  s u b j e c t .  B y  s p o t  h e a t i n g  i n  

s e l e c t e d  p a r t s ,  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  w e r e  i n d u c e d  

a t  t h e  n o t c h  a n d  a t  t h e  e n d s  o f  t h e  w e l d ,  a n d  a  5 3 %  i n c r e a s e  

i n  s t r e n g t h  w a s  o b t a i n e d .  B u t  w h e n  s p o t  h e a t i n g  w a s  d o n e  a t  

t h e  c e n t r e - l i n e  o f  t h e  s p e c i m e n ,  e v e n  t h o u g h  t h e  d i s t a n c e
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f r o m  t h e  n o t c h  w a s  t h e  s a m e  a n d  t h e  h e a t i n g  t h u s  h a d  t h e  

s a m e  m e t a l l u r g i c a l  e f f e c t ,  t h e  r e s i d u a l  s t r e s s e s  p r o d u c e d  

w e r e  t e n s i l e ,  a n d  t h e  f a t i g u e  s t r e n g t h  m e a s u r e d  w a s  t h e  s a m e  

a s  f o r  a n  u n t r e a t e d  s p e c i m e n .  T h i s  i n d i c a t e d  t h a t  t h e  

s t r e n g t h  i n c r e a s e  w a s  d u e  t o  t h e  r e s i d u a l  s t r e s s e s .

7 . 3  E X P E R I M E N T A L  P R O C E D U R E S

F a t i g u e  t e s t s  w e r e  c a r r i e d  o u t  o n  s a n d w i c h  w e l d m e n t s  

u s i n g  a  D o w t y  e l e c t r o h y d r a u l i c  f a t i g u e  m a c h i n e  a t  R - v a l u e s  

o f  0 . 0 8  a n d  0 . 7  w i t h  l o a d i n g  f r e q u e c i e s  o f  0 . 2 5 H z  a n d  3 0 H z .  

T w o  t y p e s  o f  s p e c i m e n  w e r e  u s e d  i n  t h i s  i n v e s t i g a t i o n ,  

n a m e l y ,  c o m p a c t  t y p e  a n d  s u r f a c e  n o t c h e d  p l a t e ,  d e t a i l s  o f  

w h i c h  a r e  g i v e n  i n  C h a p t e r  3 .

A l l  t h e  t e s t s  w e r e  p e r f o r m e d  i n  l a b o r a t o r y  a i r ,  i n  

a m b i e n t  c o n d i t i o n s  a n d  a t  r o o m  t e m p e r a t u r e .

7 . 4  R E S U L T S

F i g .  7 . 1  s h o w s  a  t y p i c a l  c r a c k  l e n g t h ,  a ,  v e r s u s  n u m b e r  

o f  c y c l e s ,  N ,  c u r v e  f o r  c o n v e n t i o n a l  a n d  s a n d w i c h  w e l d m e n t s  

u s i n g  C T  s p e c i m e n s .

T h e  r e s u l t  o f  t e s t s  o n  C T  s p e c i m e n s  a t  c y c l i c  

f r e q u e n c i e s  o f  3 0 H z  a n d  0 . 2 5 H z  a n d  s t r e s s  r a t i o s  o f  0 . 0 8  a n d  

0 . 7  i s  p r e s e n t e d  i n  F i g s .  7 . 2  a n d  7 . 3 .  T h e s e  f i g u r e s  s h o w  

t h e  g e n e r a l  e f f e c t  o f  s t r e s s  r a t i o  o b s e r v e d  o n  w e l d m e n t
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u s i n g  C T  g e o m e t r y ,  t h a t  i s ,  c r a c k  g r o w t h  r a t e  i n c r e a s e s  w i t h  

i n c r e a s e  i n  s t r e s s  r a t i o  b u t  d e c r e a s e s  w i t h  i n c r e a s i n g  r a t e s  

o f  g r o w t h .

T h e  e f f e c t  o f  f r e q u e n c y  i s  i l l u s t r a t e d  i n  F i g .  7 . 4 .  

T h i s  a g a i n  s h o w s  t h e  g e n e r a l  t r e n d  o b s e r v e d  i n  t h i s  

i n v e s t i g a t i o n .

A  c o m p a r i s o n  w a s  m a d e  o n  d a t a  o b t a i n e d  f o r  s a n d w i c h  

w e l d m e n t ,  c o n v e n t i o n a l  w e l d m e n t  a n d  t h e  b a s e  m a t e r i a l .  T h e  

r e s u l t s  a r e  p r e s e n t e d  i n  F i g s .  7 . 5  a n d  7 . 6  f o r  a  l o a d i n g  

f r e q u e n c y  o f  3 0 H z , a n d  R - v a l u e s  o f  0 . 0 8  a n d  0 . 7 ,  

r e s p e c t i v e l y ,  a n d  i n  F i g s .  7 . 7  a n d  7 . 8  f o r  a  c y c l i c  f r e q u e n c y  

o f  0 . 2 5 H z ,  a n d  t w o  s t r e s s  r a t i o s  ( i . e . ,  0 . 0 8  a n d  0 . 7 ) .  I n  

g e n e r a l  a l l  t h e s e  r e s u l t s  s h o w  t h a t  t h e  c r a c k  g r o w t h  r a t e  i s  

l o w e r  i n  s a n d w i c h  w e l d m e n t  t h a n  i n  c o n v e n t i o n a l  w e l d m e n t  a n d  

t h e  b a s e  m e t a l .

A t  a  c y c l i c  f r e q u e n c y  o f  3 0 H z  t h e  c r a c k  g r o w t h  r a t e s  i n

c o n v e n t i o n a l  w e l d m e n t s  a t  h i g h  v a l u e s  o f  a K ( > 2 0  M N / m 3 / 2 )

t e n d  t o  a p p r o a c h  t h e  g r o w t h  r a t e s  i n  p a r e n t  m a t e r i a l ,  w h i l e

a t  l o w e r  f r e q u e n c y  ( 0 . 2 5 H z ) ,  t h e  g r o w t h  r a t e s  i n

3 / 2
c o n v e n t i o n a l  w e l d m e n t s  f o r  A K  v a l u e s  a b o v e  3 0  M N / m  a t

3 / 2
R = 0 . 0 8 ,  a n d  1 5  M N / m  a t  R = 0 . 7 ,  a r e  h i g h e r  t h a n  t h e  c P a c k

g r o w t h  r a t e s  i n  t h e  b a s e  p l a t e .  H o w e v e r ,  f r o m  t h e  r e s u l t s  

o b t a i n e d  f o r  s a n d w i c h  w e l d m e n t s  i t  a p p e a r s  t h a t  t h e  c r a c k  

g r o w t h  r a t e s ,  b e i n g  a l w a y s  l o w e r  t h a n  i n  p a r e n t  m e t a l ,  m a y
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b e  d u e  t o  f a v o u r a b l 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 .

T h e  r e s u l t s  f o r  s a n d w i c h  w e l d e d  p l a t e s  a r e  p r e s e n t e d  i n

t e r m s  o f  d c / d N  o r  d a / d N  v e r s u s  A K  a n d  A K  , r e s p e c t i v e l y .
c  a

T h e  e f f e c t  o f  s t r e s s  r a t i o  a t  3 0 H z  i s  i l l u s t r a t e d  i n  F i g .

