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Cr i t i ca l  f rac tu re  s t r e s s  and s t r e s s  modified f rac tu re  s t r a i n  models  a re  ut i l ized to 
desc r ibe  the va r i a t ion  of lower and upper shelf  f r ac tu re  toughness with t e m p e r a t u r e  and 
s t r a in  rate  for two alloy s tee l s  used in the manufac ture  of nuc l ea r  p r e s s u r e  ve s se l s ,  
namely  SA533B-1 (HSST Pla te  02) and SA302B (Survei l lance c o r r e l a t i on  heat). Both 
s tee ls  have been well  cha rac t e r i zed  with r ega rd  to s ta t ic  and dynamic  f rac tu re  toughness  
over a wide range  of t e m p e r a t u r e s  (- 190 to 200~ although val id JIc m e a s u r e m e n t s  at 
upper shelf t e m p e r a t u r e s  a re  s t i l l  somewhat  s c a r c e .  The p re sen t  work u t i l izes  s imple  
models for the re levan t  f rac tu re  m i c r o m e c h a n i s m s  and local  fa i lure  c r i t e r i a  to predic t  
these va r ia t ions  in toughness  f rom uniaxia l  t ens i l e  p rope r t i e s .  P r o c e d u r e s  are  d i scussed  
for modell ing the influence of neut ron  f luence on toughness  in i r r ad i a t ed  steel ,  and p re -  
dict ions are  der ived  for the effect of i nc reas ing  fluence on the va r i a t i on  of lower shelf  
f rac ture  toughness  with t e m p e r a t u r e  in SA533B-1. 

DURING the operat ion of modern  nuc l ea r  r e a c t o r  
plants ,  s t r ingen t  p r e s s u r e - t e m p e r a t u r e  l imi ta t ions  for 
heat -up and cooldown of the r eac to r  coolant sy s t em 
are  imposed to provide adequate safety marg in s  agains t  
the poss ib i l i ty  of fa i lure  of the f e r r i t i c  p r e s s u r e  v e s s e l  
m a t e r i a l s .  Because  of this concern  over poss ib le  sub-  
c r i t i ca l  or c r i t i ca l  f r ac tu re s  in the r eac to r  vesse l ,  a 
la rge  r e s e a r c h  effort  over the las t  decade has been 
d i rec ted  at fully cha rac te r i z ing  the toughness  of nuc l ea r  
p r e s s u r e  v e s s e l  s tee ls  as a function of al loy compos i -  
t ion, r e s idua l  e lement  content,  r eac to r  operat ing t em-  
pe ra tu re ,  and s t r a i n - r a t e  in both un i r r ad i a t ed  and 
neut ron  i r r ad i a t ed  ma te r i a l .  1 

Nuclear  p r e s s u r e  v e s s e l  s tee l s ,  such as SA533B-1, 
undergo a c l a s s i c a l  f r ac tu re  mode t r ans i t i on  f rom low 
energy  br i t t l e  f r a c tu r e s  at low t e m p e r a t u r e s  (lower 
shelf) to high energy  ducti le  f r ac tu res  at higher t e m -  
p e r a t u r e s  (upper shelf), as shown by the Charpy V- 
notch impact  toughness data in Fig .  1.2 This  f igure 
also indicates  the marked  degradat ion  in toughness  
through a shift of the impact  curve to higher t e m p e r a -  
t u re s  f rom neut ron  i r r ad ia t ion .  F rac tog raph ic  ob- 
se rva t ions  3 in such low s t rength  s tee l s  have shown that,  
mic roscop ica l ly ,  low t e m p e r a t u r e  (lower shelf) f r ac -  
t u re s  occur  by a t r a n s g r a n u l a r  cleavage mecha n i sm  
along low energy  cleavage planes ,  whereas  at the 
upper  shelf,  f r ac tu re  occurs  by a m e c h a n i s m  of m i c r o -  
void coa lescence  involving the ini t ia t ion,  growth and 
coa lescence  of sma l l  voids formed at inc lus ions ,  and 
second phase pa r t i c l e s .  Recent ly  a t tempts  have been  
made to re la te  these mic roscop ic  fa i lure  modes to the 
local  mechanica l  c r i t e r i a  governing f r ac tu re ,  with the 
object ive of desc r ib ing  macroscop ic  f r ac tu re  toughness  
behavior .  F a i l u r e  at the lower shelf has been  modeled 
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METALLURGICAL TRANSACTIONS A 

as s l i p - in i t i a t ed  cleavage f r ac tu re  using the c r i t i ca l  
s t r e s s  c r i t e r i o n  proposed by Ritchie,  Knott, and Rice 
(RKR). 4 F a i l u r e  at the upper shelf has been modeled 
as microvoid  coa lescence  using a s t r e s s  modified 
s t r a i n  c r i t e r i o n  or ig ina l ly  proposed by McClintock 5 
and adapted by MacKenzie  and coworkers.6 Success -  
ful appl ica t ion of such models  r e q u i r e s  a de t e rmina t ion  
of c r i t i ca l  f r ac tu re  s t r e s s  and s t r a i n  va lues  f rom 
notched bend and tens i le  t es t s  and a knowledge of p r e -  
c ise  ana lyses  for the e l a s t i c - p l a s t i c  s t r e s s  and s t r a i n  
d i s t r ibu t ions  ahead of sha rp  c racks ,  together  with an 
evaluat ion of the m i c r o s t r u c t u r a l l y  s igni f icant  s i ze -  
sca les  governing f r ac tu re .  

The p resen t  s tudies  were ins t igated to de t e rmine  the 
feas ib i l i ty  of applying such s imple  models  to predic t  
the va r i a t i on  of both lower and upper shelf  s ta t ic  and 
dynamic  f rac tu re  toughness  with t e m p e r a t u r e  and 
s t r a i n - r a t e  for two f e r r i t i c  al loy s tee l s  ut i l ized in the 
cons t ruc t ion  of nuc l ea r  p r e s s u r e  v e s s e l s ,  namely  
SA533B-1 and SA302B. The work cons t i tu tes  an ex- 
t ens ion  of s tudies  by P a r k s  7 who showed the appl icabi l -  
ity of the RKR model to desc r ibe  lower shelf  s ta t ic  
toughness  in SA533B-1. F u r t h e r ,  p rocedures  are  
developed for de te rmin ing  the inf luence of i nc reas ing  
neu t ron  fluence on toughness in i r r ad ia t ed  s teel ,  and 
predic t ions  a re  der ived  for lower shelf  f r ac tu re  tough- 
nes s  in i r r ad i a t ed  SA533B-1. 

FRACTURE MODELS 

Cr i t i c a l  S t ress  Model 
for Lower Shelf Toughness  

Ea r l y  s tudies  of s l ip - in i t i a t ed  low t e mpe r a tu r e  
cleavage f r ac tu r e  for Mode I loading in mild s tee l  
indicated that cleavage c racks  propagate in an unstable  
manne r  when the max imum pr inc ipa l  ( tensile)  s t r e s s  
(~yy) ahead of a s t r e s s  concen t ra to r  exceeds a c r i t i ca l  
value (crT) , which is r e la t ive ly  independent  of both t e m -  
p e r a t u r e  and s t r a i n - r a t e ,  s'9 This  c r i t i ca l  s t r e s s  c r i -  
t e r i on  for cleavage f rac tu re  pred ic t s  fa i lure  to be 
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Fig. 1 - V a r i a t i o n  o f  C h a r p y  V - n o t c h  i m p a c t  t o u g h n e s s  wi th  t empe r -  
a t u r e  f o r  u n i r r a d i a t e d  (u)  a n d  i r r ad i a t ed  (i) SA533t3-1 ,  t a k e n  f r o m  
a weld in the  bel t l ine  region  o f  t he  pressure  vessel in the  Maine 
Y a n k e e  N u c l e a r  R e a c t o r :  . 

