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The work r e p o r t e d  h e r e i n  w a s  performed mos t ly  a t  t h e  Oak Ridge 

N a t i o n a l  Labora to ry  under t h e  Heavy-Section S t e e l  Technology (HSST) 

Program which i s  managed by G. D. Whitman. The HSST program i s  under  

t h e  sponsor sh ip  of t h e  U.S. Nuclear  Regu la to ry  Commission (NRC). The 

manager f o r  t h e  NRC i s  E. K. Lynn. 

T h i s  r e p o r t  i s  d e s i g n a t e d  Heavy-Section S t e e l  Technology Program 
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The Heavy-Section S t e e l  Technology (HSST) Program i s  sponsored  by 

t h e  Reac tor  S a f e t y  Research D i v i s i o n  o f  t h e  Nuclear  Regu la to ry  Commission. 

Under t h e  program, e i g h t  6 - in . - th i ck  39-in. -OD s teel  p r e s s u r e  v e s s e l s  con- 

t a i n i n g  c a r e f u l l y  p repa red  and sharpened s u r f a c e  c r a c k s  have been t e s t e d  

t o  p rov ide  a n  improved q u a n t i t a t i v e  b a s i s  f o r  e v a l u a t i n g  t h e  s a f e t y  mar- 

g i n s  a g a i n s t  f r a c t u r e  of n u c l e a r  r e a c t o r  p r e s s u r e  vessels. The test re- 

s u l t s  f u r n i s h  d i r e c t  ev idence  of t h e  h i g h  f r a c t u r e  r e s i s t a n c e  of t h e  

s teels  used f o r  f a b r i c a t i n g  l i g h t - w a t e r  r e a c t o r  p r e s s u r e  vessels and pro- 

v i d e  a v i t a l  b a s i s  f o r  deve lop ing  and v e r i f y i n g  t h e  a n a l y t i c a l  methods 

r e q u i r e d  f o r  c a l c u l a t i n g  s a f e t y  margins  a g a i n s t  f r a c t u r e .  

The c y l h d r i c a l  r e g i o n s  of t h e  t es t  vessels w e r e  f a b r i c a t e d  from 

e i t h e r  A508 class 2 f o r g i n g  steel  o r  A533, grade  B ,  c l a s s  1 steel p l a t e .  

Ten v e s s e l s  were f a b r i c a t e d ,  two of which remain t o  b e  t e s t e d ,  one con- 

t a i n i n g  an  A508 forged  n o z z l e  and t h e  o t h e r  hav ing  a p l a i n  c y l i n d r i c a l  

r e g i o n  o f  A533, g rade  B,  c l a s s  l steel .  Of t h e  e i g h t  v e s s e l s  t e s t e d ,  two 

con ta ined  e x t e r n a l  s u r f a c e  c r a c k s  i n  A508 class 2 f o r g i n g  s teel ,  t h r e e  

con ta ined  a t  least one e x t e r n a l  surEace  c r a c k  i n  weld m e t a l ,  two con ta ined  

i n s i d e  n o z z l e  c o r n e r  c r a c k s  i n  A508 fo rged  n o z z l e s ,  and one con ta ined  a 

v e r y  deep e x t e r n a l  s u r f a c e  c r a c k  i n  A533, grade  B,  c lass  1 steel .  All 

t h e  e i g h t  v e s s e l s  t e s t e d  were loaded  t o  f a i l u r e  by i n t e r n a l  h y d r a u l i c  

p r e s s u r e .  

F l a w s  i n  t h e  tes t  v e s s e l s  ranged from 1 . 2 0  t o  5.30 i n .  i n  dep th ,  and 

tes t  t empera tu res  ranged from 32 t o  196°F. E x t e n s i v e  f a s t  €racture w a s  

observed ,  as expec ted ,  a t  32°F a t  a p r e s s u r e  n e a r  t h e  g r o s s  y i e l d  p r e s s u r e  

o f  t h e  test vessel, and two vessels l eaked  w i t h o u t  f r a c t u r i n g  a t  o r  s l i g h t -  

l y  above 190'F. One of t h e s e  vessels con ta ined  a f lawed n o z z l e ,  and t h e  

o t h e r  con ta ined  a v e r y  deep  e x t e r n a l  s u r f a c e  f l aw .  Another vessel con- 

t a i n i n g  a smaller e x t e r n a l  s u r f a c e  flaw ach ieved  2% s t r a i n  i n  t h e  p l a s t i c  

r ange  a t  190°F b e f o r e  deve lop ing  a s h e a r  f r a c t u r e  t h a t  a r r e s t e d  b e f o r e  

r e a c h i n g  t h e  ends  of t h e  vessel. 

Ex tens ive  pre- and p o s t t e s t  f r a c t u r e  a n a l y s e s  have been performed f o r  

a l l  t h e  i n t e r m e d i a t e  vessels t e s t e d .  An impor t an t  e lement  i n  t h e s e  ana ly-  

ses w a s  t h e  use  of f r a c t u r e  toughness  v a l u e s  o b t a i n e d  from small-specimen 
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tesi: d a t a  by methods of e l a s t i c - p l a s t i c  f r a c t u r e  a n a l y s i s  developed €or 

t h i s  piirpose by Lhe HSST program. I n  a d d i t i o n ,  numerous f r a c t u r e  expe r i -  

inents have been performed w i t h  sha rp  flawed s t ee l  and epoxy iiiodels. 'These 

mode1.s have provided ex t remely  valiiab1.e s t r a i n  a r ra lys i s  and f r a c t u r e  d a t a ,  

as well as r e l  La?)le l i n e a r  e l . as t ic  f r a c t u r e  mechanics c a l i b r a t i o n s  f o r  

c r a c k s  i n  nozz1.e c o r n e r  r [ i ? ~ i o n s ,  which are  s t i ~ l l  d i f f i c u l t  t o  o b t a i n  ana- 

1 y t i c a l . l y .  An e f f o r t  t o  develop an a c c u r a t e  t h r e e - d i ~ n e n s i o n a l ,  e l h s t i c -  

p k s t i c ,  f i n i t e - e l emen t  a n a l y s i s  of a f lawed n o z z l ~ e  co rne r  r e g i o n  i s  con- 

t i n u i n g  i n  p r e p a r a t i o n  f o r  t h e  t e s t i n g  of  t h e  remain ing  i -n te rmedia te  t e s t  

vcssel. c o n t a i n i n g  a nozz le .  