7 . 9 ,  f r o m  w h i c h  i t  c a n  b e  s e e n  t h a t  t h e  s t r e s s  r a t i o  d o e s  

n o t  h a v e  a  s i g n i f i c a n t  e f f e c t  o v e r  t h e  r a n g e  i n v e s t i g a t e d .

I t  w a s  s h o w n  i n  C h a p t e r  5  t h a t  b u t t - w e l d e d  p l a t e s  

c o n t a i n e d  a  t e n s i l e  r e s i d u a l  s t r e s s  f i e l d  w h i c h  c a u s e d  a  

h i g h e r  s t r e s s  i n t e n s i t y  a t  t h e  c r a c k  t i p  a n d  h e n c e  h i g h e r  

g r o w t h  r a t e s  a s  c o m p a r e d  t o  t h e  b a s e  p l a t e .  T h e  s a n d w i c h  

w e l d e d  p l a t e  i n  t h i s  s t u d y  d i d  n o t  s h o w  a n y  d e t e r i o r a t i o n  

w h e n  c o m p a r e d  t o  t h e  c o n v e n t i o n a l  w e l d e d  p l a t e  o f  t h e  

p r e v i o u s  s t u d y .  T h e s e  r e s u l t s  a r e  s h o w n  i n  F i g s .  7 . 1 0  a n d  

7 . 1 1 .

7 . 5  F R A C T O G R A P H Y

E x a m i n a t i o n  o f  t h e  f a t i g u e  f r a c t u r e  s u r f a c e s  o f  

s a n d w i c h  w e l d m e n t s  p r o d u c e d  b y  C T  s p e c i m e n s  w a s  m a d e  b y  

m e a n s  o f  a  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .

F i g .  7 . 1 2  i l l u s t r a t e s  a  t y p i c a l  e x a m p l e  o f  l o w  g r o w t h

3 / 2
r a t e s  a t  A K  v a l u e s  o f  a p p r o x i m a t e l y  8 M N / m  . W i t h  t h e  

c r a c k  m a i n t a i n e d  n e a r  t h r e s h o l d ,  f a c e t s  w e r e  a  c o m m o n  

f e a t u r e  o f  f r a c t u r e  s u r f a c e s .  T h e  f a c e t s  w e r e  r o u n d e d  r a t h e r
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t h a n  

p r  i n  

o f

v a l u

p r e s

s e n s

S u r f

r e m a

r e g i

p l a n a r ,  i n d i c a t i v e  o f  i n t e r g r a n u l a r  f r a c t u r e  a s  t h e

c i p l e  m e c h a n i s m  o p e r a t i n g  i n  t h i s  r e g i o n .  S o m e  p a t c h e s

f a i n t  s t r i a t i o n s  w e r e  a l s o  o b s e r v e d  a t  s l i g h t l y  h i g h e r

3/2
e s  o f  A K (  i o  M N / m  7 ) ,  a s  s h o w n  i n  F i g .  7 . 1 3 .  T h e  

e n c e  o f  s t r i a t i o n  p a t c h e s  i s  b e l i e v e d  t o  b e  d u e  t o  t h e  

i t i v i t y  o f  t h e  g r a i n  o r i e n t a t i o n  o f  t h e  w e l d  m e t a l ,  

a c e  d a m a g e  a s  a  r e s u l t  o f  f a t i g u e ,  a n d  p o r o s i t y  w e r e  t h e  

i n i n g  c o m m o n  f e a t u r e s  o b s e r v e d  i n  l o w  c r a c k  g r o w t h  r a t e  

o n s  ( s e e  F i g .  7 . 1 4 ) .

< 3 0

7 . 1 5

( s e e

3 / 2
A t  h i g h e r  v a l u e s  o f  A K  ( > 3 0  M N / m  ) f r a c t u r e  

s u r f a c e s  m a n i f e s t e d  f o u r  d i s t i n c t  f e a t u r e s :

1 )  1 0 0 - p e r c e n t  m i c r o v o i d  c o a l e s c e n c e ,  a s  s h o w n  i n  F i g .  

7 . 1 8 ;

2 )  i n c l u s i o n s  a n d  s t r i a t i o n s  ( s e e  F i g .  7 . 1 9 ) ;  t h e  

c h e m i c a l  c o m p o s i t i o n  o f  t h e  i n c l u s i o n s  s h o w e d

s i g n i f i c a n t  t r a c e s  o f  m a n g a n e s e ,  s i l i c o n ,  p h o s p h o r u s  

a n d  s u l p h u r .

3 )  T r a n s g r a n u l a r  c l e a v a g e - l i k e  f r a c t u r e  ( s e e  F i g .  

7 . 2 0 ) ;

4 )  m i c r o v o i d ,  p o r o s i t y  a n d  s t r i a t i o n s  ( s e e  F i g .  7 . 2 1 ) .

U n d e r  i n t e r m e d i a t e  A K  c o n d i t i o n s  ( 1 5  M N / m ? ' ^  <  A K  

3 / 2
M N / m  ) s l a g  e n t r a p m e n t  w a s  e v i d e n t ,  a s  s h o w n  i n  F i g s ,  

a n d  7 . 1 6 ,  a n d  t y p i c a l  f a t i g u e  s u r f a c e s  w e r e  o b s e r v e d
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F i g s .  7 . 2 2  a n d  7 . 2 3  s h o w s  t h e  f r a c t o g r a g h s  t a k e n  a t  t h e

b o u n d a r y  o f  t h e  t w o  w e l d  m e t a l s  i n  t h e  l o w  A K  r e g i o n

3/2 3/2 
( 9  M N / m  ) a n d  t h e  h i g h  A K  r e g i o n  ( > 3 0  M N / m  ) ,

r e s p e c t i v e l y .  T h e y  r e v e a l  t w o  d i f f e r e n t  r e g i o n s ,  n a m e l y ,

t h o s e  o f  s m o o t h  a n d  r o u g h  f a t i g u e  f r a c t u r e .  T h e  o u t e r  l a y e r

o f  w e l d  m e t a l  s h o w s  a  s u p e r i o r  r e s i s t a n c e  t o  c r a c k

p r o p a g a t i o n  b y  e x h i b i t i n g  a  s m o o t h e r  s u r f a c e  w h i l e  t h e  l a y e r

o f  w e l d  m e t a l  a d j a c e n t  t o  i t  s h o w s  a  c o a r s e r  s t r u c t u r e .  T h i s

s u g g e s t s  t h a t  t h e  m e c h a n i s m  o f  f r a c t u r e  w a s  n o t  t h e  s a m e  i n

e a c h  m a t e r i a l  a n d ,  n o t i n g  t h a t  t h e i r  m e c h a n i c a l  p r o p e r t i e s

w e r e  s i m i l a r ,  t h e y  h a v e  n o t  r e s u l t e d  i n  s i m i l a r  g r o w t h

r a t e s .

7 , 6  D I S C U S S I O N

F a t i g u e  c r a c k s  u s u a l l y  i n i t i a t e  f r o m  a  w e l d  d e f e c t  i n  

t h e  w e l d m e n t s  d u e  t o  e m b r i t t l e m e n t  o f  t h e  r e g i o n s  a d j a c e n t  

t o  i t  a n d  t o  s t r e s s  c o n c e n t r a t i o n s  a r i s i n g  f r o m  i t .  I t  

f o l l o w s  t h a t  a n  i n c r e a s e  i n  f a t i g u e  s t r e n g t h  c a n  b e  o b t a i n e d  

i f  t h e  s t r e s s  i n t e n s i t y  a t  t h e  c r a c k  s i t e  c a n  b e  l o w e r e d .  

