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A method has  been developed f o r  es t imat ing t h e  amount of s t a b l e  crack 

growth t h a t  has occurred i n  a f r a c t u r e  toughness specimen t h a t  has been loaded 

i n t o  t h e  p l a s t i c  range and f o r  which only a monotonically increas ing load- 

I 
displacement curve has  been measured. The method has been applied t o  d a t a  

from severa l  pressure v e s s e l  steels. The r e s u l t i n g  J v s  Aa values compare 

favorably with a r es i s t ance  curve obtained by t h e  mul t ip le  specimen heat- 

t i n t i n g  technique f o r  A533, Grade B, Class 1 steel. The method f o r  estimat- 

ing s t a b l e  crack growth uses  several e x i s t i n g  concepts he re to fo re  mainly 

used separa te ly .  These concepts include an approximate expression f o r  J fo r  

the  compact specimen proposed by Andrews, t h e  e f f e c t i v e  crack length  concept 

of McCabe and ~ a n d e s ,  t h e  UK representa t ion of  t h e  crack p r o f i l e  a s  a p a i r  of 

s t r a i g h t  l i n e s  i n t e r s e c t i n g  a t  a hinge point ,  and Well's expression, J = muy&, 

f o r  r e l a t i n g  t h e  crack-opening displacement t o  t h e  value  of J. The value  of 

t h e  cons t ra in t  f a c t o r ,  m y  a t  t h e  advancing crack t i p  is estimated by means of 

a r e l a t i o n  between d u c t i l i t y  and f r a c t u r e  toughness. When calcula ted  wi th  

respect  t o  t h e  COD a t  t h e  o r i g i n a l  f a t i g u e  crack t i p ,  the cons t ra in t  f a c t o r ,  

mo, is found t o  have a value  cons i s t en t ly  c l o s e  t o  2.0 f o r  compact and 
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load-deflect ion measurements o r  ca lcu la t ions ,  and so  permits s i n g l e  specimen 

,est imates of s t a b l e  crack.growth t o  b e  made without t h e  necess i ty  of making 

nloading compliance measurements. 

INTRODUCTION 

The useful  app l i ca t ion  of f r a c t u r e  mechanics t o  t h e  s a f e t y  ana lys i s  of 

nuclear  pressure  vessels has been considerably enhanced by t h e  development of 

e l a s t i c - p l a s t i c  methods f o r  measuring high values of f r a c t u r e  toughness wi th  

s m a l l  and by t h e  high s a f e t y  margins demonstrated by t h e  in te r -  

mediate pressure  v e s s e l  t e s t s  canducted by t h e  HSST program. Nevertheless, 

two aspec t s  of these  r e s u l t s  s t i l l  requ i re  add i t iona l  c l a r i f i c a t i o n  before  

standard methods of e l a s t i c - p l a s t i c  f r a c t u r e  toughness measurement and flaw 
? 

evaluat ion can b e  considered appropriate.  The f i r s t  aspect  is  the  tendency 

f o r  maximum load f r a c t u r e  toughness values i n  t h e  upper she l f  temperature 

range t o  increase  with increas ing specimen s ize .  The second aspect  is t h e  

occurrence 0.f r e l a t i v e l y  l a r g e  amounts of s t a b l e  crack growth before f a i l u r e  

i n  t h e  upper she l f  intermediate pressure  v e s s e l  tests. I n  addi t ion ,  because 

of space l i m i t a t i o n s  and o the r  s ize-re la ted  problems, only small specimens can 

b e  used a s  i r r a d i a t i o n  su rve i l l ance  specimens i n  reac to r  pressure  vesse l s .  

Consequently, the re  is  no p r a c t i c a l  a l t e r n a t i v e  t o  t h e  use of small specimens 

f o r  measuring i r r a d i a t e d  f r a c t u r e  toughness values.  Furthermore, i n  order t o  

j u s t i f y  t h e  use of such values i n  f r a c t u r e  s a f e t y  analyses,  it i s  f i r s t  neces- 

s a r y  t o  explain t h e i r  physical  b a s i s  and a l s o  t o  develop procedures f o r . u s l n g  

them a n a l y t i c a l l y  t h a t  do not  become unconservative. 

The physical  b a s i s  f o r  t h e  occurrence of maximum load toughness values 

t h a t  increase  wi th  increas ing specimen s i z e  was shown by  riffi is^ t o  be t h e  

amount of s t a b l e  crack growth t h a t  occurs p r i o r  t o  maximum Load.  riffi is' 

d a t a  showed t h a t  t h e  absolute  amount of s t a b l e  crack growth occurring a t  maxi- 

mum load,  f o r  notched bend specimens of HY-180 s t e e l ,  increased with increasing 

- 
precracked Charpy specimens. The method of es t imat ion requ i res  no a u x i l i a r y  



- 
" specimen size, .  a l t h o u g h  t h e  f r a c t i o n a l  v a l u e  d e c r e a s e d  s l i g h t l y ,  from a b o u t  6% 

f o r  a  1.6-mm-thick specimen t o  a b o u t  4% f o r  a  53-mm-thick specimen. On t h e  o t h e r  

hand, t h e  toughness  a t  t h e . o n s e t  o f  c r a c k  e x t e n s i o n  was abou t  c o n s t a n t  f o r  s p e c i -  

mens exceed ing  abou t  2 cm i n  t h i c k n e s s .  I f  t h e  toughness  r e q u i r e d  t o  deve lop  

s t a b l e  c r a c k  e x t e n s i o n  i s  indeed a n  i n c r e a s i n g  and a  s i n g l e  v a l u e d  f u n c t i o n  of 

., t h e  amount o f  s t a b l e  c r a c k  g r ~ w t h , ~  t h e n  i t  f o l l o w s  t h a t  t o  j u s t i f y .  u s i n g . v a l u e s  

o f  f r a c t u r e  toughness  h i g h e r  t h a n  t h o s e  cor responding  t o  t h e  o n s e t  o f  c r a c k  ex- 

t e n s i o n ,  t h e  amount of s t a b l e  c r a c k  growth as w e l l  as t h e  toughness  must b e  de- 

termined from specimen t e s t  d a t a ,  and b o t h  v a l u e s  must b e  used f o r  a c o r r e c t  

' s a f e t y  a n a l y s i s  o f  a f lawed s t r u c t u r e .  