160 

dependent  on the d e g r e e  of work  hardening  and y ie ld  
s t r e n g t h  in ach iev ing  high loca l  t ens i l e  s t r e s s e s .  With  
the advent  of p r e c i s e  e l a s t i c - p l a s t i c  s t r e s s  d i s t r i b u -  
t ions  ahead of s h a r p  c r a c k s ,  n a m e l y  the a sympto t i c  
HRR c r a c k  t ip  s i n g u l a r i t y  of Hutchinson,  1~ and Rice  and 
Rosengren ,  n subsequent  f in i te  e l emen t  solut ions , t% ~3 
and the n e a r - t i p  s t r e s s  and s t r a i n  a l t e r a t i o n s  due to 
f ini te  g e o m e t r y  changes  involved in p r o g r e s s i v e  c r a c k  
t ip  blunting,  ~4'~5 it b e c a m e  poss ib Ie  to r e l a t e  such  loca l  
f a i l u re  c r i t e r i a  to  m a c r o s c o p i c  f r a c t u r e  behav io r ,  as  
d e s c r i b e d  by f r a c t u r e  toughness  KIc. The RKR model  4 
p r o p o s e s  a loca l  c r i t e r i o n  for  uns tab le  s l i p - i n i t i a t e d  
c l eavage  ahead  of sharp cracks which r e q u i r e s  the 
loca l  t en s i l e  s t r e s s  (~ryy) to exceed  a c r i t i c a l  f r a c t u r e  
s t r e s s  (o-~) over  a m i c r o s t r u c t u r a l l y  s ign i f i can t  c h a r a c -  
t e r i s t i c  s i z e - s c a l e  (l*). A c c o r d i n g l y ,  the low t e m p e r a -  
tu re  f r a c t u r e  toughness  can be r e l a t e d  to the m a t e r i a l ' s  
y ie ld  and f r a c t u r e  s t r e s s e s .  RKR d e r i v e d  quant i ta t ive  
p r e d i c t i o n s  of the v a r i a t i o n  with t e m p e r a t u r e  of the 
c l eavage  f r a c t u r e  toughness  in mi ld  s t e e l  us ing  a 
c h a r a c t e r i s t i c  d i s t ance  of the o r d e r  of two f e r r i t i c  
g r a i n  d i a m e t e r s . 8  Other  w o r k e r s  have s ince  demon-  
s t r a t e d  the app l i c ab i l i t y  of th is  model  to f a i l u r e  in low 
a l loy  s t e e l s ,  7 h igher  ca rbon  s t e e l s ,  ~6 and mi ld  s t e e l  
ove r  a r ange  of g r a i n  s i z e s ,  ~7,.8 and t i t an ium a l l oys .  ~9 

The mode l  can be fo rmu la t ed  a n a l y t i c a l l y  18 by con-  
s i d e r i n g  the HRR s m a l l  s ca l e  y ie ld ing  solut ion for  the 
plane s t r a i n  t ens ion  s t r e s s  d i s t r i bu t i on  a round  a 
s t a t i o n a r y  c r a c k  t ip  in a non l inea r  e l a s t i c  m a t e r i a l )  ~ 
Using the R a m b e r g - O s g o o d  cons t i tu t ive  law, in which 
the p l a s t i c  s t r a i n  (~-P) as  a function of equiva lent  s t r e s s  
(~) is  g iven  by gP = eo(-6/o-o) N, the n o r m a l  s t r e s s  a t  
d i s t a n c e  x directly ahead of the c r a c k  t ip  (o-~) i s :  

{ j ~ I / ( N + I )  

o'y?;ao = S(N) \ ~ 1  [1] 

where  a o is  the flow s t r e s s ,  J the J contour  i n t eg ra l  2~ 
to which the c r a c k  is loaded,  eo the y ie ld  s t r a i n ,  N the 
R a m b e r g - O s g o o d  harden ing  exponent ,  I a n u m e r i c a l  
cons tan t  weakly  dependent  on N, and f(N) the value ,  
d i r e c t l y  ahead of the c r ack ,  of the n o r m a l i z e d  angu la r  
d i s t r i b u t i o n  of o-yy. By e x p r e s s i n g  Eq.  [1] in t e r m s  of 
the l i n e a r  e l a s t i c  s t r e s s  in tens i ty  K and taking a o as  
the in i t i a l  t en s i l e  y ie ld  s t r e s s ,  th is  b e c o m e s :  

" -  [ ''<"+'> 

[ ,oS J L(K/ y)q 
[2] 

By apply ing  the RKR c r i t e r i o n  that  K = KIc when qyy 
exceeds  ~ over  a c h a r a c t e r i s t i c  d i s t ance  x = l* 
d i r e c t l y  ahead of the c r a c k  t ip,  an e x p r e s s i o n  for  the 
f r a c t u r e  toughness  is  obta ined,  

~o o- c~N-t)l~a [31 
Y 

where ,  

[(1 - ]'<N+" 
:s(N) j [aa] 

is  the ampl i tude  of the s t r e s s  s i n g u l a r i t y .  T y p i c a l  
va lue s  of I, f(N), and/3 as  a function of ha rden ing  ex -  
ponent a r e  l i s t ed  in Table  I.* 

*It should be noted that Eq. [3] is presetated as one representation of the 
analytical form of the RKR model, since it is based solely on the HRR asymp- 
totic crack tip singularity, and correspondingly does not reflect the refinements 
in the stress distribution derived from more recent finite element solutions, t%13 
or the near-tip alterations due to crack tip blunting./4,is Application of the 
model is thus best achieved by reference to these specific solutions. 

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  of c r i t i c a l  f r a c t u r e  
s t r e s s  (a~) va lues  is  ach ieved  by f r a c t u r i n g  V-no tched  
bend b a r s  at  low temperatures.4'9'17,2~'22 T r a d i t i o n a l l y  
the va lue  of o-~ has  been ca l cu l a t ed  f rom s l i p - l i n e  
f ie ld  t heo ry  to d e t e r m i n e  the m a x i m u m  loca l  t en s i l e  
s t r e s s  " max, tayy ) at the notch roo t  at  f a i l u r e .  Where  f r a c -  
t u re  loads  a r e  wel l  below g e n e r a l  y ie ld ,  H i l l ' s  expo-  
nen t ia l  s p i r a l  s l i p - l i n e  so lu t ion  has been  used,  21,22 
name ly:  

max = 2hi1 + ln(1 + r~y/p)] o-yy [4] 

where  k is the s h e a r  y ie ld  s t r e s s ,  p is  the notch roo t  
r a d i u s ,  and r~ is  the c r i t i c a l  p l a s t i c  zone s i ze  d i m e n -  
s ion .  23 A l t e r n a t i v e l y ,  by d e t e r m i n i n g  the t e m p e r a t u r e  
at  which f r a c t u r e  is  co inc iden t  with g e n e r a l  y ie ld  for  
d i f fe ren t  notch f lank angles  (0), the G r e e n  and Hundy 
so lu t ion  24 has been  employed  where :  

ayymaX = 2k[1 + 7r/2 - 0/2],  for  0 >_ 6.4 deg .  [5] 

More  r e c e n t l y ,  however ,  Gr i f f i t h s ,  Owen, and co-  
w o r k e r s  2s,26 have d e r i v e d  a c c u r a t e  f ini te  e l e men t  so lu-  
t ions  for  the e l a s t i c - p l a s t i c  s t r e s s  d i s t r i b u t i o n s  in 
V-notched  fou r -po in t  bend s p e c i m e n s  for  ha rden ing  
m a t e r i a l s ,  and the d e t e r m i n a t i o n  of @ is  now b e s t  
ach ieved  using such a n a l y s e s .  17 

Thus ,  use  of the RKR model  s for  p r e d i c t i n g  the t e m -  
p e r a t u r e  v a r i a t i o n  of lower  she l f  f r a c t u r e  toughness  
involves  d e t e r m i n i n g  ~r~, t oge the r  with the  v a r i a t i o n  of 

Table I. Numerical Values of I, f(N} and/7 for H RR Small Scale Yielding 
Solution for Plane Strain Tension Stress Distribution Directly Ahead of the 

Crack Tip (Eqs. [ I ]  to [3] ) 

Hardening Exponent N I f(N) 131 

N = 3 5.51 1.94 5.50 
N = 5 5.02 2.22 4.52 
N = 9 4.60 2.46 3.80 
N = 13 4.40 2.58 3.53 
N = 25 4.14 2.73 3.24 
N = 49 3.96 2.83 3.10 
N = 99 3.84 2.90 3.03 

1 Computed for u = 0.33 and eo = 0.0025, typical of a low strength steel 
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r e c t e d  for  the e s t i m a t e d  c r a c k  t ip s t r a i n - r a t e s ) ,  and 
employ ing  a su i t ab le  c h a r a c t e r i s t i c  d i s t a n c e  r e p r e -  
sen ta t ive  of the m i c r o s t r u c t u r e  and f r a c t u r e  m i c r o -  
m e c h a n i s m s  revolved.  F o r  low t e m p e r a t u r e  s l i p -  
i n i t i a t ed  c l eavage  f r a c t u r e ,  th i s  c h a r a c t e r i s t i c  d i s t ance  
has been  g e n e r a l l y  found to be some  s m a l l  mul t ip le  of 
the g r a i n  s i ze  4,7,16-1s,22 and mos t  p robab ly  r e p r e s e n t s  
the d i s t a n c e  f rom the c r a c k  t ip  where  the f i r s t  g r a i n  
bounda ry  c a r b i d e  in i t i a t e s  c a t a s t r o p h i c  fa i lure .4  

C r i t i c a l  S t r a in  Model  
for  Upper  Shelf Toughness  

Me ta l l og raph i c  s tud ies  3 of the m e c h a n i s m s  of f r a c -  
t u r e  of n u c l e a r  p r e s s u r e  v e s s e l  s t e e l ,  i .e. ,  SA533B-1,  
a t  t e m p e r a t u r e s  c o r r e s p o n d i n g  to  the  upper  shel f ,  
r e v e a l  that  d imp led  rup tu r e  in i t i a t e s  by void nuc lea t ion  
and growth  at  l a rge  manganese  sul f ide  and a luminum 
oxide inc lus ions  (5 to  10 ~ m  in s i ze )  ahead of the  
c r a c k  t ip .  The subsequent  g rowth  of such  voids  b e -  
c o m e s  l imi t ed  by a p l a s t i c  s h e a r  i n s t a b i l i t y  be tween  
ne ighbor ing  vo ids  and the main  c r a c k  t ip,  the l inkage  
cons t i tu t ing  c r a c k  growth .  Th is  i n s t a b i l i t y  is  due to a 
l oca l i za t ion  of s t r a i n  be tween  l a r g e  vo ids  and o c c u r s  
by a fine s c a l e  c o a l e s c e n c e  of m i c r o v o i d s  ( "vo id  
s h e e t s " )  nuc lea t ed  at  s u b m i c r o n  (~2 /2  ~m) i ron  c a r -  
bide p a r t i c l e s .  