O n e  w a y  o f  d o i n g  t h i s  i s  b y  t h e  i n t r o d u c t i o n  o f  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  w h i c h  c o u n t e r a c t  t h e  a p p l i e d  l o a d ,  t h u s  

d e c r e a s i n g  t h e  s t r e s s  i n t e n s i t y  a t  t h e  c r a c k  t i p ;  t h i s  w a s  

d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n s .  H o w e v e r ,  C h e n  a n d  S i h  

[ 2 1 7 ]  a n a l y t i c a l l y  f o u n d  t h a t  f o r  a  t h r e e - l a y e r e d  p l a t e ,  i t  

w a s  b e n e f i c i a l  t o  h a v e  t h e  m o d u l u s  o f  e l a s t i c i t y  o f  t h e  

m i d d l e  l a y e r  k e p t  l o w e r  t h a n  t h a t  o f  t h e  o u t e r  l a y e r s :  t h i s

a p p e a r e d  t o  d e c r e a s e  t h e  c r a c k  b o r d e r  s t r e s s  i n t e n s i t y  b y  a  

s i g n i f i c a n t  a m o u n t .  H o w e v e r ,  t h e  a u t h o r ' s  o w n  m a t h e m a t i c a l  

a n a l y s i s  f o r  t w o - l a y e r  s p h e r i c a l  l a m i n a t e s  f a i l e d  t o  c o m e  t o
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a n y  f i r m  c o n c l u s i o n ,  a s  t h e  f i n a l  e q u a t i o n s  o b t a i n e d  

r e p r e s e n t e d  o n l y  o n e  m e d i u m .  T h i s  w a s  b e c a u s e  t h e  m a t e r i a l  

c o n s t a n t s  s u c h  a s  Y o u n g ' s  m o d u l u s ,  s h e a r  m o d u l u s ,  e t c . ,  f o r  

t h e  w e l d  m e t a l s  c o n s i d e r e d  w e r e  a l m o s t  t h e  s a m e .

T h e  r e s u l t s  o b t a i n e d  f o r  t h e  t w o  g e o m e t r i e s  i n d i c a t e  

t h a t  t h e  i m p r o v e m e n t  w a s  c o n s i d e r a b l y  g r e a t e r  i n  C T  

s p e c i m e n s  w h e n  c o m p a r e d  t o  t h e  b a s e  p l a t e .  T h e  a v e r a g e  c r a c k  

g r o w t h  r e t a r d a t i o n  w a s  a p p r o x i m a t e l y  t h r e e  t i m e s  c o m p a r e d  

w i t h  t h a t  f o r  c o n v e n t i o n a l  w e l d m e n t  f o r  b o t h  g e o m e t r i e s  

t e s t e d .

A l t h o u g h  n o  a t t e m p t  w a s  m a d e  t o  m e a s u r e  t h e  r e s i d u a l  

s t r e s s e s  i n  t h e  w e l d m e n t  f a b r i c a t e d  b y  t h i s  p r o c e s s ,  d u e  t o  

t h e  c o m p l e x i t y  o f  s u c h  r e s i d u a l  f i e l d s  ( i . e . ,  d i f f e r e n t  h e a t  

i n p u t ,  w e l d i n g  r o d ,  e t c . ) ,  i t  a p p e a r e d  t h a t  t h i s  w e l d i n g  

p r o c e s s  i n t r o d u c e d  s o m 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 n  

b o t h  g e o m e t r i e s .  I n  t h e  c a s e  o f  S N P  g e o m e t r y ,  w h i c h  w a s  

s h o w n  i n  C h a p t e r  5  t o  c o n t a i n  t e n s i l e  r e s i d u a l  s t r e s s e s ,  

t h e r e  w a s  s t i l l  s o m e  i m p r o v e m e n t  a n d  c r a c k  g r o w t h  w a s  a b o u t  

t w o  t i m e s  s l o w e r  t h a n  i n  w e l d s  p r o d u c e d  b y  c o n v e n t i o n a l  

m e t h o d s .  A  p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  d i f f e r e n c e  i s  t h a t  

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  p r o d u c e d  b y  c o n v e n t i o n a l  

w e l d i n g  w o u l d  h a v e  b e e n  h i g h e r  e x c e p t  t h a t  e m p l o y i n g  t h i s  

t e c h n i q u e  e i t h e r  i n h i b i t e d  t h e  i n t r o d u c t i o n  o f  t e n s i l e  

r e s i d u a l  s t r e s s e s  o r  r e d u c e d  t h e i r  d e l e t e r i o u s  e f f e c t .  T h e  

o b s e r v e d  e f f e c t  o f  s t r e s s  r a t i o  ( s e e  F i g .  7 . 9 )  a l s o  c o n f i r m s  

t h e  a b o v e  h y p o t h e s i s  i n  t h a t  i f  t e n s i l e  r e s i d u a l  s t r e s s e s
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a r e  p r e s e n t  t h e i r  m a g n i t u d e  s h o u l d  b e  s m a l l e r  t h a n  f o r  t h e  

p r e v i o u s  c a s e .  I t  w a s  f e a r e d  i n  t h e  c a s e  o f  S N P  g e o m e t r y  

t h a t  t h e  m a g n i t u d e  o f  t h e  t e n s i l e  r e s i d u a l  s t r e s s  w o u l d  b e  

h i g h e r  t h a n  t h a t  p r o d u c e d  i n  c o n v e n t i o n a l  w e l d m e n t ,  b u t  i t  

w a s  e n c o u r a g i n g  t o  f i n d  t h a t  t h i s  d o e s  n o t  n e c e s s a r i l y  

h a p p e n .

M e t a l l u r g i c a l l y , i n  s a n d w i c h  w e l d m e n t s  t h e  c y c l i c  w o r k ­

h a r d e n i n g  a p p e a r s  t o  b e  s m a l l e r  n e a r  t h e  s u r f a c e  t h a n  i n  t h e  

v o l u m e  o f  w e a k e r  m a t e r i a l ,  s i n c e  u s i n g  a  s t r o n g e r  m a t e r i a l  

r a i s e s  t h e  y i e l d  s t r e s s  o f  t h e  s u r f a c e ,  t h e r e b y  r e d u c i n g  t h e  

t o t a l  p l a s t i c  s l i p ,  t h u s  s u p r e s s i n g  b o t h  t h e  r a t e  a n d  t h e  

a m o u n t  o f  s u r f a c e  h a r d e n i n g .  T h e  t e s t s  p e r f o r m e d  d i d  n o t  

t h r o w  m u c h  l i g h t  o n  t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  

m e c h a n i c a l  i n h i b i t i o n  o f  s u r f a c e  d e f o r m a t i o n  i n  i m p r o v i n g  

t h e  f a t i g u e  p r o p e r t i e s ;  h o w e v e r ,  t h e  m e c h a n i s m  b y  w h i c h  t h e  