The a n a l - y t i e a l  s t u d i e s  performed i n d i c a t e  t h a t  below the upper-shelf  

t empera ture  r ange ,  l i n e a r  e l a s t i c  fraci :ure  mechanics ( expres sed  i n  t e r m s  

of s t r a i n )  i s  a c c u r a t e  o r  c o n s e r v a t i v e ,  depending on t r a n s v e r s e  r e s t r a i n t  

c o n d i t i o n s  pri .or t o  t h e  o n s e t  of through-ii lLckness yiel.di.ng. I n  a d d i t i o n ,  

i n  t h e  c y l i n d r i c a l  r eg ion  of  a v e s s e l ,  w i t h i n  the upper-shelf  t empera ture  

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

r e g i o n  sur rounding  t h e  flaw i f  t h e  upper-shelf  toughness  i.s s u f f i c i e n t l y  

h igh .  For s u r f a c e  flaws less  than  h a l f  t h e  t e s t  vesse l  wal l  t h i c k n e s s  i n  

depth, f a i l u r e  l o a d s  were approximate ly  t h r e e  times t h e  code des ign  p r e s -  

s u r e  of t h e  L e s t  v e s s e l s .  

Appl.i.cation o f  t h e  a n a l y s i s  p rocedures  developc2d for t h e  inI:ermediate 

tcs t  v e s s e l s  t o  a h y p o t h e t i c a l  r e a c t o r  p r e s s u r e  v e s s e l  indicatci:s t h a t  a 

siiiii-lai- margi.n o f  s a f e t y  i s  i n h e r e n t  i n  f u l l - s c a l e  v e s s e l s .  Although 

I ~ i n e a r  e l . a s t i c  f r a c t u r e  mechanics expressed  i n  t e r m s  of s t r a i n  i s  app1.i- 

c a b l e  t o  f u l l - - s c a l e  v e s s e l s  p r i o r  t o  the o n s e t  of th rough- th ickness  y i e l d -  

ing :  i t  i s  t o o  c o n s e r v a t i v e  above t h e  g r o s s  y i e l d  p r e s s u r e  f o r  rea l i s t i -  

c a l l y  es:. i.mating t h e  upper-shelf  toughness  r e q u i r e d  t o  r each  p l a s t i c  

insC:al; iI i ty c o n d i t i o n s .  E l a s t i c - p l a s t i c  f r a c t u r e  a n a l y s i s  methods a re  

r e q u i r e d  f o r  t h i s  purpose,  an3 c a l c u l a t i o n s  by one siick method are in -  

c luded i n  t h c  eliarnple a n a l y s i s  of t h e  h y p o t h e t i c a l  f u l l - s c a l e  vessel. 

The ronse rva t i sm of t h e  presen'r  ASME code procedures  f o r  f r a c t u r e  s a f e t y  

a n a l y s e s  tha2 are  based on t h e  k curve  i s  a l s o  i l l u s t r a t e d  by t h e  

example c a l c u l a t i o n s .  
rti. 
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PNTRODUCTION 

I ,  l e s t i n g  o f  &:he i n t e r m e d i a t e  p r e s s u r e  vesse1.s i s  ;a m a j o r  ac.t:i.vit:y 

under the 3ea.vy-Section Steel.  Technology Program. A pr-ia!ary o b j  

t h e s e  tests i s  t o  deve lop  o r  v e r i t y  method:;: a t  f r a c t u r e  predict i0~1 throtigh 

t h e  t e s t i n g  o f  sd.ected structures and materi.al.s s o  t h a t  a val.id basi.s C ~ R  

lie estnl) l . ished f o r  evn l -ua t ing  t h e  serv:i.!-.i.ability and s a f e t y  of l i g h t - w a t e r  

r e a c t o r  (LWLI) p r e s s u r e  vessel.a. T h i s  is n p r e l i m i n a r y  rcpoi- t  of t h e  re- 

s u l t s  of t h e  tes ts  a l ready  conducted and o f  some of tihe i m p l i c . a ~ i a n : :  O F  

t h e  r e s u l t s  w i t h  respect t o  t h e  s a f e t y  aga.ii1st f r a c t u r e  i ~ f  reactor pres- 

s u r e  vesse1.s * 

The i.nter-medi.a^ile pressure vc?'r;sel tests and the  methods o f  fracture 

p r e d i c t i o n  appl.i.ed f:o them are an importiant p a r t  of t h e  t o t a l  e f f o r t  t : f la~ 

i s  aiade t o  ac1ii.e-ve t h e  h igh  q u a l i t y  of reactor pressure vessels r e q u i r e d  

f o r  t h e  prote(:.tion of the publ-ic h e a l t h  and s a f e t y .  