One can r e a l i s t i c a l l y  mode l  such  duc t i le  f r a c t u r e  a s  
being s t r a i n  induced,  in that  m a c r o c r a c k  g rowth  v i a  
l inking of vo ids  o c c u r s  when some  c r i t i c a l  s t r a i n  is  
exceeded  ahead  of the  c r a c k  t ip .  However ,  a s  
McCl in tock  5 f i r s t  pointed out, void  g rowth  dur ing  
duc t i l e  f r a c t u r e  i s  a l s o  a s t rong  function of s t r e s s  
s t a t e ,  i .e. ,  the r a t i o  of mean to equiva len t  flow s t r e s s .  
F u r t h e r m o r e ,  in an analogous  s i tua t ion  to c l eavage  
f r a c t u r e ,  4 i t  i s  not suf f ic ient  for  the f a i l u r e  c r i t e r i o n  
for  duc t i le  f r a c t u r e  to s i m p l y  involve a c r i t i c a l  s t r a i n  
to be r e a c h e d  at  a s ing le  point  ahead  of the c r a c k  t ip ,  
but  r a t h e r  for  th is  s t r a i n  to  be e v e r y w h e r e  e x c e e d e d  
ove r  a m i n i m u m  amount  of m a t e r i a l  which is  c h a r a c -  

~,~P 15-2 D I A  3A - 10 NC T H R E A D  

Fig. 2-Circumferential notched round tensile specimen, ao, initial 
radius of notched cross section = 3.8 ram, p, notch root radius, tested 
at values of 1.27, 1.91, 2.54, 3.81, and 6.35 ram. All dimensions in 
m m .  

Ac" c o r drag  1 y .  ~M.~ac~Ke nz ie  "~nd c'*oworker s~"have ' ; r  oposed  
a c r i t e r i o n  for  duc t i l e  f a i l u r e  where  a c r i t i c a l  f r a c t u r e  
s t r a i n  (~-~) is  l oca l ly  exceeded  over  some  m i c r o s t r u c -  
t u r a l l y  s ign i f i can t  c h a r a c t e r i s t i c  d i s t ance  (l~) ahead 
of the c r a c k  t ip,  but which fu r t he r  r e c o g n i z e s  that  th i s  
c r i t i c a l  s t r a i n  is  a s t rong  function of s t r e s s  s ta te  
which i t s e l f  v a r i e s  with d i s t a n c e  ahead of the c r a c k  t ip .  

The app l i ca t ion  of th is  s t r e s s  modif ied  s t r a i n  mode l  
for  the p r e d i c t i on  of upper  she l f  f r a c t u r e  toughness  in-  
vo lves  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  of the f r a c t u r e  
s t r a i n  (~f) o r  duc t i l i t y  as  a function of s t r e s s  s t a t e ,  
t oge the r  w i t h  knowledge of the e l a s t i c - p l a s t i c  s t r a i n  
d i s t r i b u t i o n  ahead  of a s h a r p  c r a c k .  Va lues  of ~)~ can  
be obta ined using c i r c u m f e r e n t i a l l y  notched round 
tens ion  s p e c i m e n s  loaded un iax ia l ly  (Fig .  2), where  
d i f f e r en t  s t a t e s  of s t r e s s  a r e  ach ieved  by  v a r y i n g  the 
notch acu i ty .  6,~7 Using the s t a n d a r d  def in i t ions  of 
equiva lent  s t r e s s  (~), mean  o r  h y d r o s t a t i c  s t r e s s  (am) 
and equiva len t  p l a s t i c  s t r a i n  (ep = fd:~p), the B r i d g e -  
man a n a l y s i s  for  the necked  t ens i l e  s p e c i m e n  29 g ives  a 
cons tan t  s t r a i n  d i s t r i b u t i o n  at  the m i n i m u m  c r o s s -  
s ec t ion  of: 

~p : f d~p = 21n ao , [6] 
a min 

for  a s t r e s s  s t a t e  a t  the c e n t e r  of the s p e c i m e n  of: 

a rain ~ / ~  = 1/3 + in (2 + ~ - p  ), [7] 

where  p is  the notch roo t  r a d i u s  and a o and ami n a r e  
the o r ig ina l  and min imum r a d i i  of the notched c r o s s -  
s ec t ion  r e s p e c t i v e l y  (Fig .  2). By loading a s e r i e s  of 
such  s p e c i m e n s  with va ry ing  p under  notch opening 
d i s p l a c e m e n t  con t ro l ,  va lue s  of -~p at  f a i l u re  in i t i a t ion  
(el) a r e  obta ined as  a function of ~m/~.  The d i s t r i b u -  
t ion of s t r a i n  (~p) and s t r e s s  s t a t e  (am/5)  ahead of a 
c r a c k  t ip for  s m a l l  s c a l e  y i e ld ing  a r e  then taken 
f r o m  the blunt ing so lu t ions  of Rice  and Johnson  14 o r  
McMeeking ~5 as a function of distance ahead of the 
crack (x) normalized with respect to crack tip opening 
displacement 5 (Fig. 3). Fracture toughness values 
are now predicted by determining the value of 5 for 
which the equivalent plastic strain (~p) exceeds, over 
the characteristic distance (l*), the value of critical 
f r a c t u r e  s t r a i n  ( ( ; )  r e p r e s e n t a t i v e  of the c r a c k  t ip  
s t r e s s  s t a t e  at  that  pos i t ion .  Thus,  ff the s m a l l  s ca l e  
y ie ld ing  s t r a i n  d i s t r ibu t -on  ~4,1~ is  wr i t t en  in the form;  s~ 

5 [8] % : c ,  ; 

where  cl is  a cons tant  d e t e r m i n e d  f r o m  F i g .  3, then at 
in i t ia t ion  of duc t i le  f r a c t u r e ,  ~ = ~* at d i s t ance  x P 7 
= l * when 5 = 5 c. Klc va lues  may be r e l a t e d  to the 
c r i t i c a l  c r a c k  t ip  opening d i s p l a c e m e n t s  (5c) using the 
s m a l l  s c a l e  y ie ld ing  fo rmu la t i on :  30 

6~ = o.~ K ~  [9] 
Eay 

where  E is the e l a s t i c  modulus  and cry the y ie ld  
s t r eng th .  By combining  Eqs .  [8] and [9], the c r i t i c a l  
s t r a i n  mode l  can be e x p r e s s e d  in the f o r m :  31 

Kic = cons tan t  v ~ .  l~" ~y "E [101 

Since the f a i l u r e  event  for  duc t i l e  f r a c t u r e  g e n e r a l l y  
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Fig. 3-Distribution of plastic strain (~p) and stress state (o m/0) near 
crack tip, from Rice and Johnson small scale yielding solution. L4 

i n v o l v e s  c o a l e s c e n c e  by s h e a r  l o c a l i z a t i o n  b e t w e e n  a 
n u m b e r  of v o i d s  n u c l e a t e d  at  t he  l a r g e s t  p a r t i c l e s ,  
v a l u e s  of l* f o r  s u c h  f r a c t u r e  a r e  g e n e r a l l y  found 
to  be  s o m e  s m a l l  m u l t i p l e  of the  i n t e r p a r t i c l e  s p a c -  
ing.5~6~ 16~27~ 31 

M A T E R I A L S  AND E X P E R I M E N T A L  
P R O C E D U R E S  

M a t e r i a l s  and  M i c r o s t r u c t u r e  

T h e  m a t e r i a l s  e x a m i n e d  w e r e  two low s t r e n g t h  a l l oy  
s t e e l s  u t i l i z e d  in n u c l e a r  p r e s s u r e  v e s s e l  c o n s t r u c t i o n ,  
n a m e l y  the  c u r r e n t l y  u s e d  m a t e r i a l  SA533 G r a d e  B 
C l a s s  1 (HSST P l a t e  02) and the  f o r m e r l y  u s e d  m a t e -  
r i a l  SA302B ( S u r v e i l l a n c e  c o r r e l a t i o n  hea t ) .  The  c o m -  
p o s i t i o n  and  s t a n d a r d  m e c h a n i c a l  p r o p e r t i e s  of t h e s e  

Table I I. Composition in Weight Percent of Nuclear Pressure Vessel Steels 

Chemistry in Weight Percent 

Material Heat Code C Mn P S Si Ni Cr Mo V Cu 

SA533B-1 (HSST lbA 0.23 1.55 0.009 0.014 0.20 0.67 0.04 0.53 0.003 0.16 
Plate 02) 
SA302B (Surveillance cor- 4bA 0.23 1.47 0.013 0.024 0.26 0.17 0.05 0.52 0.004 0.20 
relation heat) 

t �9 I I 

20 ~m 20 ~m 
(a) (b) 

Fig. 4 Optical microstructures of (a) SA533B-1 (HSST plate 02) and (b) SA302B (Surveillance correlation heat) showing predominately tempered 
bainitic structure. 