M u l t i p l e  d i r e c t  o r  i n d i r e c t  measurements of s t a b l e  c r a c k  growth i n  s i n g l e  

specimens are n o t  e a s i l y  made, f o r  a v a r i e t y  o f  r e a s o n s .  One method f o r  esti- 

mat ing  s t a b l e  c r a c k  e x t e n s i o n  t h a t  is  c o n s i d e r e d  p o t e n t i a l l y  a p p l i c a b l e  t o  ir- 

r r a d i a t e d  specimens,  b u t  t h a t  a l s o  i l l u s t r a t e s  t h e  problems a s s o c i a t e d  

w i t h  a u x i l i a r y  c r a c k  l e n g t h  measurements,  is t h e  un load ing  compliance method.. 

By t h i s  method, t h e  s p e c i m e n ' i s  p a r t i a l l y  unloaded from t h e  e l a s t i c - p l a s t i c  r a n g e ,  
. . 

and t h e  c r a c k  l e n g t h  is  c a l c u l a t e d  from t h e  change , i n ,  t h e  e l a s t i c  u n l o a d i n g  com- 

p l i a n c e  and t h e  k n o w n . e l a s t i c  compliance o f  t h e  specimen a s  a f u n c t i o n  of c r a c k  

l e n g t h .  Because t h e  change i n  compliance due t o  a  g i v e n  change i n  c r a c k  l e n g t h  

is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  specimkn s i z e P 7  .it can  b e  e s t i m a t e d  t h a t  t o  pre-  
. . 

v e n t  e r r o r s  i n  t h e  v a l u e  o f  t h e  toughness  a t  t h e  o n s e t  of c r a c k  e x t e n s i o n  from. ex- 

ceed ing  10% f o r  a 4T compact specimen, which is used i n  r e s e a r c h  f o r  o b t a i n i n g  

b a s e l i n e  d a t a ,  t h e  un load ing  d i sp lacement  must b e  measured w i t h i n  30 u i n .  Con- 

s e q u e n t l y ,  e f f o r t s  are underway t o  improve t h e  p r e c i s i o n  and t h e  a c c u r a c y  of un- 

l o a d i n g  d i sp lacement  measurements, and s i m u l t a n e o u s l y  t o  deve lop  a l t e r n a t e  means. 

f o r  e s t i m a t i n g  s m a l l  amounts of s t a b l e  c r a c k  e x t e n s i o n  w i t h o u t  t h e  requ i rement  

o f  unloading.  Andrews e t  a1.8 a t  t h e  General  E l e c t r i c  Company have  p r o p o s e d . s u c h  

a method, b a s e d . o n  two c r a c k  opening d i sp lacement  measurements made a t  d i f f e r e n t  

d i s t a n c e s  from t h e  c r a c k  t i p ,  from which t h e  opening d i sp lacement  a t  t h e  o r i g i n a l  

f a t i g u e  sharpened c r a c k  t i p  can b e  c a l c u l a t e d .  By c o r r e l a t i o n ,  t h e  d i f f e r e n c e  

between t h i s  d i sp lacement  and t h e  d i sp lacement  a t  t h e  same l o c a t i o n  t h a t  would 

have o c c u r r e d  i f  t h e r e  had b e e n m o  c r a c k  e x t e n s i o n  a r e  used t o  e s t i m a t e  t h e  

amount o f  s t a b l e  c r a c k  e x t e n s i o n .  Another method h a s  been proposed by P a r i s  

e t  a1 .  , based  on t h e  a n a l y t i c a l  o r .  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  f a m i l y  of 

load-displacement  curves  f o r  specimens o f  c o n s t a n t  c r a c k  l e n g t h ,  c o v e r i n g  t h e  



- 
' r a n g e  from i n % t i a l  t o  f i n a l  c r a c k  s i z e s  o c c u r r i n g  i n  t h e  specimen. Both o f  

t h e s e  methods a r e  s t i l l  under  development and t h e r e f o r e  t h e i r  s u i t a b i l i t y  f o r  

r o u t i n e  a p p l i c a t i o n  c a n n o t ' y e t  b e  judged. I n  t h e  meantime, i t  a p p e a r s  worth- 

"whi le  t o  c o n t i n u e  e x p l o r i n g  f o r  o t h e r  p o s s i b l e  methods o f  e s t i m a t i n g  c r a c k  l e n g t h  

changes  w i t h o u t  u n l o a d i n g ,  e s p e c i a l l y  i f  t h e s e  methods appear  t o  b e  e a s i l y  ap- 

.. p l i e d  and t h e i r  r e s u l t s  promise  t o  b e  r e a s o n a b l y  a c c u r a t e .  T h i s  d i s c u s s i o n  de- 

s c r i b e s  one such p o s s i b l e  method which,  i f . i t  p roves  t o  b e  ' f e a s i b l e ,  can b e  ap- 

p l i e d  t o  any  new o r  e x i s t i n g  e l a s t i c - p l a s t i c  f r a c t u r e  toughness  d a t a  t h a t  i n -  

c l u d e  b o t h  l o a d  and e i t h e r  l o a d  p o i n t  o r  f r o n t  f a c e  c l i p  gage d i sp lacement  v a l u e s .  

EFFECTIVE CRACK LENGTH 

I n  o r d e r  t o  estimate t h e  i n c r e a s e  i n  c r a c k  l e n g t h  i n  a  specimen w i t h o u t  

p a r t i a l l y  u n l o a d i n g . t h e  s p e c i m e n . o r  making o t h e r  a u x i l i a r y  a d d i t i o n a l  measure- 
? 