S t r i u c t u r a l  i . n t e 6 r i t y  of r e a c t o r  pressure vesse1.s i s  es tabl iskt l  by 

d e s i g n i n g  and f a b r i c a t i n g  them i n  accorda.nce w i t h  the npp l i c . ab le  ASME 

eode and Nucl.ear R e g u l a t o r y  Conmission (NRG) r e q u i r e m e n t s  for riiicl L 

~ K P - S S U ~ ~  vessels, by inspecting f o r  fl.aws of sign-ifri.cant- size, and by 

e v a l u a t i n g  the  s a f e t y  m a r g i r l  a v a i l a b l e  agai.nst  f r a c t u r e  sliould f l a w s  e x i s t  

o r  develop d u r i n g  o p e r a t i o n .  The event  t h a t  must b e  avoided i n  s e rv i ce  

is a f r a c t u r e ,  w i t b o u t  p r i o r  warning,  i n  a reactor prmsure v e s s e l  that 

can d i s r u p t  t h e  s a f e t y  featur'c::; o f  t h e  nuclear r e a c t o r  p l a n t  a Rrrnc.t:or 

p re s su re  vessels were known t o  possess a l a rge  margin of s a f e t y  a g a i n s t  

f a i l u r e  under a n t i c i p a t e d  operating condi.t:i.ons, b u t  the i n f l u e n c e  of f l a w s  

on t h i s  margin.  had n o t  been q u a n t i t a t i v e l y  determined f o r  many si d: i.tat:ions 

of i n t e r e s t  b e f o r e  t h e  s t a r t  o f  t h e  IJSST program,  A dependable  e v a l u a t i o n  

o f  safety marg ia  can o n l y  b e  accomplished w i t h  v e r i f i e d  ;mal .y t ica i  me.tliods 

i n v o l v i n g  t h e  u t i l i z a t i o n  of i i  deta i led  stress a n a l y s i s ,  perti.nen1: riiat:er- 

id p r o p e r t i e s ,  and n geomwtrical. d e s c r i p t  ion  o f  t h e  h y p c t t h e t i c a l  o r  real. 

f law.  
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The i n t e r m e d i a t e  v e s s e l  t e s t s  were planned w i t h  s u f f i c i e n t l y  s p e c i f i c  

o b j e c t i v e s  t h a t  s u b s t a n t i a l  q u a n t i t a t i v e  weight  cou ld  b e  g iven  t o  t h e  re- 

s u l t s .  Each set  of t e s t i n g  c o n d i t i o n s  was chosen so as t o  p rov ide  s p e c i f i c  

q u a n t i t a t i v e  d a t a  by which a n a l y t i c a l  methods of p r e d i c t i n g  f l a w  growth, 

and i n  some cases c r a c k  a r res t ,  could  be  eva lua ted .  Every p r a c t i . c a 1  e f -  

f o r t  w a s  made t o  a s s u r e  t h a t  r e s u l t s  would b e  r e l e v a n t  t o  some a s p e c t  of  

real r e a c t o r  p r e s s u r e  v e s s e l  performance through c a r e f u l  c o n t r o l  of m a t e -  

r i a l  p r o p e r t i e s ,  s e l e c t i o n  of t e s t  t empera tu res ,  and d e s i g n  of p repa red  

f l aws ,  

The i n t e r m e d i a t e  tes t  v e s s e l s  w e r e  f a b r i c a t e d  from t h e  same low-al loy 

s tee ls  used i n  t h e  f a b r i c a t i o n  of LWK p r e s s u r e  vessels, t y p i c a l  examples 

of which are  shown i n  F i g s .  1 and 2 .  Sharp f l aws  of d e s i r e d  s i z e ,  loca-  

t i o n ,  and o r i e n t a t i o n  w e r e  produced i n  each tes t  vessel; and they  w e r e  

then  loaded  by  i n t e r n a l  p r e s s u r e  s o  t h a t  t h e  s t a t e  of stress achieved  i n  

d e l - i b e r a t e l y  flawed r e g i o n s  w a s  similar t o  t h e  s t a t e  of  stress tihat would 

e x i s t  i n  a f u l l - s c a l e  r e a c t o r  v e s s e l  i f  i t  w e r e  t o  c o n t a i n  a f law.  The 

i n t e r m e d i a t e  tes t  vesse1.s are  small-er i n  d iameter  and wall t h i c k n e s s  than  

a c t u a l  r e a c t o r  p r e s s u r e  v e s s e l s ,  b u t  t h e  t h i c k n e s s  chosen and the i n t e r n a l .  

p r e s s u r e s  used i n  t h e  tests are adequate  f o r  p rov id ing  t h e  r e l e v a n t  con- 

d i t i o n s  i n  the  neighborhood of t h e  p repa red  f law.  Each t e s t  w a s  con t inued  

u n t i l  f a i l u r e  occur red ,  i n  every  case a t  a load ing  subs tan t . i . a l ly  i n  excess  

of t h e  d e s i g n  l o a d .  The use  of p r e s s u r e s  and,  i n  some t e s t s ,  t empera tu res  

more s e v e r e  than  occur  d u r i n g  any c o n d i t i o n  s p e c i f i e d  f o r  rea l  r e a c t o r  

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

which methods of f r a c t u r e  p r e d i c t i o n  could be  e v a l u a t e d .  

The tests,  n addi t i -on  t o  p r o v i d i h g  expe r imen ta l  d a t a  on f r a c t u r e  

s t r e n g t h  to  v e r i f y  a n a l y t i c a l  methods, d i r e c t l y  demonstrated the behav io r  

of  t h i c k - s e c t i o n  v e s s e l s  w i t h  f l a w s  p r e s e n t .  The major emphasis i n  t h e s e  

tests w a s  p l aced  on measuring t h e  cont l - i t ions ( s t r e s s  and s t r a i n )  a t  t h e  

o n s e t  of f l a w  i n s t a b i l i . t y .  A n a l y t i c a l  methods that  re la te  t h e s e  c o n d i t i o n s  

t o  material  p r o p e r t i e s ,  t empera ture ,  i n t e r n a l  p r e s s u r e ,  and f l a w  conf igu r -  

a t i o n  are r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  of t h e  f a c t o r  of  s a f e t y  a g a i n s t  

d i s r u p t i v e  f a i l u r e .  