Table III. Mechanical Properties of Nuclear Pressure Vessel Steels (T--L Orientation) 

Charpy V-Notch 
Tensile Properties at 24~ NDTT Energy, Upper Shelf 

Material Heat Code Yield Stress, MPa UTS, MPa Elongation*, Pet ~ J 

SA533B-1 lbA 481 642 25.4 -29 137 
SA302B 4bA 465 625 25.2 -18 60 

*For 50.8 mm gage length. 
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s t e e l s  a r e  shown in T a b l e s  II and III, r e s p e c t i v e l y .  
Both m a t e r i a l s  were  r e c e i v e d  in the heat  t r e a t e d  

condi t ion  which cons i s t ed  of: 
SA533B-1 - N o r m a l i z e d  4 h at  914~ a i r  cooled,  

au s t en i t i z ed  4 h at  900~ ag i t a t ed  wa te r  
quenched,  

T e m p e r e d  4 h at  664~ wa te r  quenched,  
S t r e s s  r e l i e v e d  40 h at  612~ fu rnace  

cooled .  
SA302B - Aus t en i t i z ed  4 h at  900~ wa te r  

quenched,  
S t r e s s  r e l i e v e d  6 h at  650~ a i r  cooled .  

As  with many low a l loy  s t e e l s  quenched o r  n o r m a l -  
i zed  in th ick  sec t ion  p la te ,  the m i c r o s t r u c t u r e  of both  
s t e e l s  (F ig .  4) is  p r i m a r i l y  a c i c u l a r  t e m p e r e d  upper  
ba in i t e  with a s m a l l  volume f r ac t ion  of p r o e u t e c t o i d  
f e r r i t e . *  P r i o r  aus t en i t e  g r a i n  s i z e s  (d) were  m e a -  

*It is not possible from optical microscopy to make a cle~ar distinction, but 
certain studies on HSST Plate O1 of SA533B-1 claim that the blocky ferritic 
areas are actually granular bainite since they contain evidence of carbide pre- 
cipitation. 32 

s u r e d  at  25 tzm for SA533B-1 and 33 tzm for SA302B. 
Al though ex t ens ive ly  inves t iga t ed  with r e s p e c t  to 
m e c h a n i c a l  p r o p e r t i e s ,  t h e r e  i s  a s u r p r i s i n g  l ack  of 
in fo rma t ion  in the l i t e r a t u r e  wi th  r e g a r d  to the fine 
s ca l e  m i c r o s t r u c t u r e s  of these  s t e e l s .  P a r t i c l e  m o r -  
phology and d i s t r ibu t ion ,  however ,  has been  s tud ied  by 
Van Stone 3 in a s i m i l a r  p la te  of SA533B-1,  ind ica t ing  
a round  0.12 vol  pct  of manganese  sul f ide  and a luminum 

V " " * Table IV. Measured alues of Crotmal Cleavage Fracture Stress (of) 
for Nuclear Pressure Vessel Steels. 

Critical Cleavage Fracture Stress (o;) 

Material Static, MPa DynamicImpact, MPa 

SA533B-1 1830 2000 
SA302B 1650 1900 

oxide inc lus ions  (5 to 10 tzm in s ize )  with equiaxed sub-  
m i c r o n  cemen t i t e  p r e c i p i t a t e s  (1/2 tzm in s i ze )  in 
bands  along ba in i t i c  l a ths .  No in fo rma t ion  could be 
found on the fine s ca l e  m i c r o s t r u c t u r a l  d e t a i l s  of 
SA302B, excep t  that  deduced f r o m  f r a c t u r e  morpho logy .  

M e c ha n i c a l  P r o p e r t i e s  

Both s t e e l s ,  p a r t i c u l a r l y  SA533B-1,  have been  the 
sub jec t  of ex tens ive  m e c h a n i c a l  p r o p e r t y  c h a r a c t e r i z a -  
t ion  by the Uni ted  S ta tes  A t o m i c  E n e r g y  C o m m i s s i o n  
Heavy Sect ion  Stee l  Techno logy  (HSST) P r o g r a m  1 and 
the E l e c t r i c  P o w e r  R e s e a r c h  Ins t i tu te  (EPRI) P r o -  
g r a m s .  33 In p a r t i c u l a r ,  a l a rge  vo lume of da ta  now 
e x i s t s  for  the v a r i a t i o n  of s t r e n g t h  and toughness  with 
t e m p e r a t u r e  and s t r a i n - r a t e  in u n i r r a d i a t e d  and 
i r r a d i a t e d  m a t e r i a l  as  a function of p la te  pos i t ion ,  
o r i en t a t i on  and h e a t - t o - h e a t  v a r i a t i o n s .  The p r e s e n t  
s tudy was focused  on HSST P l a t e  02 of SA533B-1 
(EPRI des igna t ed  heat  lbA) and the Surve i l l ance  
C o r r e l a t i o n  Heat of SA302B (EPRI des igna t ed  heat  
4bA) in the T - L  o r i en t a t i on  at  p la te  pos i t ions  be tween  
q u a r t e r  and c e n t e r  t h i c k n e s s .  

F r a c t u r e  toughness  da ta  we re  obta ined  p r i m a r i l y  
f r o m  the EPRI  Data  Bank on n u c l e a r  p r e s s u r e  v e s s e l  
s t e e l s .  33 ASTM va l id  s t a t i c  f r a c t u r e  toughness ,  K i c  , 
da ta  for  the T - L  o r i en ta t ion  in u n i r r a d i a t e d  SA533B-1 
were  obtained f r o m  slow bend p r e c r a c k e d  Charpy  and 
1 in. (25.4 mm) th ick  compac t  ( t e rmed  l - T )  t e s t  p i e c e s  
over  the t e m p e r a t u r e  r ange  o f -  196 to 0~ The r a t e  
of loading for  such  da t a  was c ons i s t e n t  with an i n -  
c r e a s e  in s t r e s s  i n t e n s i t y / ~  of ~3 MN �9 m -3/z �9 s -1, r e p -  
r e s e n t i n g  an a p p r o x i m a t e  c r a c k  t ip  s t r a i n - r a t e  of 
10-2s -1. In addi t ion,  upper  she l f  va lues  at  t e m p e r a t u r e s  
be tween 0 and 200~ were  computed  f r o m  va l id  e l a s t i c -  
p l a s t i c  J l c  t e s t s  on 1-T c o m p a c t s  using the mul t i -  
s p e c i m e n  R - c u r v e  p r o c e d u r e  for  def ining c r a c k  in i t i a -  
t ion,  34 where :  

K i c  ~- K j c  = ~ / g i c E / ( 1  - v2) [11] 

T In (108~L • I03~ 

2 4 6 8 10 12 14 16 

200t~160 ~ I 
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I ] I I I I I 
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" ~ ' 1 ~ = ~  -. (ENGLISH UNITS) ; 
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g Fig. 5 -Yie ld  stress data for un- 
irradiated SA533B-1 normalized 

~~- by the rate-temperature param- 
eter T ln(lO8/~). Data f rom 
Refs. 38 to 41. 
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38.1 

Fig. 6 - S c h e m a t i c  d iagram of  V-notched  four -poin t  bend  spec imen for 
measu remen t  of  o;  �9 All  l ength  d imens ions  are in uni ts  of  mm.  

where Kjc is the value of KIc computed f rom dlc, E i s  
the e las t ic  modulus,  and u is P o i s s o n ' s  rat io�9 Addi-  
t ional  lower shelf  KIc data were acqui red  f rom the 
r epo r t s  of the HSST p r o g r a m s  on P la te  02 in the L - T  
or ienta t ion,  obtained f rom val id  tes t s  using 1 in.  
(25.4 mm) to 11 in. (280 ram) thick (1T-11T) compact  
tes t  p ieces .  ~-38 Dynamic  f rac tu re  toughness  (Kid) was 
a l so  examined at lower shelf  t e m p e r a t u r e s  between 
- 1 4 0  and 0~ for two s t r e s s  in tens i ty  r a t e s / ~  of 103 
to 104 and 10 ~ MN" m -3/2 �9 s -~. Kid data  f o r / f  = 103 to 
10 a MN.  m -3/2 �9 s -~, r e p r e s e n t i n g  an approximate  c rack  
t ip s t r a i n - r a t e  ~ of 5 s -x, were taken f rom the EPRI  
Data Bank 33 for 1-T to 4-T dynamic  compact  t es t s  in 
the T - L  or ien ta t ion .  Kid data fo r /~=  10 s MN �9 m -3/2 
�9 s -~ (~ -~ 3 • 102 s -~) were taken f rom the same  source  3s 
for  i n s t r u m e n t e d  p rec racked  Charpy impact  and dyna-  
mic  1-T band t es t s  on the T - L  or ienta t ion�9  Addi t ional  
val id  Kid data  a t / f =  10 ~ MN �9 m -3/2 �9 s -~ were obtained 
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Fig. 7 - F a i l u r e  in i t i a t ion  curves for changmg stress s ta te  at  room 
t empera tu re  (24~ 

t 
1.2 

f rom the HSST P r o g r a m  ~ for 1-T compact  t es t s  in the 
L - T  or ien ta t ion .  