ments ,  t h e  i n c r e a s e  i n  c r a c k  l e n g t h  must b e  r e l a t e d  t o  some c h a r a c t e r i s t i c  .of 

t h e  measured l o a d - d e f l e c t i o n  c u r v e  f o r  c o n t i n u e d  l o a d i n g .  A r e l a t i o n s h i p  adap t -  

a b l e  t o  t h i s  purpose  was proposed by Bucci  e t  a1. , who sugges ted  t h a t  t h e .  s e c a n t  

modulus of t h e  l o a d - d e f l e c t i o n  c u r v e  cou ld  b e  e s t i m a t e d  by add ing  a n  ry p l a s t i c  

zone s i z e  c o r r e c t i o n  t o  t h e  o r i g i n a l  c r a c k  l e n g t h ,  and t h e n  e s t i m a t i n g  t h e  s e c a n t  

modulus as t h e  e l a s t i c  s t i f f n e s s  cor responding  t o  t h e  r e s u l t i n g  e f f e c t i v e  c r a c k  

l e n g t h .  R e c e n t l y ,  McCabe and ~ a n d e s l l  sugges ted  r e v e r s i n g  t h i s  p rocedure ,  s o  

t h a t  t h e  e f f e c t i v e  c r a c k  l e n g t h  i s  e s t i m a t e d  from t h e  measured s e c a n t  modulus of 

t h e  l o a d - d e f l e c t i o n  c u r v e .  The l a t t e r  p rocedure  ,has t h e  r e a l i s t i c  advan tage  t h a t  

t h e  e f f e c t i v e  c r a c k  l e n g t h  cannot  exceed t h e  specimen wid th .  Fur thermore,  McCabe 

and L a n d e s l l  showed t h a t  J c a l c u l a t i o n s  based on t h e  e l a s t i c  formula  f o r  Ii, ' t h e  

a c t u a l  l o a d  and t h e .  e f f e c t i v e  c r a c k  l e n g t h  were  c o n s i s t e n t l y  c l o s e  t o  t h e  exper i -  

m e n t a l l y  determined v a l u e s  o f  J d e f i n e d  as minus t h e  r a t e  of change o f  a r e a  under 

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

T h i s  l a t t e r  r e s u l t  t u r n s  o u t  t o . b e  of c o n s i d e r a b l e  p r a c t i c a l  importance,  even 

though t h e r e  is  p r e s e n t l y  no complete  t h e o r e t i c a l  e x p l a n a t i o n  f o r  t h e  r e s u l t  

i t s e l f .  

SINGLE SPECIMEN EQUATIONS FOR J 

Soon a f t e r  t h e  r e l a t i o n s h i p  between t h e  e f f e c t i v e  c r a c k  l e n g t h  and t h e  non- 

l i n e a r  l o a d - d e f l e c t i o n  c u r v e  was s u g g e s t e d ,  l o  e q u a t i o n s  began t o  b e  developed by 
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" which J cou ld  - b e . c a l c u l a t e d  from a  s i n g l e  specimen n o n l i n e a r  load-d i sp lacement  

test r e c o r d .  For t h e  notched beam, R i c e ,  P a r i s  and ~ e r k l e ~  d e r i v e d  t h e  e q u a t i o n  

where A i s  t h e  a r e a  under  t h e  load-displacement  c u r v e ,  b i s  t h e  l i g a m e n t  w i d t h ,  

and B i s ' t h e  specimen t h i c k n e s s .  Subsequen t ly ,  f o r  t h e  compact specimen, Merkle 

and c o r t e n 3  d e r i v e d  t h e  e q u a t i o n  

. . .L . 
rcil.. 

where P i s  t h e  l o a d ,  A t h e  d i s p l a c e m e n t ,  and a i s  t h e  f r a c t i o n  of t h e  n e t  s e c t i o n  -k,...',:2 

t h a t  c a r r i e s  t h e  a p p l i e d  f o r c e  a t  l i m i t  l o a d ,  and i s  g i v e n  by .. . . 
, . '*,' , . _. 1.51_. ..:*. 

.. .* ,. .2 ?.. w. 
Note t h a t  Eq. ( I ) ,  a s  w e l l  a s  Eq. ( 2 ) ,  i s  w r i t t e n  h e r e  i n  t e r m s  of t h e  t o - t a l  d i s -  . .,,;*., . . .:.8dA ..*i; 

placement ,  i n  agreement w i t h  t h e  subsequen t  f i n d i n g s  of s e v e r a l  i n v e s t i g a t o r s  . l 2-1 . ,., . . 

Also ,  i n  t h i s  d i s c u s s i o n ,  t h e  d i sp lacement  A w i l l  b e  t h e  l o a d  l i n e  displacemen' t  I 

and t h e  a r e a  A w i l l  be  t h e  a r e a  under  t h e  l o a d  v e r s u s  l o a d  l i n e  d i s p l a c e m e n t ,  un- 

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

Recen t ly ,  s e v e r a l  i n v e s t i g a t o r s  have proposed s i m p l i f i e d  approx imat ions  t o  

Eq. (2)  f o r  t h e  compact specimen. ~ n d r e w s ~  found. t h a t  t h e  e x p r e s s i o n  

a g r e e s  w i t h  Eq. (2) w i t h i n  t h r e e  t o  f o u r  p e r c e n t , .  f o r  a/W 2 0.5. On t h e  o t h e r  

hand, Landes,  Walker and c l a r k & l 4  found t h a t  s a t i s f a c t o r y  agreement w i t h  e x p e r i -  

m e n t a l l y  based v a l u e s  o f  J, f o r  a . s e r i e s  o f  b l u n t  notched compact specimens of '  



- 
HY-130 s t e e l ,  .could b e  o b t a i n e d  by u s i n g  o n l y  t h e  f i r s t  term i n  Eq. ( 2 ) ,  t h a t  is ,  

by w r i t i n g  

Based on  t h e  same comparison between e x p e r i m e n t a l l y  determined and c a l c u l a t e d  

v a l u e s  of J, C l a r k e  and ~ a n d e s l ~  have s i n c e  recommended Eq. (5)  a s  t h e  b e s t  ex- 

p r e s s i o n  t o  u s e  f o r  d e t e r m i n i n g  J f o r  t h e  compact specimen. 