I n  a d d i t i o n  t o  t h e  in fo rma t ion  of pr imary i n t e r e s t ,  d a t a  were a l s o  

ob ta ined  011 c r a c k  p ropaga t ion ,  c r a c k  a r res t ,  and f a i l u r e  mode; and i n  
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Fig. 1. Typica l  PWR pressure vessel and internals.  
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c e r t a i n  i n s t a n c e s  o n l y  s table  c r a c k  growth  l e a d i n g  t o  "leak be fo re  break" 

was observed under t h e  c o n d i t i o n s  of  B p a r t i c u l a r  tes t ,  Although these 

secondary  o b s e r v a t i o n s  are  p e r t i n e n t  t o  t h e  behavior  of t h e  st:eels used 

i n  LWR v e s s e l s ,  the tests w e r e  n o t  des igned  t o  p r o v i d e  conclusive d a ~ a  

f o r  the v e r i f  i c n t i o n  of a n a l y t i c a l  rntrt:hods concerned wi.t-11 t:he t s r m i t a a l .  

behavior  of propagat ing  c r a c k s  - Predict:i.csras of t h e  u l t i m a t e  f a i l - u r e  

modes of r e a c t o r  v e s s e l s  m u s t  be made wi th  due  consi.tleration given to 

t P i e  g r e a t e r  amount o f  energy c o n t a i n e d  :in t h e  pressur ized-water  r e a c t o r  

(PWR) or  t h e  b o i l i n g - w a t e r  r e a c t o r  (SFTI?.) systems. N e v e r t h e l e s s ,  &:Fie 

i n t e r m e d i a t e  .vess&i tes ts  have provided d i r e c t  evi-dence as t o  e i t h e r  (:lie 

ve ry  l a r g e  f l a w s  o r  the s e v e r e  deterioration of rnater:i.nIs p r o p e r t i e s  t h a t  

woubd have t o  deve lop  i n  a r e a c t o r  p r e s s u r e  v e s s e l  b e f o r e  an a b r u p t  and 

d i s r u p t i v e  failure could  occur. 

VESSEL DESIGN AN13 FABRICATION 

The d e s i g n  and f a b r i c a t i o n  of t h e  i n t e r m e d i a t e  vessels have been 

p r e v i o u s l y  d e s c r i b e d , '  and only  a b r i e f  review of t h i s  aspect  o.E the. 

p r o j e c t  w i l l  b e  covered h e r e .  

There are  t e n  vesse1.s i r r  t h e  test series. F igure  3 shows a. partially 

s e c t i o n e d  v:i.ew of v e s s e l s  8-I., V-2, V - 3 ,  V - 4 ,  V-6, TJ-79 and V-8;  F i g .  4 

shows a s e c t i o n e d  v i e w  o f  vessels V-5, IT-9, and V-10. Il'lie rna.teria%s of 

c o n s t r u c t i o n  are l i s t e d  i n  Table  1, and the o r i e n t a t i o n  o f  t h e  we.ld.s i n  

t h e  c y l i n d r i c a l .  tes t  s e c t i o n s  o f  vessds V-3, V - 4 ,  and V-6 through V - I O  

a r e  shown i n  Fig.  5. 

T h e  vessels were des igned  and Eabricnteel i n  accordance w i t h  {:he 1968 

e d i t i o n  of S e c t i o n  III of the ASME Bo i l e r  and Presstire Vessel Code. In 

a d d i t i o n  t o  t h e  .taclritiak q u a l i t y  assuranc:e p r o v i s i o n s  of t h e  code, a n  addi -  

t iona l .  i n s p e c t i o n  requi rement  was imposed :for all the  w e l d s ,  n m w l y  that 

both  l o n g i t u d i n a l  and s h e a r  b e a m  u l t r a s o n i c  testing b e  performed 

The vessels were s i z e d  t o  p mit e n t r y  of a m a n  i n t o  t h e  vessel, and 

t h e  le.ngth of the cyIindrJ.ca.1 s e c t i o n  w a s  determined by s p e c i f y i n g  tha t  

t h e  stress i n  t h e  test sect:i.tsn of the c y l i n d e r  shoul-d b e  u n a f f e c t e d  by 

the head regions.  ' T h e  wall thickness w a s  chosen so that  a v a l i d  t es t  of 

t he  t h e o r y  and methods of  1.i.near e l a s t i c  fracture mechanics would he 
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Intermediate Test Vessels. 

Ftg. 3 .  HSST intermediate vessel. 
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39-in --OD 

1 . 

F i g .  4 .  HSST i n t e r m e d i a t e  vessel w i L h  9-in,-ID t es t  nozz le .  

SHELL 

within the  capabilities o f  t:be test f a c i . l i t y .  Specifically, a 6-111, w a 1 J .  

i s  t h i c k  enough f o r  such  a test a t   temperature.^ attain.abLc in t h e  f a c i l - i t y  

amti w i  t b  p r e p a r e d  surface f Paws ex tending  less  than kiaJ.f:d/ay throtagh the 

wall. A t y p i c a l  PVR pressiire v e s s e l  (Fig. 1)  has a d e s i g n  p r e s s u r e  r a t i n g  

of 25rN p s i ,  and a typical Rbn. pressure vessel. ( 'Fig* 2) k i a s  a design pres- 

sui:e rati .ng of 12fiO p s i ;  the intermediate v e s s e l  cy l inde r s  have a de.si.gn 

pressure o f  971.r) p s i  because o f  their smaller d iame te r - " to -  thi-ck.ness r a t i o  
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Table 1. M a t e r i a l s  used f o r  f a b r i c a t i n g  
in t e rmed ia t e  test v e s s e l  c y l i n d e r s  

and nozz le s  

.. ........ 

Mat e r i a  1 
. . . . .. . . . . .- .- Vessel. 

des igna t ion  
C y l i n d r i c a l  she1 1 Nozzle 

v- 1 

v- 2 

v- 3 
v-4 

v- 5 
V- 6 

V- 7 

V-8 

v- 9 
v-10 

A508 c l a s s  2 

A508 c l a s s  2 

A508 c l a s s  2 

A508 c l a s s  2 

A508 class 2 A508 class 2 

A508 c l a s s  2 

A533-B c l a s s  1 

A533-B c l a s s  1 

A533-B c l a s s  1 A508 c l a s s  2. 

A533-B cl.ass 1 A508 c l a s s  2 

54 in. 