Toughness  data on un i r r ad i a t ed  SA302B were 
s c a r c e .  Valid s ta t ic  f rac tu re  toughness  KIc (~ ~- 10 -~ 
s -1) values  b e t w e e n - 1 3 0  and 200~ on the T - L  o r i en ta -  
t ion were obtained f rom slow bend p rec racked  Charpy 
and 1-T compact  tests.33 Valid dynamic  f rac tu re  tough- 
nes s  Kid (~ ~ 3 • 10 -2 s -1) at lower shelf t e m p e r a t u r e s  
( -150 to 0~ for the T - L  or ien ta t ion  were obtained 
f rom in s t rumen ted  p r ec r acked  Charpy impact  and 
dynamic  1-T bend tests.sa 

Te ns i l e  yield s t reng th  data for both s tee ls  in the 
un i r r ad i a t ed  condit ion were taken f rom the EPRI Data 
Bank, ~ and Refs .  38 to 41. Addi t ional  high s t r a i n - r a t e  
data were der ived  f rom m e a s u r e m e n t s  of the gene ra l  
yield load on V-no tch  and p rec racked  Charpy impact  
tests.41 Yield s t r e s s  (ay) data as a function of t e m p e r a -  
tu re  and s t r a i n - r a t e  were compiled,  us ing the s t r a i n -  
ra te  t e m p e r a t u r e  re la t ionsh ip  of Bennett  and Sinc la i r ,  42 
in t e r m s  of T ln(A/~),  where  T is the absolute  t e m -  
pe ra tu re ,  d the s t r a i n - r a t e ,  and A a constant  equal  to 
10 ~ s -~ (Fig. 5). F o r  pred ic t ion  of f r ac tu re  toughness  
va lues  f rom such uniaxia l  data,  yield s t r e s s  va lues  
were co r r ec t ed  for approximate  c rack  t ip s t r a i n - r a t e s ;  
that is ~ - 10 -2 s -~ for s ta t ic  t es t s ,  ~ - 5 s -~ for dyna-  
mic compact  t e s t s ,  and ~ - 3 • 102 s -~ for dynamic  
(impact) t e s t s .  

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  of Cr i t i ca l  F r a c t u r e  
S t r e s s  and S t ra in  (cry, ~]) 

Cr i t i ca l  f r ac tu re  s t r e s s  (a~) values  for lower shelf  
s l ip  in i t ia ted cleavage in both un i r r ad i a t ed  SA533B-1 
and SA302B were de t e rmined  f rom slow bend and 
impact  four -poin t  bend tes t s  on 45 deg V-notched ba r s  
(Fig. 6) broken at t e m p e r a t u r e s  o f - 7 3 , -  129, and 
-193~  where fa i lu re  o c c u r r e d  ca tas t roph ica l ly  by 
uns tab le  c leavage well  before g e n e r a l  y ie lding.  Slow 
bend tes ts  were pe r fo rmed  at an effective c rack  t ip 
s t r a i n - r a t e  of approx imate ly  10 -4 s -1, and impact  t es t s  
were pe r fo rmed  at ~ -~ 50 s -1. The nomina l  bending 
s t r e s s  at the onset  of ca tas t rophic  fa i lure  was mea-  
su red  in each tes t ,  and using the Gr i f f i th  and Owen 25 
f ini te  e lement  s t r e s s  d i s t r ibu t ion  for this  p a r t i c u l a r  
geome t ry  of t es t  piece,  the c r i t i c a l  va lues  of the 

, m a x  
maximum pr inc ipa l  s t r e s s  at the c rack  tip tayy 
= ~ )  were computed (Table IV).* 

*Values of yield stress used in the computation were corrected for the par- 
ticular crack tip strain-rates, as described above, 

F r a c t u r e  s t r a i n  (~f) values  as a function of s t r e s s  
state (am~-6) for upper shelf duct i le  f r ac tu re  in both 
s tee l s  were de t e rmined  f rom c i r c u m f e r e n t i a l l y  notched 
t ens i l e  t es t s  at 24, 71, and 177~ Unnotched and 
notched tes t  p ieces  (Fig�9 2) with root r ad i i  p of 1.27, 
1.91, 2.54, 3.81, and 6.35 mm were loaded under  
longi tudinal  d i sp l acemen t  control ,  moni to red  with an 
axia l  s t r a i n  t r a n s d u c e r  mounted a c r o s s  the notch�9 In  
addition, a d i a m e t r a l  s t r a in  t r a n s d u c e r  was mounted 
in the notch to cont inuously  moni tor  changes in the 
m i n i m u m  d i ame te r  of the notched c r o s s - s e c t i o n � 9  
F a i l u r e  in i t ia t ion  was defined as the point  when the 
average  axial  s t r e s s  (applied load divided by ins t an -  
taneous c r o s s - s e c t i o n a l  a rea)  dropped sharp ly  p r i o r  
to f inal  f a i lu re .  The f rac tu re  s t r a i n  (~f) was com-  
puted as  the equivalent  p las t ic  s t r a i n  (~p) at this  
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point  using Eq.  [6]. The c o r r e s p o n d i n g  s t r e s s  s t a t e  
a m / ~  at  the c e n t e r  of the neck  where  f a i l u re  in i t i a t ed  
was d e t e r m i n e d  using E~. [7]. P l o t s  of f r a c t u r e  s t r a i n  
(-~f) vs s t r e s s  s ta te  ((rm/~) for  both m a t e r i a l s  at  r o o m  
t e m p e r a t u r e ,  71~ and 177~ a r e  shown in F i g s .  7 to 9, 
and c l e a r l y  ind ica te  the m a r k e d  reduc t ion  in duc t i l i t y  
as  the h y d r o s t a t i c  s t r e s s  s ta te  is  i n c r e a s e d .  F u r t h e r ,  
i t  can be seen  that  w h e r e a s  both s t e e l s  show s i m i l a r  
duc t i l i t y  va lue s  in un iax ia l  t ens ion  (am/~ = 1/3),  a t  
highly t r i a x i a l  s t r e s s  s t a t e s  (i.e., r = 1.2) SA302B 
shows a s ign i f i can t ly  s m a l l e r  f r a c t u r e  s t r a i n .  

The c r i t i c a l  f r a c t u r e  s t r a i n  (~7), used  to p r e d i c t  
f r a c t u r e  toughness  and r e p r e s e n t i n g  m a t e r i a l  duc t i l i t y  
ahead of a c r a c k  t ip,  was taken  as  the value  of ~f  
c o r r e s p o n d i n g  to the p a r t i c u l a r  s t r e s s  s t a t e  at  the 
c h a r a c t e r i s t i c  d i s t ance  f rom the c r a c k  t ip  ( f rom 
F ig .  3). F o r  the c a s e s  s tudied,  th is  c o r r e s p o n d e d  to 
the f r a c t u r e  s t r a i n  at  va lue s  of ~m/-6 in e x c e s s  of 1.2 

PREDICTION OF UNIRRADIATED TOUGHNESS 

Lower Shelf Toughness  

The t e m p e r a t u r e  dependence  of s t a t i c  f r a c t u r e  
toughness  (Klc) at the lower  she l f  for  u n i r r a d i a t e d  
SA533B-1 s t ee l ,  b e t w e e n - 2 0 0  and 0~ is  i l l u s t r a t e d  
in F i g .  12, t oge the r  with c a l c u l a t e d  va lues ,  d e t e r m i n e d  
f rom the RKR c r i t i c a l  c l eavage  s t r e s s  mode l  4 for  
c h a r a c t e r i s t i c  d i s t a n c e s  of 2, 3, and 4 p r i o r  aus t en i t e  