Both Eqs. ( 4 )  and (5) a r e  s i n g l e  t e r m  e q u a t i o n s  f u r  J r e m i n i s c e n t  of t h e  

e q u i v a l e n t  energy formula1 f o r  t h e  compact specimen, because  t h e y  a r e  b o t h  equa- 

t i o n s  of t h e  form 

The d i f f e r e n c e  between Eqs. (4)  ' and (5) can  b e  i n v e s t i g a t e d  by c o n s i d e r i n g  a 

g e n e r a l  approx imat ion  f o r  A ' t o  b e  o f  t h e  form 

where 

An a p p r o p r i a t e  v a l u e  of A. c a n  b e  determined g r a p h i c a l l y  by n o t i n g  t h a t  t h e  r e -  

c i p r o c a l  o f  X i s  a  l i n e a r  f u n c t i o n  o f  a/W, and t h a t ,  f o r  a/W = 0, 

Thus by p l o t t i n g  t h e  v a l u e s  o f  2 4  c a l c u l a t e d  from Eq. (5)  v e r s u s  a/W, and t h e n  

f i t t i n g  a s t r a i g h t  l i n e  t o  t h e  r e s u l t s ,  as shown i n  F i g .  1, i t  c a n  b e  de te rmined  



- 
:' t h a t  w i t h i n  one p e r c e n t  accuracy ,  f o r  a/W 2 0.3 ,  B O / A o  = 7/9, s o  t h a t  Eq. (5)  

I can  be  r e p r e s e n t e d  by t h e  e x p r e s s i o n  

F i g u r e  1 a l s o  sh0ws .a  comparison between Eqs. (4)  and ( 2 ) ,  f o r  t h e  e l a s t i c ' c a s e .  

In  g e n e r a l ,  t h e  a c c u r a c y  of Eq. (4)  w i l l  depend on t h e  v a l u e  of a/W and t h e  ex- 

t e n t  o f  y i e l d i n g .  However, i t  can  be  s e e n  from F i g .  1 t h a t  Eq. (10) i s  a c l o s e r  

I approx imat ion  t o  Eq. (5) t h a n  Eq. (4)  is  t o  Eq. ( 2 ) .  I n  a d d i t i o n ,  Eq. (10) 

I always g i v e s  s l i g h t l y  s m a l l e r  v a l u e s  of J t h a n  Eq. (4)'. The d i f f e r e n c e  is  s i x  

I p e r c e n t  a t  a/W = 0.5 ,  a n d . i t  d e c r e a s e s  s t e a d i l y  a s  a/W i n c r e a s e s .  Consequent ly ,  

I t h e  v a l u e  of B o  = 3 . 5 . w i l l  b e  used f o r  subsequen t  c a l c u l a t i o n s  f o r  t h e  compact 

specimen, based on  Eq. (10) .  

, ENERGY AND COMPLIANCE EQUATIONS 

One way of checking t h e  a c c u r a c y  of a n  approx imate  energy based e x p r e s s i o n  , 

f o r  J i s  t o  u s e  i t  t o  e s t i m a t e  t h e  a r e a  und.er t h e  load-displacement  c u r v e  as a I 

i 
I f u n c t i o n  of c r a c k  l e n g t h  a t  c o n s t a n t  d i s p l a c e m e n t .  For  t h i s  purpose ,  combining 
I I 

Eqs. (6)  and ( 7 )  w i t h  t h e  b a s i c  d e f i n i t i o n  o f  J g i v e s  I 

. . 

where, i n  accordance  w i t h  common' usage ,  U and A  a r e  synonymous. A f t e r  u s i n g  

Eq. (8)  and t h e  s u b s t i t u t i o n s  

and 



. - 
:' and n o t i n g  t h a t  U v a r i e s  o n l y  w i t h  b i f  A i s  h e l d  c o n s t a n t ,  Eq. (11) can  b e  con- 

v e r t e d  t o  t h e  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  

By d i r e c t  i n t e g r a t i o n ,  t h e  s o l u t i o n  t o  Eq:(14) i s  

where U o  i s  t h e  v a l u e  of U a t  any  r e f e r e n c e  v a l u e ' o f  cra .ck s i z e ,  denoted b y  a o .  

The p r e d i c t i o n s  of Eq.. (15) c a n  b e  compared 'wi th  exper iment  by f i r s t  n o t i n g  
? . 

t h a t  t h e  r a t i o  o f  e n e r g i e s  f o r  two, specimens o f  d i f f e r e n t  c r a c k  l e n g t h s  is  inde-  

penden t  of d i s p l a c e m e n t .  T h e r e f o r e ,  a t  any d i s p l a c e m e n t ,  
, ,. 

From Eq. (16) i t  f o l l o w s  t h a t  t h e  v a r i a t i o n  o f  e l a s t i c ' c o m p l i a n c e  w i t h  c r a c k  s i z e  

c a n  b e  e s t i m a t e d  from 

The p r e d i c t i o n s  of Eq. (17) a r e  compared w i t h  t h e  boundary c o l l o c a t i o n  v a l u e s  

:ob ta ined  by ~ e w m a n , " . ~  i n  F ig .  2 ,  u s i n g  Newman's e l a s t i c  compliance v a l u e s  a t  

. a/W = 0 .6  a s  r e f e r e n c e  v a l u e s .  From F i g .  2  i t  can  b e  s e e n  t h a t  u s i n g  Bo = 3 . 5  

produces  a v e r y  c l o s e  .es t imate .  of Newman's f r o n t  f a c e  c r a c k  mouth opening com- 

. p l i a n c e  c u r v e ,  w h i l e  Bo = 2.0 produces  a  more a c c u r a t e  e s t i m a t e  of t h e  l o a d  l i n e  

. compliance c u r v e  t h a n ' d o e s  Bo = 3.5.  Equa t ion  (16) h a s  a l s o  been a p p l i e d  i n  t h e  

e l a s t i c - p l a s t i c  r a n g e  t o  t h e  s e r i e s  o f  load-d i sp lacement  c u r v e s  f o r  t e n  b l u n t  

no tched  compact specimens o f  HY-130 s t e e l  o b t a i n e d  by Landes,  Walker and c l a r k e 1 4  

shown i n  F i g .  3 .  Using B o  = 3 . 5 ,  t h e  p r e d i c t e d  l o a d s  a t  A = 2 mm (0 .08 i n . )  

a r e  s l i g h t l y  h i g h  f o r  a/W < 0 .6 ,  t h e  l o a d  f o r  which was used a s  t h e  r e f e r e n c e  
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" v a l u e ,  b u t  t h e y  a r e  ex t remely  good f o r  a/W > 0.6.  S i n c e  a l l  of t h e  comparisons  

made t h u s  f a r  i n d i c a . t e  t h a t  Eqs. (7)  and (15) a r e  good approx imat ions ,  t h e  u s e  

of Eq. (7)  i n  a  method f o r . e s t i m a t i n g  t h e  e x t e n t  o f  s t a b l e  c r a c k  growth w i l l  now 

'be  examined. 