i m p r o v e m e n t  i n  f a t i g u e  p r o p e r t i e s  o c c u r s  a p p e a r s  t o  b e  

p a r t l y  c o n t r o l l e d  p r i m a r i l y  b y  t h e  s u p r e s s i o n  o f  s u r f a c e  

h a r d e n i n g ,  h e n c e  c h o o s i n g  a  s t r o n g e r  m a t e r i a l  f o r  t h e  

s u r f a c e  s e e m s  t o  r e s t r i c t  s l i p - b a n d  f o r m a t i o n  a n d  s u r f a c e  

c r a c k  p r o p a g a t i o n  c o r r e s p o n d i n g l y .  F u r t h e r m o r e ,  s i n c e  t h e  

c r a c k  i n  a n y  o n e  g r a i n  i s  p a r a l l e l  t o  t h e  s l i p  p l a n e ,  t h e n ,  

a s  t h e  c r a c k  p r o p a g a t e s  t o  a n  a d j a c e n t  g r a i n  o r  m e d i u m ,  i t  

c h a n g e s  i t s  d i r e c t i o n  t o  b e  p a r a l l e l  t o  t h e  s l i p  p l a n e s  o f  

t h e  n e w  g r a i n s  o r  m e d i u m .  H o w e v e r ,  w h e n  i t  r e a c h e s  t h e  g r a i n  

b o u n d a r y  i t  m a y ,  i n  f a c t ,  b e  s t o p p e d  i f  t h e  o r i e n t a t i o n  o f  

t h e  s l i p  p l a n e s  o f  t h e  a d j a c e n t  g r a i n  o r  t h a t  o f  t h e  g r a i n s  

i n  t h e  a d j a c e n t  m e d i u m  i s  n o t  s u c h  a s  t o  f a v o u r  p r o p a g a t i o n .  

W h i l e  t h i s  i s  n o t  t h e  l a s t  w o r d  o n  t h e  f a t i g u e  m e c h a n i s m  i n
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s a n d w i c h  w e l d m e n t s ,  s o m e  p r o g r e s s  h a s  b e e n  m a d e  i n  

e x p l a i n i n g  t h e  d e t a i l s  o f  h a r d e n i n g  a n d  c r a c k  p r o p a g a t i o n .

7 . 7  C O N C L U S I O N S

T h i s  w o r k  s h o w s  t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  t h e  

f a t i g u e  p r o p e r t i e s  o f  b u t t - w e l d e d  j o i n t s  c a n  b e  i m p r o v e d  

u s i n g  t h e  n e w  s a n d w i c h  w e l d i n g  t e c h n i q u e .  I t  i s  a l s o  s h o w n  

t h a t  t h e  d e g r e e  o f  i m p r o v e m e n t  v a r i e s ,  d e p e n d i n g  o n  t h e  

s p e c i m e n  g e o m e t r y .  T h e  w e l d i n g  p r o c e s s  i s  e a s y  t o  c o n t r o l  

a n d ,  c o n s i d e r i n g  i t s  e c o n o m i c  a s p e c t ,  t h e  s a n d w i c h  w e l d m e n t  

d o e s  n o t  i n v o l v e  a n y  h i g h e r  c o s t .  H o w e v e r ,  m o r e  w o r k  i s  

r e q u i r e d  b e f o r e  f i r m  c o n c l u s i o n s  c a n  b e  d r a w n .

T o  s u m  u p ,  i t  c a n  b e  s t a t e d  t h a t  i n  g e n e r a l  t h e  f a t i g u e  

p r o p e r t i e s  a r e  e v i d e n t l y  i m p r o v e d  b y  t h e  s a n d w i c h  w e l d i n g  

t e c h n i q u e .  A s  t h e  t e s t  r e s u l t s  s h o w e d ,  t h i s  i s  n o t  o n l y  

v a l i d  f o r  C T  s p e c i m e n s ,  w h i c h  w e r e  s h o w n  t o  c o n t a i n  

c o m p r e s s i v e  r e s i d u a l  s t r e s s e s ,  b u t  a l s o  f o r  S N P  g e o m e t r y ,  

w h i c h  c o n t a i n s  t e n s i l e  r e s i d u a l  s t r e s s e s .



Figure 7.1 a versus N for conventional and sandwicn weldments.
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F i g u r e  7 . 2  E f f e c t  o f  s t r e s s  r a t i o  o n  s a n d w i c h  w e l d m e n t
u s i n g  a  C T s p e c i m e n .



- 3 0 7 -

F i g u r e  7 . 3  E f f e c t  o f  s t r e s s  r a t i o  o n  s a n d w i c h  w e l d m e n t
u s i n g  a  C T  s p e c i m e n .
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- 3

F i g u r e  7.4 E f f e c t  o f  f r e q u e n c y  o n  s a n d w i c h  w e l d m e n t
u s i n g  a  C T  s p e c i m e n .
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F i g u r e  7.5 C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  for s a n d w i c h
w e l d m e n t ,  c o n v e n t i o n a l  w e l d m e n t  a n d  p a r e n t  m a t e r i a l
u s i n g  a C T  s p e c i m e n .
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F i g u r e  7 . 6  C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f o r  s a n d w i c h
w e l d m e n t ,  c o n v e n t i o n a l  w e l d m e n t  a n d  p a r e n t  m a t e r i a l
u s i n g  a C T  s p e c i m e n .
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F i g u r e  7 . 7  C o m p a r i s o n  o f  r e s u l t s  f o r  s a n d w i c h  w e l d m e n t ,
c o n v e n t i o n a l  w e l d m e n t  a n d  p a r e n t  m a t e r i a l  u s i n g
a C T  s p e c i m e n .
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F i g u r e  7 . 8  C o m p a r i s o n  o f  r e s u l t s  f o r  s a n d w i c h  w e l d m e n t ,
c o n v e n t i o n a l  w e l d m e n t  a n d  p a r e n t  m a t e r i a l  u s i n g
a C T  s p e c i m e n .
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u s i n g  S N P  g e o m e t r y .
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F i g u r e  7 . 1 0  C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f o r  s a n d w i c h  

w e l d m e n t  a n d  c o n v e n t i o n a l  w e l d m e n t  u s i n g  S N P  

g e o m e t r y .
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F i g u r e  7 . 1 1  C o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  f o r  s a n d w i c h  

w e l d m e n t  a n d  c o n v e n t i o n a l  w e l d m e n t  u s i n g  S N P  

g e o m e t r y .
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Figure 7.12 SEM photograph of sandwich weldment in the 
threshold region illustrating intergranular 
fracture, AK=8 MN/m3/2

Figure 7.13 Fracture surface of sandwich weldment at 
AK=10 MN/m3/2 showing striation patches



-

Figure 7.14 Fatigue fracture in sandwich weldment across 
low AK region region with mechanical damage 
and porosity

Figure 7.15 A typical area containing slag entrapment



-318-

Figure 7.16 Slag entrapment in sandwich weldment

Figure 7.17 SEM photograph showing typical fatigue 
surfaces in sandwich weldment



Figure 7.18 Sandwich weldment fracture surfaces showing 
an area of 100% microvoid coalescence

Figure 7.19 SEM photograph of sandwich weldment showing 
inclusion and striation in the Paris regime
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Figure 7.20 SEM photograph of sandwich weldment
illustrating transgranular cleavage-like 
fracture in the Paris regime