1.2 

1.0 

l 

E s t i m a t i o n  of C h a r a c t e r i s t i c  D i s t a n c e s  (l*) 
0.8 

P r e c i s e  d e t e r m i n a t i o n  of the c r i t i c a l  m i c r o s t r u c t u r a l  ~ 
s i ze  s ca l e  for  e i t he r  c l eavage  o r  duct i le  f r a c t u r e  d e -  e 
mands  at  l e a s t  that  the comple t e  m i c r o m e c h a n i s m s  of 

0.6 
f a i l u re  a r e  fully unders tood .  Since the loca l  m e c h a -  
n i s m s  of c r i t i c a l  f a i lu re  events  in these  s t e e l s  a r e  not 
known, i t  would be i m p o s s i b l e  f rom f i r s t  p r i n c i p l e s  to 
d e t e r m i n e  these  c h a r a c t e r i s t i c  d i s t a n c e s .  In t h e i r  0.4 - -  

d e r i v a t i o n  of the c r i t i c a l  s t r e s s  model  for  c l eavage  
f r a c t u r e ,  RKR 4 found b e s t  a g r e e m e n t  with e x p e r i m e n t a l  
da t a  with a c h a r a c t e r i s t i c  d i s t ance  of two f e r r i t e  g r a i n  0.2 
d i a m e t e r s  (l* = 2d = 120 gm) in mi ld  s t ee l ,  but t h e r e  
is  no r e a l  fundamenta l  p h y s i c a l  s ign i f i cance  for  t h i s .  
In fact ,  as  P a r k s  7 s t a t e s ,  " t h e  d imens ion  mus t  be 
r e g a r d e d  as  e s s e n t i a l l y  an e m p i r i c a l l y  obtained quan-  
t i ty ,  though p r e s u m a b l y  of r e l e v a n c e  to m i c r o s t r u c t u r a l  
a s p e c t s  of f r a c t u r e  i n i t i a t i o n . "  

However ,  examina t ion  of lower  she l f  c l eavage  f r a c -  
t u r e s  in SA533B-1 and SA302B (Fig .  10) r e v e a l s  that  1.4 
c leavage  face t s  a r e  of the o r d e r  of the p r i o r  aus t en i t e  
g r a i n  s i ze  r a t h e r  than, say ,  the ba in i te  packe t  s i z e .  
F u r t h e r ,  i t  is  not un reasonab le  to p r e s u m e  that  the 
c r i t i c a l  f r a c t u r e  event  is  e i t he r  the c r a c k i n g  of a g r a i n  1.2 

boundary  c a r b i d e  or  the p ropaga t ion  of the m a t r i x  
c r a c k  th rough  the next g ra in  boundary ,  i.e., o c c u r r i n g  
over  the f i r s t  few p r i o r  aus t en i t e  g r a i n s  f r o m  the 1.0 
c r a c k  t ip .  A c c o r d i n g l y  for  lower  she l f  toughness  p r e -  
d i c t ions  c h a r a c t e r i s t i c  d i s t a n c e s  we re  chosen  be tween  
2d  and 4d  with d ,  the p r i o r  aus ten i t e  g r a i n  s i ze ,  m e a -  0.8 
s u r e d  as  25 and 33 ~ m  for  SA533B-1 and SA302B, 
r e s p e c t i v e l y ,  cons i s t en t  with p rev ious  e s t i m a t e s  by '4 E 
P a r k s  .7 

At  upper  she l f  t e m p e r a t u r e s ,  the in i t ia t ion  event  for  0.6 
duc t i le  f r a c t u r e ,  where  the d i s p l a c e m e n t s  p roduced  by 
i n t e r n a l  necking be tween p a r t i c l e s  a r e  c r i t i c a l ,  would 
not be p o s s i b l e  over  d i s t a n c e s  s m a l l e r  than p a r t i c l e  0.4 
spac ing .  Since in the p r e s e n t  s t e e l s  it  is  the l inkage by ! 
s h e a r  l oca l i za t i on  be tween  l a rge  vo ids ,  nuc lea t ed  at  
inc lus ions ,  which d e s c r i b e s  the in i t ia t ion  of a c tua l  0.2 = 

duct i le  c r a c k  growth,  3 a lower  bound e s t i m a t e  of the 
c h a r a c t e r i s t i c  d i s t ance  mus t  be the inc lus ion  spac ing .  
E x a m i n a t i o n  of upper  she l f  f r a c t u r e s  in both s t e e l s  
(Fig .  11) shows that  the spac ing  be tween  m a j o r  vo ids  ~ o 

on f r a c t u r e  s u r f a c e s  is  roughly  50 /~m in SA533B-1 
(cons i s ten t  with p r e v i o u s  inc lus ion  d i s t r i bu t i o n  
s tud ies  3) and 100 to 150 p m  in SA302B. 

J l l 
160~ (71~ 

/% SA533B-1 

(D SA302B 

1.4 

I I I I I I 
0.2 0.4 0.6 0.8 1.0 1.2 

gf 
Fig. 8 -Fa i lu re  init iat ion curves for changing stress state at 71 ~ 

I ] I ] ] 

350~ (177~ 

Z~ SA533B~l 

C) SA302B 

I I I I I 
0.2 0.4 0.6 0.8 1.0 

~f 
Fig. 9 -Duc t i l e  failure init iat ion curves for changing stress state at 
177~ 

1.2 
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(a) (b) 

Fig. 10-Transgranular  cleavage fractures at lower shelf for (a) SASB3B-1 tested at -78~  and (b) SA302B tested at -68~  

I I 
50 #m 

(a) 
Fig. 1 1-Duct i le  fracture by mJcrovoid coalescence at upper 

g ra in  d i ame te r s .  Pred ic t ions  a r e  based on the tem-  
pera tu re  dependence of yield s t rength shown in Fig .  5 
calculated for approximate c r ack  tip s t r a i n - r a t e s  of 
10 -2 s -1, a e r i i t e a l  cleavage s t r e s s  [~ of 1830 MPa 
(Table IV) assumed independent of t empera tu re ,  a work 
hardening exponent n of 0.1 (N = 10)* represen t ing  an 

*The hardening exponent n is defined here in terms of the usual constitutive 
law o/% = (ep/eo) n. This corresponds to a hardening exponent of N = 1/n in 
terms of the Ramberg-Osgood law used in the HRR solution (Eqs. [ t] to [3] ). 

average value for this s tee l  over [he t empera tu re  range 
- 2 0 0  to 0~ and plane s t ra in  c rack  tip s t r e s s  analyses  
due to Rice and Tracy  12'13 (finite element  power law 
hardening solution) and Rice and Johnson ~4 (approxi-  
mate nea r - t i p  solution due to blunting for an ini t ia l  

(b) 
shelf for (a) SA533B-I and (b) SA302B tested at 71~ 

yield s t ra in  of 0.0025). S imi la r  predic t ions  for the t em-  
pera tu re  var ia t ion  of lower shelf  dynamic f rac ture  
t o u g h n e s s  (Kid) of un i r rad ia ted  SA533B-1 a re  shown in 
F igs .  13 and 14 for approximate  c rack  tip s t r a i n - r a t e s  
of 5 and 3 • 102 s -1, r espec t ive ly .  Resul ts  for lower 
shelf s tat ic  and impact  f rac ture  toughness in SA302B 
a re  shown in F igs .  15 and 16. 

It is apparent  from F igs .  12 to 16 that the RKR c r i t -  
ica l  cleavage s t r e s s  model 4 provides  a ve ry  good 
descr ip t ion  of lower shelf toughness behavior  in these 
s tee l s  for t empera tu re s  up to NDTT, although exper i -  
mental  data for  SA302B a re  ex t remely  s pa r s e .  Above 
the NDT tempera tu re ,  however, RKR predic t ions  tend 
to level  off, due to the s m a l l e r  t empera tu re  var ia t ion  
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Fig. 12-Comparison of critical 
stress model (RKR) predictions 
with lower shelf static fracture 
toughness values for unirradiated 
SA533B-1. 
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Fig. 13-Comparison of critical 
stress model (RKR) predictions 
with lower shelf dynamic compact 
fracture toughness values for 
unirradiated SA533B-1. 
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of y ie ld  s trength,  and marked ly  underes t imate  the data. 
A s  pointed out prev ious ly ,  ~ this is  not to be unexpected 
s ince  at t e m p e r a t u r e s  above NDTT but below the upper 
shelf ,  fai lure in these  s t e e l s  can no longer be cons id -  
ered  as unstable c l eavage ,  and invo lves  a trans i t ional  
behavior  of increas ing  amounts  of ducti le  tearing be-  
tween " s t a b l e "  c leavage  m i c r o c r a c k s .  Such fai lure is  
c l ear ly  not amenable  to ana lys i s  using a purely  c r i t i c a l  
s t r e s s  mode l  for fa i lure .  