1 

ORNL- DWG 73 -5413 

LONGl TLJD NAL 
SURMERGED- 
ARC WELD - 

GIRTH SUBMFP 

LONGl TUDl NAL 

ARC WELD 

( 6 )  

Fig .  5. Weld orientation f o r  (a) vessels 3 ,  4 ,  7 ,  8 ,  9, 10; 
(b) vessel 6 .  
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compared t o  a c t u a l  LWR v e s s c l s .  By d e f i n i t i o n ,  t h e  d i f f e r e n c e  between t h e  

l a r g e s t  and t h e  smallest p r i n c i p a l  stresses a t  des ign  p r e s s u r e  i s  t h e  same 

i n  thc tes t  vessels as i n  t h e  real r e a c t o r  v e s s e l s .  

The r a d i a l l y  a t t a c h e d  n o z z l e  shown i n  F ig .  4 t h a t  w a s  des igned  i n t o  

t h r e e  of t h e  vesse1.s (V-5, V-9, and V-10) was propor t ioned  to  g ive  a rep- 

r e s e n t a t i v e  s t a t e  of stress f o r  n o z z l e s  permi- t ted  by t h e  ASME code. Both 

f i n  i t t?- element. arid ex per imen t a l  s t r a i n  a n a l y s e s  were p e r  f o rmed on t h i s  

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

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

f o r  t h e  f i r s t  s i x  vessels, whrich con ta ined  c y l i n d r i c a l  r e g i o n s  of A508 

c l a s s  2 f o r g i n g  s tee l .  The chemis t ry  of t h i s  steel w a s  such t h a t  un typi -  

c a l l y  high s t r e . n g t h  and toughness  p r o p e r t i e s  were o r i g i n a l l y  ach ieved ,  and 

r e t emper ing  a t  1.320"F w a s  r e q u i r e d  t o  a c h i e v e  t y p i c a l  p r o p e r t i e s .  

HATERIAL S INVEST I GAT 1 ON S 

Extens ive  c h a r a c t e r i z a t i o n  o f  t h e  materials i n  t h e  c y l i n d r i c a l  sec- 

t i o n s  w a s  ach ieved  w i t h  mechanica l  p r o p e r t y  and f r a c t u r e  toughness  s p e c i -  

mens t a k e n  from 2-f t -1  ong p r o l o n g a t i o n s  of t h e  vessel c y l i n d e r s  made by 

t h e  same f a b r i c a t i o n  p rocedures  ,as t h e  c y l i n d e r s  themselves .  T e n s i l e ,  

Charpy V-notch i m p a c t  energy ,  and drop-weight n i l  d u c t i l i t y  t r a n s i t i o n  

t empera tu re  tests conducted on p r o l o n g a t i o n  material u s i n g  l o c a t i o n  

(depth  from s u r f a c e )  as a v a r i a b l e .  Compact-tension ( f r a c t u r e  mechanics) 

specimens v a r y i n g  from 0.394 t o  4 i n .  t h i c k  were a l s o  t e s t e d .  I n  a d d i t i o n ,  

1/7-scale model- vessels f a b r i c a t e d  f r o m  t h e  p r o l o n g a t i o n  material were 

t c s t e d  p r i o r  t o  t e s t i n g  t h e  co r re spond ing  i n t e r m e d i a t e - s i z e  p ro to type .  

The i n t e r m e d i a t e  vessel tes ts  were preceded by a c o n s i d e r a b l e  develop- 

ment c f f o r t  r e l a t e d  t o  t h e  use of s m a E h  specimens f o r  de t e rmin ing  f r a c t u r e  

toughness  propert ies over  a wide r a n g e  of t empera tu res ,  2-k Material f r a c -  

ture toughness  properbies o b t a i n e d  from specimens as small as Charpy-size 

specimens provided  data that were s u c c e s s f u l l y  used i n  p r e d i c t i n g  f r a c t u r e  

b e h a v i o r ,  The estabi ishmemt of methods p e r m i t t i n g  t h e  u s e  of s m a l l  s p e c i -  

ulens t o  de t e rmine  f r a c t u r e  toughness g r e a t l y  enhances t h e  v a l u e  of t h e  

s u r v e i l l a n c e  specimens used  i n  LWRs a 
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Tes t s  w e r e  performed over  a tzemperature range  s u f f i c i e n t l y  broad t o  

cover f r a n g i b l e ,  t r a n s i t i o n a l ,  and d u c t i l e  f r a c t u r e  behavior .  F r a n g i b l e  

f a i l u r e  o c c u r s  a t  l o w  tempera tures  w i t h o u t  warning, and t h e r e  i s  l i t t l e  

o r  no nominal p l a s t i c  s t r a i n  a s s o c i a t e d  w i t h  t h e  f a i l u r e .  'This mode of 

f a i l u r e  o c c u r s  a t  stress l e v e l s  e q u a l  t o  o r  less than  t h e  y i e l d  stress, 

and c r a c k  propagat ion  i s  r a p i d  and e x t e n s i v e .  T r a n s i t i o n a l  f a i l u r e  o c c u r s  

a t  i n t e r m e d i a t e  tempera tures  between t h e  l i m i t s  of t o t a l l y  Frangib le  and 

to ta1 l .y  d u c t i l e  behavior .  I n t e r e s t  i n  t h i s  r e g i o n  stems p r i m a r i l y  from 

t h e  need t o  know t h e  limits of a p p l i c a b i l i t y  of l i n e a r  e l a s t i c  f r a c t u r e  

mechanics (T,EFM) a n a l y s i s  i n  t h e  t r a n s i t i o n  range  of tempera ture .  Ducti1.e 

behavior  o c c u r s  a t  h i g h e r  tempera tures  and r e q u i r e s  energy i n p u t  f roiii t h e  

a p p l i e d  l o a d  f o r  cont inued  c r a c k  e x t e n s i o n ,  and c r a c k  propagat ion  v e l o c i t y  

i s  reduced re la t ive  t o  f r a n g i b l e  behavior .  D u c t i l e  f a i l u r e  may occur  be- 

cause  O E  v e r y  l a r g e  f laws  o r  over load ,  I n  keeping  w i t h  t h e  purpose of 

e s t a b l i s h i n g  a bas-i.s f o r  q u a n t i t a t i v e l y  a s s e s s i n g  s a f e t y  margins ,  t h e  

tests were always c a r r i e d  t o  o v e r l o a d ,  i n  comparison w i t h  normal o r  ex- 

pec ted  r e a c t o r  p r e s s u r e  vessel. c o n d i t i o n s .  