SOLUTIONS FOR THE EFFECTIVE CRACK LENGTH 

A t  f i r s t  g l a n c e ,  a method f o r  r e c o n c i l i n g  t h e  e f f e c t i v e  c r a c k  l e n g t h  concep t  

o f  McCabe and ~ a n d e s l l ' w i t h  t h e  a r e a  based J formulas  of ~ n d r e w s ~  and Landes e t  

a l .  l 4  i s  n o t   obvious.^ N e v e r t h e l e s s ,  i t  is p o s s i b l e  t o  e q u a t e  t h e  J v a l u e s  c a l c u -  

l a t e d  by t h e  two methods, and t h u s  o b t a i n  a s o l u t i o n , f o r  t h e  e f f e c t i v e  c r a c k  l e n g t h .  

By t h i s  approach,  f o r  t h e  compact specimen. 

where a, i s  t h e  e f f e c t i v e  c r a c k  l e n g t h .  The e x p r e s s i o n  f o r  e f f e c t i v e  c r a c k . l e n g t h  

ob ta ined .  by r e a r r a n g i n g  Eq. (18) - is  

I f  i t  is  assumed t h a t  t h e  r a t i o  PA/A i s  t h e  same whether  based on f r o n t  f a c e  o r  

l o a d  l i n e  d i sp lacement ,  t h e n  a,/W can  b e  determined b e f o r e  t h e  r a t i o  o f  t h e ' t w o  

d i s p l a c e m e n t s  i s  known. 

To b e  c o n s i d e r e d  u s e f u l ,  Eq. (19) must g i v e  e s t i m a t e s  o f  e f f e c t i v e  c r a c k  

l e n g t h  t h a t  a g r e e  w i t h  c e r t a i n  l o g i c a l  r e s t r i c t i o n s .  These a r e  t h a t  (1 )  f o r  a  

comple te ly  l i n e a r  load-displacement  c u r v e ,  t h e  e f f e c t i v e  c r a c k  l e n g t h  shou ld  b e  

t h e  a c t u a l  c r a c k  l e n g t h ,  a; (2)  f o r  l a r g e  d i s p l a c e m e n t s  a t  l i m i t  l o a d ,  t h e  e f -  

f e c t i v e  c r a c k  l e n g t h  shou ld  n o t  exceed t h e  d i s t a n c e  t o  t h e  p o i n t  of s t r e s s  re- 

v e r s a l ;  and ( 3 )  t h e  e i f e c t i v e  c r a c k  l e n g t h  shou ld  n o t  exceed t h e  w i d t h  of t h e  

specimen under  any c o n d i t i o n s .  From Eq. (18) i t  i s  e a s i l y  s e e n  t h a t  r equ i rement  

(1)  i s  s a t i s f i e d .  To de te rmine  i f  r equ i rement  (2)  i s  s a t i s f i e d ,  Eq. (19) needs  
\ 



- 
" t o  be eva lua ted  f o r  t h e  c a s e  of A = PA,  and t h e  r e s u l t  compared wi th  t h e  d i s t a n c e  

t o  t h e  p o i n t  of s t r e s s  r e v e r s a l  a t  l i m i t  load  which, based on Fig.  4 ,  i s  given by 

t a  
- - - - + " + "' 6 - ;) , (20) 
W W  2  

where a i s  given by Eq. ( 3 ) .  The r e s u l t s ' a r e  given i n  Table 1 which i n d i c a t e s  

t h a t  f o r  an  i n f i n i t e  displacement a t  l i m i t  l oad ,  t h e  e f f e c t i v e  c r ack  t i p  approaches 

t h e  n e u t r a l  a x i s ,  but% remains w i t h i n  t h e  t e n s i l e  y i e l d i n g  zone. For e i t h e r  

a/W = 1, which is  t h e  extreme l i m i t  f o r  a  very  deep c rack ,  o r  PA/2A = 0,  which i s  

t h e  extreme l i m i t  f o r  a  po in t  on t h e  load-displacement curve we l l  p a s t  maxlr~~urn 

l o a d ,  Eq. (19) reduces t o  ae/W = 1, i n d i c a t i n g  t h a t  requirement ( 3 )  i s  s a t i s f i e d .  

The s o l u t i o n  f o r  t h e  e f f e c t i v e  c rack  l e n g t h  i n  a  notched beam i s  even more 
' 

s t r a igh t fo rward .  Combining t h e  a r e a  based? and t h e  e f f e c t i v e  c rack  l e n g t h l 1  equa- 

t i o n s  f o r  J g ives  

where be i s  t h e  e f f e c t i v e  l igament  l eng th .  From Eq. (21) i t  fo l lows  t h a t  

For e l a s t i c  behavior ,  PA/2A = 1 and be = b. For an  i n f i n i t e  displacement  a t  

l i m i t  l o a d ,  PA/2A = 1/2 and be = 1/2 b. A t  t h e  end of t h e  descending branch of 

t h e  load-displacement curve,  PA/2A = 0  and be = 0 .  Thus requirements  ( I ) ,  (2) ,  
. .  . 

and (3.). a r e  a l l  s a t i s f i e d .  

DETERMINATION OF THE PHYSICAL INCREASE I N  CRACK SIZE 

The e f f e c t i v e  c r ack  l e n g t h  has  two components, a s  shown i n  F ig .  5. The com- 

ponent of main i n t e r e s t  i s  t h e  phys i ca l  c rack  l e n g t h ,  denoted by a The r e -  P ' 
mainder of t h e  e f f e c t i v e  c r ack  l e n g t h  i s  t h e  i n t e n s e l y  y i e lded  b u t  s t i l l  i n t a c t  
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zone of l e n g t h  p.  By u t i l i z i n g  t h e  f a m i l i a r  a l t h o u g h  approximate  assumption t h a t  ~ t h e  p r o f i l e  o f  each  s i d e  of t h e  e f f e c t i v e  c r a c k  s u r f a c e  remains  a  s t r a i g h t  l i n e ,  

h t  f o l l o w s  from F i g .  5 t h a t  f o r  a compact specimen 

~ where 6 i s  t h e  c r a c k  ope 'n ing .d i sp lacement  a t  t h e  a c t u a l  p h y s i c a l  c r a c k  t i p .  From 

~ . .  , .  