Thus,  lower  she l f  s tat ic  and dynamic  fracture  tough- 
n e s s  va lues  in both SA533B-1 and SA302B are  c o n s i s -  
tent with the attainment  of a c r i t i c a l  c l eavage  fracture  
s t r e s s  over  a d is tance  of 2 to 4 pr ior  austenite  grain 

d i a m e t e r s  ahead of the crack  tip, at t e s t  t e m p e r a t u r e s  
below NDTT.  

Upper Shelf Toughness  

Unlike the c r i t i c a l  s t r e s s  mode l  d e s c r i b e d  above 
where  the m e a s u r e d  c r i t i c a l  fracture  s t r e s s  ((~7) is  
a s s u m e d  to be e f f ec t ive ly  independent of t e m p e r a t u r e ,  
use  of the c r i t i c a l  s tra in  mode l  to predic t  upper shelf  
toughness  r e q u i r e s  de terminat ion  of the c r i t i c a l  f rac -  
ture s train  ( ~ ] )  at each  t e m p e r a t u r e  in_,question. Due 
to avai labi l i ty  of s p e c i m e n s ,  va lues  of Ef were  only 
de termined  at three  upper shel f  t e m p e r a t u r e s  (24, 71, 
and 177~ at a s ingle  s t r a i n - r a t e  (g ~- 10 -2 s- l ) .  
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Fig. 14-Comparison of critical 
stress model (RKR) predictions 
with lower shelf dynamic (im- 
pact) fracture toughness values 
for unirradiated SA5 3 3 B- 1. 

Fig. 15-Comparison of critical 
stress model (RKR)predictions 
with lower shelf static fracture 
toughness values for unirradiated 
SA302B. 

Furthermore,  valid Iracture toughness data, computed 
from initiation JIc values, in this temperature range 
are somewhat rare .  However, using the fracture strain 
as a function of s t ress  state data (Figs. 7 to 9) and the 
Rice and Johnson near- t ip strain distribution 1~ (Fig. 3), 
predictions of the upper shelf static fracture toughness 
between room temperature and 200~ for both steels 
were made using the cri t ical  fracture strain model. 
Results for unirradiated SA533B-1, and SA302B are 
illustrated in Figs. 17 and 18, respectively.  For  
SA533B-1, the experimental data are  best described 
by the attainment of a cri t ical  fracture strain ( ~ )  over 
a character is t ic  distance (l~) of 300 to 350 ~m ahead 
of the crack tip (Fig. 17) whereas in SA302B, l~ is of 
the order of I00 to 150 ~m. The significantly lower 
upper shelf toughness of SA302B is thus consistent 

with a lower plane strain ductility and a smaller  
characteris t ic  distance. 

Several points are worthy of note from these cri t ical  
s train fracture toughness predictions for the upper 
shelf. Firs t ,  it is apparent that over this temperature 
range, cri t ical  fracture strains (-~f) at highly triaxial 
s t ress  states ( % n ~  > 1.2), representat ive of the near-  
tip region, only marginally decrease  with increasing 
temperature (Figs. 7 to 9). Fur thermore ,  since the 
yield strength (~y) shows only a sBght temperature 
dependence (e.g., Fig. 5), the cri t ical  s train model 
predicts an essentially constant f rac ture  toughness at 
the upper shelf (see Eq. [10]), consistent with most 
experimental data. 3v,~3-~s 

Second, the cr i t ical  micros t ructura l  size scales 
(l*) for ductile fracture in SA302B and SA533B-1 are 

1566-VOLUME 10A, OCTOBER 1979 METALLURGICAL TRANSACTIONS A 



Fig. 16-Compar ison  of  critical 
stress model (RKR) predictions 
with lower shelf dynamic 
(impact) fracture toughness 
values for unirradiated SA302B. 
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of the o rde r  of 1 and 6 to 7 t imes  the p lanar  i n t e r -  
inc lus ion  spacing,  r espec t ive ly .  On the a s sumpt ion  
that the c r i t i c a l  event  for the in i t ia t ion of duct i le  f r ac -  
t u r e  is  the coa lescence  of ma jo r  voids,  fo rmed  at in-  
c lus ions ,  to the main  c rack  tip, this  in fe rs  that it is the 
coa lescence  of a s ingle  major  void to the c rack  tip 
which is c r i t i c a l  for f rac tu re  in SA302B, whereas  in 
SA533B-1 the coa lescence  of s eve ra l  ma jor  voids 
within the plas t ic  zone is r equ i red .  The la t te r  fact is 
en t i re ly  cons is ten t  with the I rac tographic  s tudies  on 
SA533B-1, 3 which showed that the c r ack  growth mecha-  
n i s m  was not s imply  the nuc lea t ion  of one void which 
coa lesced  with the main  crack,  but r a the r  the nuc lea -  
t ion and linkage of s e v e r a l  i sola ted voids within the 
plas t ic  zone. S imi la r  conclus ions  have been repor ted  

for ducti le  f rac tu re  in other  low s t r eng th  steels.31 
Thus,  for ducti le  f r ac tu re ,  the c h a r a c t e r i s t i c  d i s tance  
must  be r ega rded  as not mere ly  re f lec t ing  the spacing 
between pa r t i c l e s  which nuclea te  ma jo r  voids ,  but 
a lso  the c r i t i ca l  n u m b e r  of voids which coalesce  with 
the main  c r a c k  at the in i t ia t ion  of c r ack  growth. 

Hence, appl icat ion of the c r i t i c a l  s t r a i n  model for 
upper  shelf  duct i le  f r ac tu re  indicates  that s ta t ic  f r ac -  
tu re  toughness  va lues  for c r ack  in i t ia t ion  in SA302B 
are  cons i s ten t  with the a t t a inment  of a c r i t i c a l  f r ac -  
tu re  s t r a in  (i.e., the duct i l i ty  at a highly t r i ax i a l  s t r e s s -  
s tate)  over a d is tance  of roughly one inc lus ion  spacing 
f rom the c rack  tip.  In SA533B-1, however,  c rack  in i -  
t i a t ion  is cons i s ten t  with the a t t a inment  of a c r i t i c a l  
f r ac tu re  s t r a i n  over s e v e r a l  inc lus ion  spacings ,  in fe r -  
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Fig. 1 8 - V a r i a t i o n  of static frac- 
ture toughness (Kz~)with tem- 
perature for unirradiated SA302B, 

x showing comparison of experi- 
mental data with critical stress 

~" and critical strain model 
predictions. 

,< 

r ing  that the c r i t i c a l  f r ac tu re  event involves the 
coa lescence  of more  than one major  void to the c r a c k  
t ip.  

INFLUENCE OF NEUTRON IRRADIATION 

Neutron i r r ad i a t i on  e m b r i t t l e m e n t  of nuc lea r  p r e s -  
su re  v e s s e l  s t ee l s  is  gene ra l ly  c h a r a c t e r i z e d  by an 
i n c r e a s e  in the Charpy V-notch  t r ans i t i on  t e m p e r a -  
tu re  (DBTT) and a drop in the Charpy V-no tch  upper 
shelf  energy  (Fig. 1), cor responding ,  in f r ac tu re  
mechanics  t e r m s ,  to a dec rease  in the f r ac tu r e  tough- 
ness  Kic. An eventual  a im of the p r e s e n t  s tud ies  was 
to use the c r i t i c a l  f r ac tu re  models  de sc r ibed  to p r e -  
dict  this  d e c r e a s e  in toughness  in SA533B-1 and 
SA302B as a function of neu t ron  f luence.  Due to the 
lack of ava i lab le  data, this  has proved poss ib le  only 
for lower shelf  Klc m e a s u r e m e n t s  in i r r ad i a t ed  
SA533B- I .  

The work of P a r k s  ~ f i r s t  showed the appl icabi l i ty  of 
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Fig. 19-Critical stress model (RKR) predictions of radiation effects 
on lower shelf fracture toughness compared with experimental data 
on neutron irradiated SA533B-1. 

the RKR c r i t i c a l  c leavage s t r e s s  model  4 for the p r e -  
dic t ion of i r r ad i a t ed  toughness  at the lower shelf.  
Neut ron  i r r ad ia t ion  is a s sume d  to i nc r ea se  the yield 
s t r eng th  ~-38 and reduce the work hardening exponent,  ~ 
while leaving the c r i t i c a l  f r ac tu re  s t r e s s  for cleavage 
( 4 )  unchanged. The c h a r a c t e r i s t i c  d i s tance  is  a lso 
cons idered  una l t e red  by i r r ad ia t ion ,  s ince  g ra in  s ize  
and pa r t i c l e  spacings  will  r e m a i n  the same.  Thus  by 
mere ly  u t i l i z ing  the effects of i r r ad i a t i on  on yield and 
flow p rope r t i e s ,  the t e m p e r a t u r e  dependence of lower 
shelf f r ac tu r e  toughness as a function of neut ron  
f luence can be quant i ta t ively  evaluated using the RKR 
model,  ca l ibra ted  on un i r r ad ia t ed  mate r i a l .  