Figure 7.21 Microvoid, porosity and striation on the 
surface of a sandwich weldment at 
AK>30 MN/m3/2
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Figure 7.22 SEM photograph taken at the boundary of 
two weld metals at A K=9 MN/m3/2

Figure 7.23 SEM photograph taken at the boundary of 
two weld metals at AK>30 MN/m3/2
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C H A P T E R  8
C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S

8.1 INTRODUCTION

A  f r a c t u r e  m e c h a n i c s  a p p r o a c h  w a s  s u c c e s s f u l l y  a p p l i e d  

i n  t h e  i n v e s t i g a t i o n  o f  s u r f a c e  c r a c k  g r o w t h  i n  B S 4 3 6 0 - 5 0 D  

l o w  a l l o y  s t r u c t u r a l  s t e e l  a n d  c l a s s  6 w e l d  m e t a l .  T h i s  

i n v e s t i g a t i o n  d i f f e r e d  f r o m  i t s  p r e d e c e s s o r s  i n  a  n u m b e r  o f  

w a y s .  B o t h  f o r  t h e  t h r o u g h - t h i c k n e s s  d i r e c t i o n  a n d  a t  t h e  

f r e e  s u r f a c e ,  c r a c k  g r o w t h  r a t e s  w e r e  o b t a i n e d ,  t h e  m o d e l  

p r o p o s e d  n o t  b e i n g  l i m i t e d  t o  f a t i g u e  c r a c k  p r o p a g a t i o n  o f  

t h e  d e e p e s t  p o i n t  a l o n e ;  t h e  c r a c k  b o t h  i n  t h e  t h r o u g h ­

t h i c k n e s s  d i r e c t i o n  a n d  a c r o s s  t h e  w i d t h  c a n  b e

a c c o m m o d a t e d •

A l t h o u g h  t h e  f i e l d s  o f  f r a c t u r e  m e c h a n i c s  a n d  o f  

f a i l u r e  i n  t h i c k  p l a t e s  h a v e  b o t h  b e e n  t h e  s u b j e c t s  o f  

a c t i v e  r e s e a r c h  a t  I m p e r i a l  C o l l e g e  f o r  s o m e  y e a r s ,  a t t e m p t s  

t o  d e s c r i b e  t h e  b e h a v i o u r  o f  s u r f a c e  c r a c k s  m o r e  a c c u r a t e l y  

h a v e  b e e n  m a d e  o n l y  v e r y  r e c e n t l y .  T h i s  i n v e s t i g a t i o n  i s  o n e  

o f  t h e  f i r s t  a n d  m a y  p e r h a p s  b e  v i e w e d  a s  a  f o r e r u n n e r  i n  

t h i s  f i e l d .  N e v e r t h e l e s s ,  w h e n  c o m p a r e d  w i t h  p r e v i o u s  w o r k  

o n  f a t i g u e  p r o p e r t i e s  o f  l o w  a l l o y  s t r u c t u r a l  s t e e l ,  t h i s  

i n v e s t i g a t i o n  h a s  p r o v i d e d  c o n s i d e r a b l e  d a t a  o n  t h e  s u r f a c e  

c r a c k  b e h a v i o u r  o f  s t e e l  a n d  w e l d  m e t a l  u s e d  i n  t h e  

f a b r i c a t i o n  o f  N o r t h  S e a  o i l  p l a t f o r m s .  T h i s  c h a p t e r  d r a w s  

t o g e t h e r  t h e  m a i n  c o n c l u s i o n s  o f  t h e  i n v e s t i g a t i o n ,  f o l l o w e d  

b y  r e c o m m e n d a t i o n s  o f  a r e a s  i n  w h i c h  f u r t h e r  w o r k  m a y  b e
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b e n e f  i c i a l .

8 . 2  G E N E R A L  C O N C L U S I O N S

T h e  m a i n  c o n c l u s i o n s  d r a w n  f r o m  t h i s  i n v e s t i g a t i o n  a r e  

a s  f o l l o w s : -

1 )  T h e  A . C .  p o t e n t i a l  d r o p  m i c r o g a u g e  i s  s u i t a b l e  f o r  c r a c k  

d e p t h  m e a s u r e m e n t s  i n  a  b e n d i n g  s t r e s s  f i e l d .  T h e  m a i n  

a d v a n t a g e s  o f  t h e  m i c r o g a u g e  a r e  t h a t  i t  c a n  m e a s u r e  t h e  

c r a c k  d e p t h  a l o n g  t h e  c r a c k  f r o n t  f o r  t h e  s u r f a c e  n o t c h e d  

p l a t e s  t e s t e d  a n d  t h a t  i t s  a c c u r a c y  c a n  b e  v a r i e d  f o r  

d i f f e r e n t  p o s i t i o n s  o f  t h e  c r a c k  f r o n t  b y  v a r y i n g  t h e  g a i n  

v a l u e .  I n c r e a s i n g  t h e  g a i n  w a s  f o u n d  t o  i n c r e a s e  t h e  

s e n s i t i v i t y  o f  t h e  m i c r o g a u g e  w i t h o u t  a f f e c t i n g  t h e  

l i n e a r i t y  o f  t h e  d i g i t a l  v o l t a g e  w i t h  t h e  c r a c k  d e p t h .

2 )  F a t i g u e  c r a c k  g r o w t h  r a t e s  a r e  g e n e r a l l y  f o u n d  t o  

i n c r e a s e  w i t h  i n c r e a s e  i n  s t r e s s  r a t i o  a n d  d e c r e a s e  i n  

f r e q u e n c y .  T h e  e f f e c t  o f  s t r e s s  r a t i o  i s  m o s t  p r o n o u n c e d  a t  

l o w  g r o w t h  r a t e s ,  e s p e c i a l l y  i n  t h e  b a s e  m e t a l  a n d  w e l d e d  

j o i n t s  c o n t a i n i n g  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 . e . ,  C T  

g e o m e t r y ) .  A t  h i g h  g r o w t h  r a t e s  a n d  f r e q u e n c i e s ,  h o w e v e r ,  n o  

a p p r e c i a b l e  e f f e c t  o f  s t r e s s  r a t i o  w a s  o b s e r v e d  f o r  b o t h  H A Z  

a n d  w e l d m e n t .  T h e  e f f e c t  o f  f r e q u e n c y  i n  g e n e r a l  w a s  m o s t  

s i g n i f i c a n t  a t  h i g h  s t r e s s  r a t i o s  f o r  a  g i v e n  f r e q u e n c y .

3 )  T h e  s t r e s s  i n t e n s i t y  f a c t o r  s o l u t i o n  p r o p o s e d  b y  

K o t e r a z a w a  a n d  M i n a m i s a k a  [ 1 3 8 ]  f o r  s e m i - e l l i p t i c a l  s u r f a c e  

c r a c k s  i n  a  b e n d i n g  s t r e s s  f i e l d  w a s  d e m o n s t r a t e d  t o  b e  a
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s i m p l e  a n d  f a s t  w a y  o f  f i n d i n g  t h e  s t r e s s  i n t e n s i t y  f a c t o r  

r a n g e ,  A K  , a n d  w a s  f o u n d  t o  y i e l d  a c c u r a t e  d a t a  w h e n  

c o m p a r e d  w i t h  d a t a  o b t a i n e d  f r o m  c o m p a c t - t y p e  s p e c i m e n s .  