FLAW PKEPARAT I O N  

An impor tan t  f a c t o r  i n  t h e  test: ing of t h e  i n t e r m e d i a t e  v e s s e l s  w a s  

t h e  p r o v i s i o n  f o r  p r o p e r l y  shaped and sharpened flaws. For i n v e s t i g a t i n g  

f r a n g i b l e  b e h a v i o r ,  t h i s  p r o v i s i o n  i s  n e c e s s a r y  t o  meet t h e  c o n d i t i o n s  of 

c r a c k  sharpness  r e q u i r e d  t o  e n s u r e  t h e  a p p l i c a b i l i t y  of LEF'M. In t h e  

t r a n s i t i o n a l  and tough regimes of f a i l u r e ,  crack s h a r p n e s s  may a f f e c t  t h e  

e x t e n t  of s t a b l e  c r a c k  growth p r i o r  t o  r e a c h i n g  maximum l o a d .  Therefore ,  

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

f a t i g u e  c r a c k s  f o r  t h e s e  regimes al.so. A l l  t h e  i n t e r m e d i a t e  vessel tests 

have been performed w i t h  sharpened f l a w s  so as t o  s i m u l a t e  t:he c h a r a c t e r -  

i s t ics  of  t h e  most s e r i o u s  d e f e c t s  t h a t  could  DCCUT i n  p r e s s u r e  vessels. 

Except f o r  vessel. Q-7, t h e  machined n o t c h e s  i n  t h e  test v e s s e l s  were 

sharpened by p r e s s u r e  p u l s i n g  t h e  void  forntcd by machining. 

f law i n  i n t e r m e d i a t e  tes t  vessel V-7 wa.s sharpened by hydrogen c h a r g i n g  

an  electron-beam wel-d zone a t  t h e  r o o t  of t h e  machined notch .  The f l a w s  

The l a r g e  



11 

i n  t h e  model vessels w e r e  also sharpened by electron-beam welding and 

hydrogen charg ing .  

Yulsc-echo, s h e a r  wavc, and dynamic b a s e - l i n e  noise-moni tor ing  u l t r a -  

s o n i c  t e c h n i q u e s  w e r e  used t o  monitor  c r a c k  growth. Ln some i n s t a n c e s ,  

c o r r e l a t i o n s  between c r a c k  growth and crack-opening-displacement measure- 

ments w e r e  also made. 

MODEL TESTS 

Scale-model tests have been used e x t e n s i v e l y  as a n  a i d  t u  t h e  plan- 

n i n g  and t h e  j n t e r p r e t a t i o n  of t h e  r e s u l t s  of t h e  i n t e r m e d i a t e  p r e s s u r e  

v e s s e l  tests. The models w e r e  of two types :  epoxy models,  s u c h  as those  

shown i n  F i g .  6 ,  t h e  b e h a v i o r  of which w a s  e las t ic ;  and s t ee l  models, such 

as t h o s e  shown i n  F ig .  7 ,  t h e  behavior  of  which w a s  e l a s t i c - p l a s t i c .  Both 

t y p e s  o f  models c o n t a i n e d  machined n o t c h e s  t h a t  w e r e  conver ted  t o  s h a r p  

c r a c k s  by s h a r p e n i n g  t h e  n o t c h  t i p s  -- i n  t h e  case of t h e  epoxy model ves- 

sels by f a t i g u e  and i n  t h e  case o f  t h e  steel  models by electron-beam weld- 

i n g  fol lowed by hydrogen c h a r g e  c r a c k i n g .  Both t y p e s  of  models provided 

exper imenta l  s t r a i n  a n a l y s i s  d a t a  t h a t  a c c u r a t e l y  d e p i c t e d  t h e  br?havior 

of  t h e i r  r e s p e c t i v e  i n t e r m e d i a t e  s i z e  p r o t o t y p e s  p r i o r  t o  f a i l u r e .  Tn 

a d d i t i o n ,  s e l e c t e d  d a t a  were used as i n p u t  t o  some of  t h e  a n a l y t i c a l  pre-  

d i c t i o n s  of t h e  f r a c t u r e  s t r e n g t h  of t h e  i n t e r m e d i a t e  tes t  vessels.  The 

exper imenta l  s t r a i n  d a t a  from models were e s p e c i a l l y  v a l u a b l e  € o r  charac-  

t e r i  z i n g  the  nozz le- to-cy l inder  j u n c t i o n  r e g i o n ,  € o r  which three-dimensional  

f i n i t e - e l e m e n t  p r e d i c t i o n s  d i d  no t  a g r e e  w i t h  exper imenta l  d a t a .  The model 

I r a c t u r e  d a t a  provided an i n d i s p e n s a b l e  means f o r  e v a l u a t i n g  proposed f rac-  

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

tes t  v e s s e l s .  The model d a t a  are p a r t i c u l a r l y  u s e f u l  f o r  evaluditing t h e  

a b i l i t y  of proposed a n a l y t i c a l  methods t o  p r o p e r l y  c o n s i d e r  f l a w  s i z e  and 

t h i c k n e s s  efFects over  a s u f f i c i e n t l y  broad r a n g e  of s i z e .  