Valid low t e m p e r a t u r e  s ta t ic  f r ac tu r e  toughness data 
for un i r r ad i a t ed  and i r r ad i a t ed  SA533B-1 is shown in 
F ig .  19. I r r ad i a t ed  data  a re  shown for neu t ron  f luences  
of 1.2 to 1.3, 36 2.2 to 4.2, 36,37,44 and 7.7 to 8.3 • 1019 
n//cm2, 3s,39 E > 1 MeV, at i r r a d i a t i on  t e m p e r a t u r e s  be-  
tween 265 and 297~ Ut i l iz ing the RKR c r i t e r i o n  for 
cleavage f r ac tu re  in that the c r i t i c a l  f r ac tu re  s t r e s s ,  
measu red  in un i r r ad i a t ed  s tee l  (~7 = 1830 MPa), is 
a t ta ined over  a c h a r a c t e r i s t i c  d is tance  of 3 g ra in  
d i a m e t e r s  ( l ,  = 3d), p red ic t ions  for the t e m p e r a t u r e  
dependence of Kic for these fluences* were  made, us ing 

*This represents a wider range of neutron fluences than was first analyzed by 
Parks. 7 

i r r ad i a t ed  yield s t r e s s  data,  ~e-3B'~~ cor rec ted  for a 
c rack  tip s t r a in  ra te  of approximate ly  10 -2 s -1, and awork  
hardening exponent of n = 0 (N = ~) .  These  predic t ions  
a re  shown by the cu rves  in F ig .  19. It is c l ea r  that the 
c r i t i c a l  s t r e s s  model co r r ec t l y  pred ic t s  the shift in 
toughness  curve  to higher t e m p e r a t u r e s  with i n c r e a s -  
ing radia t ion ,  and c lose ly  reproduces  the ava i lab le  
expe r imen ta l  data .  

S i mi l a r  p rocedu re s  to pred ic t  the influence of neu t ron  
i r r ad ia t ion  on upper  shelf toughness  using the c r i t i c a l  
s t r a i n  model  a re  p laus ib le  in theory,  but a re  l imi ted  
at p r e sen t  by the absence of data for the va r i a t ion  of 
f r ac tu re  duct i l i ty  with s t r e s s  s tate  in i r r ad i a t ed  s tee l .  
Also,  r e l i ab le  in i t ia t ion  JIc f r ac tu re  toughness data at 
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upper  she l f  t e m p e r a t u r e s  a r e  s t i l l  unava i l ab le .  M o r e -  
over ,  some  conce rn  might  be r a i s e d  ove r  the p r o c e -  
dure  of us ing a c h a r a c t e r i s t i c  d i s t ance  fo r  i r r a d i a t e d  
s t e e l  d e t e r m i n e d  f rom u n i r r a d i a t e d  da t a  (cf. c r i t i c a l  
s t r e s s  model ) .  Since it a p p e a r s  that  the c h a r a c t e r i s t i c  
d i s t a n c e  fo r  duc t i le  f r a c t u r e  may  be a function both of 
the m i c r o s t r u c t u r e  (i.e., the i n t e r - i n c l u s i o n  spac ing)  
and of the a v e r a g e  n u m b e r  of voids  which c o a l e s c e  with 
the c r a c k  t ip at  c r a c k  in i t ia t ion ,  it is  by no means  
c e r t a i n  that  the s a m e  number  of vo ids  wi l l  be involved 
at  f r a c t u r e  in i t ia t ion  in i r r a d i a t e d  s t ee l .  Th is  is  s i m p l y  
because  the r educed  s t r a i n  hardening  capac i ty  of 
i r r a d i a t e d  m a t e r i a l  wi l l  r e s u l t  in e a r l i e r  c o a l e s c e n c e  
by p l a s t i c  s h e a r  loca l i za t ion  of m a j o r  vo ids .  Thus ,  
the f ea s ib i l i t y  of using the c r i t i c a l  s t r a i n  mode l  for  
p r ed i c t i ng  upper  shel f  i r r a d i a t e d  f r a c t u r e  toughness  
cannot be t e s t ed  at  p r e s e n t ,  and mus t  awai t  r e l i a b l e  
in fo rmat ion  for  the c r i t i c a l  f r a c t u r e  s t r a i n s  and in i -  
t i a t ion  JIc values  for  i r r a d i a t e d  s t e e l .  

SUMMARY AND CONCLUSIONS 

The p r e s e n t  work  has examined  the app l i ca t ion  of 
s i m p l e  f r a c t u r e  mode l s  to p r e d i c t  the t e m p e r a t u r e  
v a r i a t i o n  of plane s t r a i n  f r a c t u r e  toughness  in un-  
i r r a d i a t e d  and i r r a d i a t e d  n u c l e a r  p r e s s u r e  v e s s e l  
s t e e l s .  These  mode l s  a t t emp t  to  combine  a c c u r a t e  
cont inuum mechan ic s  so lu t ions  for  the s t r e s s  and 
s t r a i n  d i s t r i bu t i ons  ahead of c r a c k  t ips  with n e c e s s a r i l y  
s i mp l i f i ed  idea l i za t ions  of the m i c r o s c o p i c  f r a c t u r e  
m e c h a n i s m s  involved.  F o r  lower  she l f  c l eavage  f r a c -  
ture  at  low t e m p e r a t u r e s  below NDTT, f r a c t u r e  tough-  
n e s s  va lues ,  under  both q u a s i - s t a t i c  and dynamic  load-  
ing in SA533B-1 and SA302B s t e e l s ,  a r e  cons i s t e n t  with 
the a t t a inmen t  of a c r i t i c a l  f r a c t u r e  s t r e s s  ove r  a d i s -  
tance  of 2 to 4 p r i o r  ans t en i t e  g r a i n  d i a m e t e r s  ahead of 
the c r a c k  t ip,  a cco rd ing  to the RKR c r i t i c a l  s t r e s s  
model  for  s l i p - i n i t i a t e d  c leavage .  F u r t h e r ,  the inf luence 
of neu t ron  i r r a d i a t i o n  on f r a c t u r e  toughness  at  these  
t e m p e r a t u r e s  can be c lo se ly  p r e d i c t e d  by  this  model ,  
a s s u m i n g  that  the c r i t i c a l  f r a c t u r e  s t r e s s  and m i c r o -  
s t r u c t u r a l l y  s ign i f ican t  c h a r a c t e r i s t i c  d i s t ance  a r e  
unchanged,  and that  the d e c r e a s e  in toughness  with 
i n c r e a s i n g  f luence r e s u l t s  f rom the ef fec t  of i r r a d i a -  
t ion on y ie ld  and flow p r o p e r t i e s .  

S i m i l a r l y ,  for  upper  she l f  duc t i l e  f r a c t u r e  at  t e m -  
p e r a t u r e s  be tween ambien t  and 200~ e l a s t i c - p l a s t i c  
in i t ia t ion  f r a c t u r e  toughness  va lues  under  q u a s i - s t a t i c  
loading in u n i r r a d i a t e d  SA533B-1 and SA302B a r e  
cons i s t en t  with the a t t a inmen t  of a c r i t i c a l  f r a c t u r e  
s t r a i n  (de t e rmined  for  highly t r i a x i a l  s t r e s s  s t a t e s )  
over  a c h a r a c t e r i s t i c  d i s t a n c e  r e l a t e d  to the m a j o r  
inc lus ion  spac ing ,  a cco rd ing  to the c r i t i c a l  s t r e s s  
modi f ied  s t r a i n  mode l  for  m i c r o v o i d  c o a l e s c e n c e .  The 
c h a r a c t e r i s t i c  d imens ion  in the l a t t e r  c a se  a p p e a r s  to 
depend both on the m i c r o s t r u c t u r e  (i.e., p a r t i c l e  s p a c -  
ing) and the number  of m a j o r  vo ids  which c o a l e s c e  with 
the ma in  c r a c k  t ip  at  f r a c t u r e  in i t i a t ion .  

Whi l s t  it i s  fe l t  that  a pr ior i  p r e d i c t i o n s  of m a c r o -  
scop ic  f r a c t u r e  behav io r  (i.e., f r a c t u r e  toughness  
va lues )  using such  mode l s  for  loca l  f a i l u r e  c r i t e r i a  a r e  
not at  p r e s e n t  feas ib le  b e c a u s e  of u n c e r t a i n t i e s  in the 
magni tude  of the m i c r o s t r u c t u r a l l y  s ign i f i can t  d i m e n -  
sion, the d e s c r i p t i o n  of f r a c t u r e  toughness  in t e r m s  of 
t he se  mode l s  does  p rov ide  ins ight  into the m i c r o -  
mechan i c s  and m e c h a n i s m s  of f a i l u r e ,  and f u r t h e r m o r e  

p r o v i d e s  a v i t a l  connect ion  be tween cont inuum p l a s t i c i t y  
and m i c r o s t r u c t u r a l  m e c h a n i s m s  of f r a c t u r e .  
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