Eq. ( 2 3 )  i t  f o l l o w s  t h a t  

b For a no tched  beam under  t h r e e  p o i n t  bend l o a d i n g ,  n e g l e c t i n g  a r m  c u r v a f u r e ,  

where S i s  t h e  span  and A i s  t h e  d i sp lacement  of t h e  l o a d .  For a s t a n d a r d  s p e c i -  

men w i t h  S = 4W, 

s o  t h a t  

The v a l u e  of 6 i n  Eqs. ( 2 4 )  and ( 2 7 )  w i l l  b e  determined h e r e  by u s i n g  t h e  

r e l a t i o n  between J and 6 prqposed by Wells ,  l 7  namely 

. . 

where m i s  t h e  c r a c k  t i p  t r i a x i a l  c o n s t r a i n t  f a c t o r .  However, once s t a b l e  c r a c k  

growth h a s  o c c u r r e d ,  i t  is  n e c e s s a r y  t o  d i s t i n g u i s h  between t h e  v a l u e s  o f  c r a c k  



- 
:' open ing  d i sp lacement  and c o n s t r a i n t  f a c t o r  t h a t  e x i s t  a t  t h e  a c t u a l  advancing 

c r a c k  t i p  from t h o s e  t h a t  p e r t a i n  t o  t h e  o r i g i n a l  f a t i g u e  c r a c k  t i p  ( s e e  F i g .  5 ) .  

The former  v a l u e s  w i l l  b e  deno ted  h e r e  by t h e  symbols 6 and m,  and t h e  l a t t e r  

v a l u e s  by 60 and m o .  Values  o f  m o  have been e s t i m a t e d  by s e v e r a l  d i f f e r e n t  in-  

v e s t i g a t o r s .  Boyle and w e l l s 1 8  found t h a t ,  f o r  p l a n e  s t r a i n ,  1 . 7  < m o  < 2 .1 ,  

-. by a n a l y z i n g  c racked  specimens o f  s e v e r a l  d i f f e r e n t  g e o m e t r i e s  i n  p l a n e  s t r a i n .  

Based on  o t h e r  a n a l y s e s ,  ~ a r r i s o n l ~  found . t h a t  m o  = 1 . 3  f o r  p l a n e  - s t r e s s  and 

m o  = 1 . 7  f o r  p l a n e  s t r a i n .  F i n a l l y , ,  on t h e  b a s i s  of e x p e r i m e n t a l  d a t a ,  ~ a w e s ~ O  

found t h a t  1 . 5  < m o  ,< 2.1 .  A l l  of  t h e  above v a l u e s  o f  m o  were  determined from 

t h e  e q u a t i o n  

? 

However, a d i f f e r e n t  problem e x i s t s  h e r e  because  m must b e  de te rmined  b e f o r e  6 

i s  known. Consequent ly ,  m must b e  determined from i t s  b a s i c  d e f i n i t i o n  as t h e  

r a t i o  of t h e  a c t u a l  c r a c k  t i p  s t r e s s  t o  t h e  y i e l d  s t r e s s .  T h e r e f o r e ,  i t  i s  neces-  

s a r y  t o  have a r e l a t i o n s h i p  between toughness  and t h e  maximum c r a c k  t i p  stress.., 

The r e l a t i o n s h i p  t o  b e  used h e r e  i s  o n e  t h a t  h a s  a l r e a d y  been  s h o w n - t o  r e l a t e  

p l a n e  s t r a i n  d u c t i l i t y  t b  f r a c t u r e  toughness ,  f o r  A53378 s t e e l , "  up t o  KIc 

v a l u e s  approach ing  154 M N * ~ - ~ ' ~  (140 k s i  z). According t o  t h i s  r e l a t i o n s h i p ,  

K ~ c  = 6 - 1) (30) 

where  p o  i s  t h e  e f f e c t i v e  r o o t  r a d i u s ,  Ho. i s  t h e  s l o p e  of t h e  s t r a i n  ha rden ing  Y 
b r a n c h  o f  t h e  s t r e s s - s t r a i n  c u r v e ,  and s i s  t h e  maximum c r a c k  t i p  s t r a i n .  For 

po = 0 .05  m (0.002 i n . ) ,  H = 3 ,  o. = 483 MPa (70 k s i )  and E = 20.68 x lo4.  MPa Y 
( 3  x l o 7  p s i ) ,  Eq. (30);  c a n  b e  r e a r r a n g e d  t o  r e a d  



where K i s  expressed  i n  M N . ~ - ~ ' ~ .  For i n e l a s t i c  c o n d i t i o n s ,  KIe can b e  c a l c u -  
Ic 

l a t e d  from t h e  v a l u e  of J, u s i n g  

.. Furthermore,  f o r  t h e  assumed c a s e  of l i n e a r  s t r a i n  ha rden ing ,  

F i n a l l y ,  once  m i s  kn'own, 6 can  b e  c a l c u l a t e d  from. t h e  e q u a t i o n  

For t h e  compact specimen, once t h e  v a l u e s  of 6 and p a r e  determined,  t h e  

amount o f  s t a b l e  c r a c k  e x t e n s i o n  can  b e  c a l c u l a t e d  from 

I n  t h e  c a s e  o f  compact specimen d a t a ' c o n s i s t i n g  of l o a d  and c r a c k  mouth r a t h e r  

t h a n  l o a d  l i n e  d i sp lacement  v a l u e s ,  t h e  r a t i o  o f  t h e  two d i s p l a c e m e n t s  must be 

known i n  o r d e r  t o  c a l c u l a t e  J. I f  t h i s  r a t i o  i s  assumed t o  b e , a p p r o x i m a t e l y  

c o n s t a n t ,  t h e n  i t  i s  g iven  by 

Consequent ly ,  t h e  v a l u e  of J can  be  c a l c u l a t e d  from 

where A i s  , the  a r e a  under  t h e  load  v e r s u s  f r o n t  f a c e  c l i p  gage d i sp lacement  g 
c u r v e .  
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For check ing  purposes ,  t h e  v a l u e  of mo c a n  b e  c a l c u l a t e d ,  onceAlr/A 

9 
known. From Fig .  5, 

and 

Hence i t  f o l l o w s ,  by u s i n g  Eqs. ( 3 4 ) ,  (38)' ,  and ( 3 9 ) ; t h a t  