H o w e v e r ,  t h e  d i s a g r e e m e n t  b e t w e e n  t h e  r e s u l t s  f o r  w e l d m e n t s  

o b t a i n e d  f r o m  d i f f e r e n t  t y p e s  o f  s p e c i m e n  t e s t e d  w a s  d u e  t o  

t h e  d i f f e r e n t  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  p r o d u c e d  b y  

w e l d i n g .  W h e n  t h e  s i g n  a n d  m a g n i t u d e  o f  t h e  w e l d i n g  r e s i d u a l  

s t r e s s e s  a r o u n d  t h e  c r a c k  t i p  a r e  u n k n o w n ,  t h e  d a t a  o b t a i n e d  

f o r  s u r f a c e - n o t c h e d  w e l d e d  p l a t e s  w i l l  b e  c o n s e r v a t i v e ,  a n d  

n o  f u r t h e r  d e t e r i o r a t i o n  f a c t o r  n e e d  b e  c o n s i d e r e d  t o  

a c c o u n t  f o r  t e n s i l e  m e a n  s t r e s s e s .  H o w e v e r ,  i f  t h e  w e l d i n g  

r e s i d u a l  s t r e s s e s  a r e  c o m p r e s s i v e ,  t h e  f a t i g u e  d a t a  f o r  t h e  

b a s e  m e t a l  w i l l  b e  c o n s e r v a t i v e .  I n  t h i s  c a s e  i t  w i l l  b e  

n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  t h e  d e t e r i o r a t i o n  o f  t h e s e  

p r o p e r t i e s  a t  h i g h  g r o w t h  r a t e s  ( > l o " " ^ m m / c y c l e )  d u e  t o  t h e  

e x i s t e n c e  o f  t h e  t e n s i l e  m e a n  s t r e s s .

4 )  A  s a l t - w a t e r  e n v i r o n m e n t  w a s  f o u n d  t o  e n h a n c e  c r a c k  

g r o w t h  r a t e s  o n l y  a f t e r  a  c e r t a i n  s t r e s s  i n t e n s i t y  f a c t o r  

r a n g e ,  A K ,  w a s  r e a c h e d .  B e l o w  t h i s  A K  - v a l u e  t h e  c r a c k  

g r o w t h  r a t e  i s  t h e  s a m e  a s  o r  l o w e r  t h a n  i n  a i r .  T h i s  A K  -  

v a l u e ,  b e y o n d  w h i c h  r a p i d  g r o w t h  e n s u e s ,  v a r i e s  w i t h  t h e  

m a t e r i a l ,  a n d  a l s o  w i t h  t h e  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  f o r  

t h e  c a s e  o f  w e l d e d  j o i n t  s p e c i m e n s .

5 )  S t r e s s - r e l i e v i n g  d o e s  n o t  c h a n g e  t h e  

i n  a i r  a n d  s a l t - w a t e r  e n v i r o n m e n t s ,  

s t r e s s  i n t e n s i t y  f a c t o r  r a n g e ,  A K ,  

c o n t a i n i n g  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  

a n d  i n c r e a s e s  t h i s  A K  v a l u e  f o r  w e l d e d

s h a p e  o f  t h e  c u r v e s  

b u t  r e d u c e s  o n l y  t h e  

f o r  w e l d e d  j o i n t s  

( i . e . ,  C T  g e o m e t r y )  

j o i n t s  w i t h  t e n s i l e
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r e s i d u a l  s t r e s s e s  ( i . e . ,  S N P  g e o m e t r y ) .

6 ) T h e  f o l l o w i n g  e x p r e s s i o n s  w e r e  o b t a i n e d  a n d  c a n  b e  u s e d  

t o  e x p r e s s  t h e  c r a c k  g r o w t h  r a t e  f o r  B S 4 3 6 0 - 5 0 D  s t e e l ,  a n d  

t h e  w e l d m e n t  a n d  H A Z  a s s o c i a t e d  w i t h  t h a t  s t e e l ,  u n d e r  

v a r i o u s  m e c h a n i c a l  a n d  e n v i r o n m e n t a l  c o n d i t i o n s : -

B S 4 3 6 0 - 5 0 D  S t e e l

i)  U p p e r  b o u n d  f o r  g r o w t h  r a t e s  i n  a i r  -

i i )  U p p e r  b o u n d  f o r  g r o w t h  r a t e s  i n  3 . 5 %  N a C l  s o l u t i o n

W e l d m e n t

i )  U p p e r  b o u n d  f o r  g r o w t h  r a t e s  u s i n g  C T  s p e c i m e n  i n  

a i r  -

a t  3 0 H z

a t  0 . 2 5 H z

a t  3 0 H z

a t  3 0 H z ,
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da
d N

-11 5 1 55.0 x 10 (AK) * a t  0 . 2 5 H z .

i i ) U p p e r  b o u n d  f o r  g r o w t h  r a t e s  u s i n g  S N P  g e o m e t r y  i n  

a i r  -

da
dN 2.3 x 10~8 (AK) 3,2 a t  3 0 H z ,

da
dN 1.35x 10 8 (AK) 4,2 a t  0 . 2 5 H z .

i i i )  U p p e r  b o u n d  f o r  g r o w t h  r a t e s  u s i n g  C T  s p e c i m e n  i n  

3 . 5 %  N a C l  s o l u t i o n  -

da = 1.0 x 10-10 (AK)5,67 dN a t  3 0 H z ,

da
dN 3.1 x 10-11 ( A K ) 5 , 8 a t  0 . 2 5 H z .

i v )  U p p e r  b o u n d  f o r  g r o w t h  r a t e s  u s i n g  S N P  g e o m e t r y  i n  

3 . 5 %  N a C l  s o l u t i o n  -

■ = 2.5 x 10- 1 0da
dN (AK) 5 . 6 7

a t  3 0 H z
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H A Z

i) U p p e r  b o u n d  o f  g r o w t h  r a t e  d a t a  f o r  H A Z  u s i n g  S N P  

g e o m e t r y  i n  a i r  -

| |  =  2 . 0  x  l c T 1 0  ( A K ) 5 , 1 5  a t  3 0 H z ,

d a  , ^ - 1 0  , A„ v  5 . 6 7  a t  0 . 2 5 H z .
377 =  1 . 6  x  1 0  ( A K )dN

7 )  C r a c k  g r o w t h  r a t e s  c a n  a l s o  b e  m o d e l l e d  f r o m  t h r e s h o l d  t o  

t h e  h i g h  c r a c k  g r o w t h  r a t e  r e g i m e  i n  t e r m s  o f  m a t e r i a l  

f a t i g u e  p r o p e r t i e s :

da _  
d N

(l-R2) (AK2 - AK. AKth)
2 2 2 Kf . (l-R) - AKlc

a

f o r  B S 4 3 6 0 - 5 0 D  w h e r e  A  = 4 . 6 9 x l 0 ” 4 , A  = 2 . 4 9 x l O ” 4 a n d  a  = 1 . 0 0 ,
c  a  c

a a = 0 . 9 4  a t  3 0 H z , a n d  A a = 2 . 0 2 x l 0 “ 3 , A c = l . 4 3 x l O _ 3 a n d  a  = 1 . 1 7 ,  

a a = 1 . 1 9  a t  0 . 2 5 H z ;  f o r  w e l d m e n t  u s i n g  S N P  g e o m e t r y ,  

A c = 5 . 2 2 x l O ~ 3 , A a = 3 . 3 4 x l 0 “ 3 a n d  oc = i . 2 6 ,  c* c = 1 . 2 3  f o r  3 0 H z , a n d  

A c = 7 . 0 8 x l 0 " 2 , A a = 3 . 3 4 x l 0 " 2 a n d  a c = 1 . 4 8 ,  a a = 1 . 6 5  f o r  0 . 2 5 H z .  