TEST RESULTS AND ANALYSES 

The p l a n  f o r  t h e  i n t e r m e d i a t e  vessel tests w a s  t o  f i r s t  conduct tests 

that:  could  p o s s i b l y  have r e s u l t s  t h a t  would preempt f u r t h e r  tests o r  would 
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n e c e s s i t a t e  a r a d i c a l  change i n  p l a n s .  Otherwise,  t h e  t e s t i n g  sequence 

w a s  p r i n c i p a l l y  dependent upon t h e  o p e r a t i o n a l  f a c t o r s  of conduct ing  a 

f i r s t - o f - i t s - k i n d  exper imenta l  program. Thus, v e s s e l s  V-1 through V-6 

w e r e  p rocured  f i r s t  and w e r e  t e s t e d  w h i l e  v e s s e l s  V-7 through V-10 w e r e  

be ing  des igned ,  f a b r i c a t e d ,  and prepared  f o r  t e s t i n g .  

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

g iven  i n  Table  2 ,  and t h e  r e s u l t s  ob ta ined  t h u s  f a r  are l i s t e d  i n  Table  3 .  

The v e s s e l s  are l i s t e d  i n  o r d e r  of i n c r e a s i n g  test t empera tu re ,  because  

of t h e  c o n t r o l l i n g  i n f l u e n c e  of t empera tu re  on t h e  f r a c t u r e  toughness  of 

t h e  v e s s e l  material. 

excep t  f o r  t h e  r e v e r s a l  i n  o r d e r  of v e s s e l s  V-5 and V-6. 

The v e s s e l s  w e r e  t e s t e d  i n  ascending  numer ica l  o r d e r ,  

The c o n d i t i o n s  f o r  t h e  f i r s t  t es t  ( v e s s e l  V-1) w e r e  s e l e c t e d  f o r  a 

combinat ion of r easons ,  some of which were concerned wi th  demonst ra t ing  

t h a t  t h e  f law p r e p a r a t i o n  t echn iques  and expe r imen ta l  methods developed 

wi th  scale-model v e s s e l s  and l a r g e - s c a l e  mockups would be  s a t i s f a c t o r y  i n  

t e s t i n g  t h e  real v e s s e l s .  The more fundamental  r eason  f o r  adop t ing  t h e  

c o n d i t i o n s  of t h i s  t e s t  w a s  t h e  d e s i r e  t o  test t h e  h y p o t h e s i s  t h a t  c r a c k  

i n i t i a t i o n  i n  material e x h i b i t i n g  h igh  s t a t i c  upper-shelf  toughness  would 

no t  precede  t h e  o n s e t  of g r o s s  y i e l d i n g .  I f  t h i s  had no t  proven t o  be 

t h e  c a s e ,  subsequent  tests would probably  have been planned d i f f e r e n t l y .  

A s  i t  turned  o u t ,  p r e d i c t i o n s  w e r e  s a t i s f a c t o r i l y  confirmed i n  each suc- 

c e s s i v e  t es t ,  so t h a t  t h e  series of e i g h t  i n t e r m e d i a t e  v e s s e l  tests w e r e  

a b l e  t o  cover  t h e  t h r e e  impor tan t  ranges  of f r a c t u r e  behavior  as w e l l  as 

a range  of f l aw  s i z e s  and stress c o n c e n t r a t i o n s .  

It can b e  seen  from Tables  2 and 3 t h a t ,  i n  a d d i t i o n  t o  tempera ture ,  

two o t h e r  f a c t o r s  a l s o  have a s t r o n g  i n f l u e n c e  on t h e  c o n d i t i o n s  a t  f a i l -  

u r e ,  namely, f l a w  s i z e  and stress c o n c e n t r a t i o n s .  A s  i n d i c a t e d  by t h e  

r e s u l t s  f o r  v e s s e l s  V-6 and V-7, v e s s e l  s t r e n g t h  d e c r e a s e s  as f l aw s i z e  

i n c r e a s e s ;  and, as i n d i c a t e d  by t h e  r e s u l t s  f o r  v e s s e l s  V-5 and V-9, i f  t h e  

f l aw  is  l o c a t e d  i n  a r e g i o n  of stress c o n c e n t r a t i o n  t h e  s t r e n g t h  is reduced 

more. 

Another f a c t o r  t h a t  h a s  a s i g n i f i c a n t  i n f l u e n c e  on t h e  mode and e x t e n t  

of c r ack  p ropaga t ion  is  t h e  d i f f e r e n c e  between t h e  r e s i s t a n c e  of t h e  m a t e -  

r i a l  t o  t h e  o n s e t  of r a p i d  f r a c t u r e  and t h e  r e s i s t a n c e  of t h e  material t o  

t h e  con t inued  e x t e n s i o n  of a running  crack .  The former p r o p e r t y  of t h e  
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The test that provided t h e  best direct demora!;t:rat:icn of the (:apabil-h- 

t i e s  o f  'LEFM w a s  trhe tes't of vessel V-2. 'Uht tes t  t e m p e r a t u r e  ~ O K  .t:hi.s 

vessel was 3 2 ' ~ ~  which i s  o n l y  22'~' above the estinmt:etl n i l  d ~ ~ t ~ l . i . t : y  
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t r a n s i t i o n  (NUT) t empera ture  of t h e  v e s s e l  material .  T h i s  tes t  tempera- 

t u r e  represents a ~uuch c l o s e r  approach t o  t h e  ND'L temperature tham would 

be p e r n l i t t d  f o r  an  a c t u a l  r e a c t o r  p r e s s u r e  vessel  under f u l l  l oad  i n  

s e r v i c e  - Although b r i t t l e  behavior  was expec ted ,  sone yie ld i -ng  w a s  a l s o  

expected p r i o r  t o  t h e  onse t  of r a p i d  f r a c t u r e ,  and t h e  eEfec t  of thj .s  

y i e l d i n g  on t h e  accuracy  of  a p r e d i c t i o n  based on LEFMwas n o t  known i n  

advance. The t e s t  r e s u l t s  i . nd ica t td  t h a t  t h e  f r a c t u r e  s t r a i n  f o r  a f l a w  

i n  t h e  c y l i n d r i c a l  r eg ion  o f  t h e  ves se l  cou1.d be  a c c u r a t e l y  p r e d i c t e d  by 