Cor responding ly ,  f o r  t h e  notched '  beam, 

(a, -a) = Aa, = b 1 -- ( :e), 

and 

Also,  s i n c e ,  from Fig .  5,  

combining Eqs. (39) and (43)  g i v e s  
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TRIAL CALCULATIONS 

The f o r e g o i n g  e q u a t i o n s  were a p p l i e d  t o  s e v e r a l  sets of e x p e r i m e n t a l  d a t a  

f o r  p r e s s u r e  v e s s e l  s t e e l s ,  and t h e  r e s u l t s  were compared f o r  r e a s o n a b l e n e s s  

w i t h  a n  a v a i l a b l e  J - Aa r e s i s t a n c e  c u r v e  f o r  A533-B The specimens 

chosen f o r  a n a l y s i s  were t h o s e  f o r  which t h e  middle  r e g i o n  of t h e  c r a c k  advanced 

. i n  t h e  p l a n e  o f  t h e  o r i g i n a l  f a t i g u e  p r e c r a c k ,  and f o r  which t h e  load-displa.ce- 

ment diagram showed no sudden l o a d  d r o p s .  The c a l c u l a t i o n s  were each  made f o r  

t h e  maximum l o a d  p o i n t  o f  a  t e s t  r e c o r d .  .Specimen t y p e s  and s i z e s  ranged from 

prec racked  Charpy V-.Notch specimens t o  . l T  compact specimens.  A l l  t h e  specimens 

were loaded monoton ica l ly  t o  a  d i sp lacement  p a s t  maximum l o a d .  The d a t a  ana lyzed  

a r e  l i s t e d  i n  T a b l e s  2 and 3 ,  and t h e  r e s u l t s  a r e  p l o t t e d  i n  F ig .  6 .  

Nine of t h e  specimens analyzed were  p rec racked  Charpy V-No t c h  specimens.  
, *  8 

These d a t a  a r e  l i s t e d  i n  T a b l e  2 .  Of t h e s e ,  t h r e e  were  from t h e  V-7B weld r e p a i r  

r .egion of HSST Program V-8 p r o l ~ n g a t i o n , ~ ~  and s i x  were  .fr.om b a s e  p l a t e  m a t e r i a l  

. i n  HSST weldment ~ 5 7 . ~ ~  Eleven of t h e  specimens ana lyzed  were compact specimens.  

These d a t a  are l i s t e d  i n  T a b l e  3 .  Of t h e s e ,  two were  Charpy t h i c k n e s s  compact 

specimens o f  ~ 5 ' 3 7 ,  c l a s s  1 s t e e l ;  seven  were  IT. specimens o f  t h e  same m a t e r i a l ;  

one was a 1T specimen o f  A537, c l a s s  2 s t e e l ;  and one was a 1T specimen of A508, 

c l a s s  1 

As shown i n  F ig .  6 ,  t h e  c a l c u l a t e d  r e s u l t s  l i e  q u i t e  c l o s e  t o  t h e  J - Aa 

r e s i s t a n c e  c u r v e  f o r  A533, g rade  B, c l a s s  1 T h i s  i n d i c a t e s  b o t h  t h e  

r e a s o n a b l e n e s s  of t h e  a n a l y s i s  method desp ' i t e  i t s  s e v e r a l  approx imat ions ,  and t h e  

p robab le  s i m i l a r i t y  of t h e  r e s i s t a n c e  c u r v e s  f o r  s e v e r a l  d i f f e r e n t  p r e s s u r e  ves- 

s e l  s t e e l s  o f  s i m i l a r  y i e l d  s t r e n g t h .  It i s  e s p e c i a l l y  noteworthy t h a t  t h e  v a l u e s  

p l o t t e d  i n  F i g .  6  were  o b t a i n e d  from s i n g l e  specimen t e s t  d a t a ,  w i t h o u t  any 

a u x i l i a r y  c r a c k  l e n g t h  measurements,  e x p e r i m e n t a l  d a t a  o r  a n a l y s e s  b e i n g  r e q u i r e d .  

I n  f a c t ,  s t a b l e  c r a c k  growth d e t e r m i n a t i o n s  were  n o t  even planned when t h e  o r i g i -  

n a l  t e s t s  were  performed.  Most o f  t h e  compact specimens were  t e s t e d  w i t h  l o a d  

l i n e  d i sp lacement  gages ,  b u t  G o  o f  them ( t h e  Charpy t h i c k n e s s  compact specimens) 

had o n l y  f r o n t  f a c e  c l i p  gages .  

A l l  o f  t h e  specimens ana lyzed  h e r e  were loaded  monoton ica l ly -  t o  d i s p l a c e -  

ments beyond t h e i r  maximum l o a d  p o i n t s .  P r e l i m i n a r y  a n a l y s i s  of d a t a  from a 

s i n g l e  specimen t h a t  underwent c y c l i c  un load ing  and r e l o a d i n g  f o r  c r a c k  l e n g t h  

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



'' b e c a u s e  o f  r e v e r s e d  y i e l d i n g  n e a r  t h e  c r a c k  t i p .  While t h i s  may c r e a t e  a problem 

i n  comparing c a l c u l a t e d  r e s u l t s  f o r  un load ing  compliance specimens,  i t  would n o t  

b e  i n v o l v e d  i n  t h e  a n a l y s i s  o f  monoton ica l ly  loaded  specimens.  