T h e s e  r e s u l t s  a r e  c o n f i n e d  t o  a n  a i r  e n v i r o n m e n t .

8 ) F o r  t h e  i n i t i a l  c r a c k  c o n f i g u r a t i o n  t e s t e d ,  t h e  c r a c k  

d e p t h  i n  a i r  c a n  b e  f o u n d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n s :



- 3 2 8 -

B S 4 3 6 0 - 5 0 D  S t e e l

at 30Hz -

a

a

6 . 7 9  +  0 . 8 7 c

7 . 6 6  +  0 . 9 2 c

0 . 9 0  x  1 0 “ 2 c 2 

0 . 9 3  x  l O - i c 2

a t  0 . 2 5 H z  -

a  =  -  5 . 7 9  +  0 . 7 9 c

a  =  -  6 . 9 5  +  0 . 8 7 c

0 . 8 1  x  1 0 - 2 c 2

0 . 8 9  x  1 0 “ 2 c 2

R=0.08,

s R=0.7;

R=0.08,

R=0.7.

W e l d m e n t  

a t  3 0 H z  -

a  =  -  5 . 4 8  +  0 . 8 5 c  -  0 . 9 3  x  1 0 “ 2 c 2

a  =  -  5 . 7 6  +  0 . 8 9 c  -  0 . 9 6  x  1 0 ” 2 c 2

a t  0 . 2 5 H z  -

a  =  -  6 . 6 9  +  0 . 9 6 c  -  0 . 1 2  x  l O ^ c 2

a  =  -  5 . 9 9  +  0 . 8 8 c  -  0 . 9 9  x  1 0 ~ 2 c 2

R=0•08, 

R=0.7;

R=0•08,

R = 0 . 7.
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9 )  U s i n g  a s s u m e d  v a l u e s  o f  i n i t i a l  f l a w  s i z e ,  a  p r e d i c t i o n  

o f  t h e  d e v e l o p m e n t  o f  t h e  s h a p e  o f  t h e  s u r f a c e  c r a c k  i n  a  

b e n d i n g  s t r e s s  f i e l d  w a s  m a d e ;  d i f f e r i n g  v a l u e s  f o r  i n i t i a l  

f l a w  s i z e  a n d  s h a p e ,  a n d  g e o m e t r i c  v a r i a b l e s ,  w e r e  

c o n s i d e r e d .  T h e  m a i n  c o n c l u s i o n  d r a w n  f r o m  t h e s e  s i m u l a t i o n s  

i s  t h a t  i n i t i a l  e l l i p t i c a l  f l a w s  w i t h  l o w  a s p e c t  r a t i o  w i l l  

c a u s e  e a r l i e r  f a i l u r e  s i n c e  t h e y  a p p e a r  t o  d e v e l o p  t o  a  

s t a b l e  c r a c k  s h a p e  m o r e  q u i c k l y .  T h i s  i s  t h e  c a s e  a s s u m i n g  

t h e  i n i t i a l  a s p e c t  r a t i o  i s  a  f u n c t i o n  o f  c r a c k  d e p t h ,  a ,  

o n l y .  C o n s i d e r i n g  t h e  c a s e  i n  w h i c h  t h e  a s p e c t  r a t i o  i s  a  

f u n c t i o n  o f  c r a c k  l e n g t h ,  2 c ,  t h e  c o n v e r s e  i s  t r u e .

8 . 3  R E C O M M E N D A T I O N S  F O R  F U T U R E  W O R K

T h e  p r e s e n t  s t u d y  h a s  i n d i c a t e d  a  n u m b e r  o f  a r e a s  w h i c h  

r e q u i r e  f u r t h e r  w o r k  a n d  m o r e  d e t a i l e d  i n v e s t i g a t i o n : -

1 )  T h e  c r a c k  m i c r o g a u g e  s y s t e m  w i t h  s t a n d a r d  p r o b e  p e r f o r m e d  

v e r y  w e l l  b u t ,  d u e  t o  l e n g t h y  p r o c e d u r e s  o f  p r o c e s s i n g  t h e  

r a w  d a t a ,  f u r t h e r  a t t e n t i o n  s h o u l d  b e  g i v e n  t o  f i x e d  p r o b e s  

a l o n g  t h e  c r a c k  l i n e  a t  t h e  s u r f a c e  w h i c h  a r e  i n t e r f a c e d  t o  

a  m i c r o - c o m p u t e r .  A l s o ,  u s i n g  a  m i c r o - c o m p u t e r  s y s t e m  f o r  

c o n t r o l  o f  t h e  m a c h i n e  a n d  f o r  a n a l y s i s  o f  t h e  f a t i g u e  d a t a  

d u r i n g  f a t i g u e  t e s t i n g  s h o u l d  b e  e x p l o r e d .

2 )  T h e  p r e s e n t  r e s u l t s  f o r  t h e  w e l d m e n t  i n d i c a t e  t h e  

i m p o r t a n c e  o f  w e l d i n g  r e s i d u a l  s t r e s s e s ,  w h i c h  i s  r e f l e c t e d  

i n  t h e  d a t a  o b t a i n e d  f o r  l a b o r a t o r y  s p e c i m e n s  o f  d i f f e r e n t
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g e o m e t r i e s .  T h e r e f o r e ,  i t  i s  r e c o m m e n d e d  t h a t  i n  t h e  f i r s t  

i n s t a n c e  t h e  w e l d i n g  r e s i d u a l  s t r e s s e s  s h o u l d  b e  m e a s u r e d  

a n d  t a k e n  a c c o u n t  o f  i n  c a l c u l a t i o n s  i n  a n  a t t e m p t  t o  

d e s c r i b e  t h e  r e s u l t s  o f  t e s t s  m o r e  c o m p r e h e n s i v e l y ,  a n d  

w h e r e  p o s s i b l e  t h e  t e s t s  s h o u l d  b e  c a r r i e d  o u t  o n  t e s t -  

p i e c e s  o f  t h e  s a m e  g e o m e t r y  a n d  t h e  f u l l - s c a l e  s i z e  f o r  

w h i c h  t h e  d a t a  i s  r e q u i r e d .

3 )  T h e  t h r e s h o l d  r e g i o n  o f  c r a c k  g r o w t h  a t  l o w  f r e q u e n c y  h a s  

n o t  b e e n  t h e  s u b j e c t  o f  a n  e x p e r i m e n t a l  s t u d y .  E x t r a p o l a t i o n  

o f  t h e  l o w  f r e q u e n c y  r e s u l t s  p o i n t  t o  t h e  f a c t  t h a t  t h e  

t h r e s h o l d  r e g i o n  o f  g r o w t h  i s  n o t  a f f e c t e d  b y  t h e  f r e q u e n c y .  