DISCUSSION 

. A l t h o u g h  t h e  method o f  d a t a  a n a l y s i s  developed h e r e  c o n t a i n s  s e v e r a l  ap- 

p r o x i m a t i o n s ,  i t  i s  impor tan t  t o  n o t e  t h a t  most of t h e  approx imat ions  were  de- , 

ve loped  by o t h e r s ,  and have been  i n  u s e  s e p a r a t e l y  f o r  some t ime .  The e q u a t i o n  

f o r  J f o r  t h e  compact5 specimen h a s  t h e  same' form 'as t h e  e q u a t i o n  proposed by 

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

Landes .15 The geomet r ic  t r e a t m e n t  o f  t h e  c r a c k  p r o f i l e  as a p a i r  of s t r a i g h t  

' l i n e s  i n t e r s e c t i n g  a t  a h i n g e  p o i n t ,  and t h e  r e l a t i o n  between J and t h e  c r a c k  

open ing  d i sp lacement ,  b o t h  a g r e e -  w i t h  a c c e p t e d  p r a c t i c e  i n  t h e  UK. 179 20  The e s t i -  

ma t ion  o f  a n  e f f e c t i v e  c r a c k  l e n g t h  i s  t a k e n  from t h e  r e c e n t  work of McCabe and 

L a n d e s , l l  and t h e  assumpt ion  o f  a  r e l a t i o n  b e t w e e n ' d u c t i l i t y  and f r a c t u r e  tough- 

n e s s  a g r e e s  i n  p r i n c i p l e  w i t h  t h e  r e c e n t  EPRI sponsored work o f  Lawrence L iver -  

m o r e  ~ a b o r a t o r ~ ~ ~  and ~ r a c t u r e  Cqnt ro l  Corpora t ion .  27   herefo fore, 'a l though i t  

c o n t a i n s  s e v e r a l  different.approximations, t h e  method.proposed h e r e  f o r  e s t i m a t i n g  

s t a b l e  c r a c k  growth from upper  s h e l f  toughness  d a t a  i s  c o n s i s t e n t  w i t h  s e v e r a l  

o t h e r  a c c e p t e d  approaches  and ,  perhaps  most i m p o r t a n t  o f  a l l ,  i t  i s  s imple ,  b o t h  

a n a l y t i c a l l y  and e x p e r i m e n t a l l y .  
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. Table 1. Asymptotic va lues  of e f f e c t i v e  c r ack  
l e n g t h  a t  i n f i n i t e  displacement for compact 

specimens a t  l i m i t  load  



-. 
Table 2. Precracked Charpy V-.notch specimen data used for stable crack growth estimates* 

Material 
Spec. No. 
Test temp. 

2' ii;i 
a ,  in. 
b ,  in. 
a/w 
P ,  lb 
A ,  in. 
A, in.-lb 

J y  in.-lblin. 
Klc, ksi & 
s 
m 
6, in. 
p ,  in. 
be/b 
he, in. 
Aa, in. 

mo 

V-7B weld 
v7w-4 
150 
7 0 
0.3920 . 

0.2054 
0.1866 
0.5240 
1380 
0.078 
83.04 

V-7B weld 
v7w-5 
200 
7 0 
0.3934 
0.1977 
0.1957 
0.5025 
1560 ' 

0.083 
111.96 

V-7B weld 
V7W-17 
200 
7 0 
0.3930 
0.2160 
0.1770 
0.5496 
1100 
0.074 
69.36 

"C = 519 ( O F  - 32)'; 
1 ksi = 6.8948 MPa; 
1 in. = 25.4 mrn; 
1 lb = 4.4482 N; 
1 in.-lb = 0.1130 J; 
1 in.-lb/in.2 = 0.17513 K J - ~ - ~ ;  
1 ksi = 1.0988 ~lN.rn-~/~. 



.Table 3.  Compact specimen d a t a ' u s e d  f o r  s t a b l e '  c r a c k - k r o w t h  e s t i m a t e s  . (Bo = 3: 5)* 
'! 

. . . . .  . . .  . .  . . 

M a t e r i a l  
Spec. No. 
T e s t  temp., OF 
ay, k s i  
B ,  i n .  
W ,  i n .  
a ,  i n .  
b', i n .  
Z ,  i n .  
a/w 
z/W 
P ,  l b  
A9, i n .  
A , i n .  
A$ , i n . - l b  

a,/W 
"/Ag 
J, i n . - l b / i n .  

K ~ c  9 k s i  Jl'n, 
s 
m 
6 ,  i n .  
P/W 
Aa, i n .  

M.0 

"C = 519 ( O F  - 3 2 ) ;  
1 k s i  = 6.8948 ma; 
1 i n .  = 25.4 mrn; 
1 l b  - 4.4482 N;' 
1 i n . - l b  = 0.1130 J; 
1 i n . - l b / i n . 2  = 0.17513 K J - ~ - . ~ ;  
1 k s i  = 1.0988 M N . ~ - ~ / ~ .  

+A i s  t.he a r e a  under t h e  measured load-displacement  c u r v e .  I f  t h e  measured d i sp lacement  
i s  A t h e n  t h e  a r e a  l i s t e d  i s  A g ' 9 ' 



FIGURE CAPTIONS 

?.. F i g .  1. Graphica l  d e t e r m i n a t i o n  of c o e f f i c i e n t s  i n  t h e  approx imate  
e x p r e s s i o n  f o r  J f o r  a  compact specimen. 

F i g .  2. Comparison between approximate  and t h e o r e t i c a l  boundary c o l l o c a -  
I t i o n  v a l u e s  of t h e  non-dimensional compliances ,  a t  t h e  c r a c k  mouth and l o a d  
I . . l i n e ,  f o r  a compact specimen. 
I 

F i g .  3 .  Est imated  l o a d s  a t  a d i sp lacement  of 2 mm (0.08 i n . )  f o r  a  
s e r i e s  of 22.9 mm (0.90 i n . )  t h i c k ,  b l u n t  notched 1T p r o f i l e  compact specimens 
of HY 130 s t e e l  w i t h  v a r i o u s  a/W r a t i o s  ( e x p e r i m e n t a 1 , d a t a  from Ref .  1 4 ) .  

. . 
F i g .  4 .  Geometric d e f i n i t i o n s  f o r  t h e  compact specimen a t  l i m i t  l o a d .  

F i g .  5,. Dimensions c h a r a c t e r i z i n g  t h e  c r a c k  p r o f i l e .  model used f o r  
a n a l y s i s .  

F i g .  6. Comparison o f  c a l c u l a t e d  v a l u e s  o f  J and Aa a t  maximum l o a d  f o r .  
, s e v e r a l  monoton ica l ly  loaded  p rec racked  Charpy V-Notch and compact specimens ' '  

.of v a r i o u s  p r e s s u r e  v e s s e l  s t e e l s ,  w i t h  a r e f e r e n c e  c u r v e  f o r  A533, g r a d e  B,  
c l a s s  1 steel .  
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d PREDICTED LOAD 
BASED ON Eq. (161, 
THE MEASURED 
LOAD AT a / W  = 0 . 6  

REFERENCE VALUE 
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