T h e  s i g n i f i c a n c e  o f  t h i s  r e g i o n  i n  r e s p e c t  o f  l i f e - e x p e c t a n c y  

i n  r e l a t i v e l y  h i g h  s t r e s s  s i t u a t i o n s  m a k e s  a  d e t a i l e d  

i n v e s t i g a t i o n  n e c e s s a r y .

4 )  T h e  r e s u l t s  o f  t e s t s  i n  a i r  a n d  s a l t - w a t e r  e n v i r o n m e n t s  

i n d i c a t e  t h a t  i n  t h e  l a t t e r ,  w h e r e  c r a c k  g r o w t h  c o n t i n u e s  a t  

a  r e d u c e d  r a t e ,  a  c r i t i c a l  v a l u e  o f  A K  e x i s t s  b e y o n d  w h i c h  

r a p i d  g r o w t h  e n s u e s .  T h i s  v a l u e  o f  A K  a p p e a r e d  t o  b e  a 

f u n c t i o n  o f  r e s i d u a l  s t r e s s e s ,  a n d  t o  b e  i n d e p e n d e n t  o f  

f r e q u e n c y  a s  f a r  a s  w e l d m e n t s  a r e  c o n s i d e r e d .  F u r t h e r  w o r k  

i s  r e q u i r e d  t o  a s s e s s  t h i s  p h e n o m e n o n .

5 )  T h e  m o d e l  f o r  p r e d i c t i n g  t h e  s h a p e  d e v e l o p m e n t  o f  s u r f a c e  

c r a c k s ,  a s  d e s c r i b e d  i n  C h a p t e r  6 ,  s h o u l d  b e  m o d i f i e d  t o  

i n c l u d e  l i f e  p r e d i c t i o n .  T h e  a c c u r a c y  o f  t h e  m o d e l  w h e n  

u s i n g  d i f f e r e n t  a s p e c t  r a t i o s  s h o u l d  b e  d e t e r m i n e d  b y  

e x p e r i m e n t s  i n  w h i c h  i t  i s  p o s s i b l e  t o  p r o d u c e  i n i t i a l  c r a c k  

c o n f i g u r a t i o n s  o f  t h e  r e q u i r e d  s i z e .
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6 ) I n t e r e s t i n g  r e s u l t s  h a v e  b e e n  o b t a i n e d  f r o m  s a n d w i c h  

w e l d m e n t s  b u t  c o n s i d e r a b l y  m o r e  w o r k  i s  r e q u i r e d  i n  t h i s  

f i e l d .  T h e  f a t i g u e  p r o p e r t i e s  o f  s a n d w i c h  w e l d m e n t s  p r o d u c e d  

b y  d i f f e r e n t  c o m b i n a t i o n s  o f  w e l d i n g  r o d s  a n d / o r  m o r e  l a y e r s  

( i . e . ,  s e v e n - l a y e r  s a n d w i c h )  s h o u l d  b e  e x p l o r e d .
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APENDIX 1

The mean line fitted to the results obtained by Musuva 

[143] on BS4360-50D steel in air was presented in Chapter 4. 

Musuva whose work was briefly discussed before performed 

threshold fatigue tests at stress ratios of ~0.7, 0.0, 0.08 

and 0.7 on 25.4mm-thick CT specimens.

He used two different methods for shedding the load to 

obtain low crack growth rates and thresholds. In the first 

technique, the value of A K  was progressively reduced by 

steps of 10% or less (i.e., stepping down load). This 

procedure was continued until threshold conditions were 

attained. The second technique involved lowering AK by 

increasing the stress ratio. He started the test at some 

value of Kmav and at a low stress ratio (preferably R=0.0) 

the maximum load, Pmax r was kept constant, but minimum load 

increased in steps. He found that the value of -AK could be 

reduced by even larger steps than 30% without noticeable 

load history effects.

He also investigated the effect of frequency on crack 

propagation rate and performed tests at cyclic loading of 

0.06Hz, 0.02Hz and 0.25Hz and two stress ratios (i.e., 0.08 

and 0.7). In all the tests he used a combination of 

graphical curve-fitting and finite difference (secant) 

method to process the raw experimental data.
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However, as the present investigation and that of 

Musuva were performed under identical mechanical and 

environmental conditions to that last detail (i.e., testing 

machines, crack length measuring equipment, etc.) it is 

important to see the scatter between the results obtained in 

the present work and those of Musuva. Therefore it was 

necessary to compare the data points rather than the mean 

line. This is shown in Figs. A.l and A.2 for the tests at 

30Hz and in Figs. A.3 and A . 4 for the tests at 0.25Hz and R- 

values of 0.08 and 0.7, respectively. The correlation 

between the results is extremely good especially for 

threshold tests showing that although different techniques 

were employed to determine the threshold stress intensity 

factor, both techniques yield accurate data.

The work of Thorpe et al [175] which was reviewed in

Chapter 5 showed some discrepancy with the present

investig ation especially in the case of crack growth rates

in the through-thickness direction and at stress ratio of

0.7. However, in a recent publication by Thorpe et al [1A] 

on corrosion fatigue of BS4360-50D steel in seawater, they 

conducted research on through-thickness defects in BS4360- 

50D steel in air and in seawater, and have presented results 

on semi-elliptic flaws under three-point bend loading. Like 

their previous investigation (i.e., [175]) they performed 

tests on 38mm-thick SNP geometry specimen at a cyclic 

frequency of 0.1Hz and stress ratios, R, of 0.1 and 0.7. The 

starter notches were spark machined with initial aspect
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ratios of 1.0, 0.5, 0.33 and 0.25. The cyclic crack tip 

stress intensity factor was calculated using stress 

intensity factor solution proposed .by Koterazawa and 

Minamisaka [138] together with finite area correction factor 

of Dover and Holdbrook [140]. Surface crack lengths were 

measured by direct visual observation and crack depths were 

measured by AC resistance and also after the test, by 

inspection of fracture surfaces's beach marks.

Their investigation showed that each experiment could 

yield up to sixteen readings of crack length and crack 

depth, and a study of various data-processing techniques 

showed that accurate measures of surface crack growth rates 

could be obtained by fitting a polynomial curve through the 

plot of surface crack length vs elapsed cycles. Through­

thickness crack growth rates were determined in one of two 

v*ays: (i) if sufficient in-depth reading exited (i.e., >10) 

then the above polynomial method was used; (ii) if less than 

ten crack depths reading were available, then crack depth 

growth rate, da/dN, was determined from the surface crack 

length growth rate, dc/dN, and the slope of the plot of 

crack depth against length, da/dc (i.e., da/dN = da/dc x 

dc/dN) .

The result of the present investigation when compared 

to the data obtained by Thorpe et al explained above showed

a very good correlation. They measured growth rates higher
-5 -6than 1x10 , mm/cycle at R=0.1 and 3x10 mm/cycle at R=0.7
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and only over one order of magnitude as is shown in Figs. 

A . 5 and A.6. Although, the specimen's thickness used in 

these investigations varied by about 50%, it has been 

reported by the above authors that crack propagation rates 

in air are independent of specimen thickness is further 

comfirmed as is shown in Figs. A.5 and A.6.
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