LEFH, provided t h a t  y i e l d i n g  had n o t  progressed  comple te ly  through t h e  

v e s s e l  wal l .  I i  appea r s  (.hat t h i s  i s  t r u e  because e f f e c L i v e l y  no p l a s t i c  

st:caj.n occui-s i n  t h e  a .x i a l  d i r e c t i o n ,  i:iingeiitial t o  t h e  crack t i p ,  and 

t h e r e f o r e  a c o n d i t i o n  of fu1.l t r a n s v e r s e  r e s t r a i n t  i s  maintained a l o n g  

t h e  crack f r o n t  even a f t e r  par t i -a l .  y i e l d i n g  has occur red .  When appl-ying 

LEFT+ based on s t r a i n ,  a s  i n  t h e  c a s e  of v e s s e l  V--2, t h e  f a i l u r e  s t r a i n  i s  

c a l c u l a t e d  direct1.y as i f  i.t ~7ei-e a t o t a l l y  e l a s t i c  s t r a i n ,  and t h e  co r re -  

sponding p r e s s u r e  i s  then dei:c:i-mii-ied from t h e  n o n l i n e a r  p r e s s u r e  s t r a i n  

curve  f o r  t h e  f l aw  l ~ o c a t i o n ,  i g n o r i n g  the p resence  of  E l r e  f l a w .  A cal- 

cul.ai:ed p r e s s u r e  vs o u t s i d e  s u r f a c e  c i r cumfe ren t i . a l  s t r a i n  cu rve  f o r  an 

i n t e r m e d i a t e  tes t  v e s s e l  i s  ahowns i n  F i g .  8.  Recause of t h e  l o w  tes t  

tempera ture ,  c r a c k  p ropaga t ion  i n  v e s s e l  V-2 w a s  e x t e n s i v e ,  as shown. i.n 

k i g -  9 ,  i n c l u d i n g  t h e  s e p a r a t i o n  of 3 p i e c e  of the v e s s e l  wall from t h e  

remainder  of t h e  v e s s e l .  

1. 

The test t empera tu re  f o r  vesse l .  V--4 w a s  75"F, b u t  bo th  t h e  Fai- lure  

p r e s s u r e  and s i  i n  were s l i g h t l y  less than  i o r  v e s s e I  V-2 .  Vessel V-4 

conta.iiied two f laws;  t h e  one a i  which f a i l - u r e  i n i t i a t e d  was l o c a t e d  i.n a 

I.ongitudi.na1 w c l d  t h a t  exhi -b i ted  c o n s i d e r a b l e  v a r i a b i l i t y  i n  i t s  f r a c t u r e  

toughne:;s p r o p e r t i e s .  P o s t t e s t  a n a l y s i s  i n d i c a t e d  t h a t  t h e  f r a c t u r e  tough- 

n e s s  of  the V.-4 weld  zone m a t e r i a l  t h a t  con ta ined  t h e  c r i t i c a l  f h w  w a s  

20% less  than  had been e s t ima ted  b e f o r e  t h e  t e s t .  Furthermore,  t h i s  v a l u e  

was less thai l  the  f r a c t u r e  iiorighness of t h e  material  in v e s s e l  V-2. With 

t h i s  ad jus tmen t ,  t h e  f a a l u r e  c o n d i t i o n s  f o r  b o t h  v e s s e l s  V-2 and V-4 ase  

c a l c u l a t e d  q u i t e  c l . o s - ~ l y  by LEkTf a n a l y s  5s based 011 s t r a i n ,  as desr - r ibed  

above. Crack propagat: l a n  i.n vessel V - 4  was c o n s i d e r a b l y  less  e x t e n s i v e  

than  t h a t  i n  vessel .  V.-2 due t o  ;he h i g h e r  t es t  tempera ture  of vessel .  V - 4 .  

A closeup v i e ~ ~ 7  of  t h e  we1.d f law i n  vessel V-4 i s  shown i n  F i g .  10. 
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Fig .  9. P o s t t e s t  v i e w  of i n t e r m e d i a t e  test  vessel V-2, t e s t e d  a t  32'F. 
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iOTO 73  4 

Fig. 10. P o s t t e s t  v i e w  of o u t s i d e  s u r f a c e  weld f l a w  and f r a c t u r e  
s u r f a c e  i n  i n t e r m e d i a t e  test  vessel V - 4 ,  t e s t e d  at 75°F. 
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Vessel V-9, which had a f l aw a t  t h e  i n s i d e  c o r n e r  of a n o z z l e ,  w a s  

a l s o  t e s t e d  a t  75'F. The p r e s s u r e  and s t r a i n  a t  f a i l u r e  f o r  t h i s  v e s s e l  

exceeded those  c a l c u l a t e d  by an LEFT4 a n a l y s i s  based on s t r a i n ,  due t o  t h e  

fac t  t h a t  t h e  i n s i d e  nozz le  c o r n e r  is  n o t  a r e g i o n  of h i g h  t r a n s v e r s e  

r e s t r a i n t  even though i t  i s  a r e g i o n  of h igh  stress c o n c e n t r a t i o n .  The 

c y l i n d r i c a l  r e g i o n  of t h i s  v e s s e l  y i e l d e d  through t h e  t h i c k n e s s  b e f o r e  

f a i l u r e  occurred  a t  t h e  f law.  P r e t e s t  c r ack  arrest c a l c u l a t i o n s  f o r  ves- 

se l  V-9 i n d i c a t e d  t h a t  c r a c k  arrest w a s  u n l i k e l y ,  a l though  p o s s i b l e .  A 

f a s t  f r a c t u r e  d i d  occur ,  as expec ted ,  and c r a c k  arrest d i d  n o t  occur .  A 

view of t h e  f a i l e d  n o z z l e  r e g i o n  of v e s s e l  V-9 i s  shown i n  F ig .  11. P i e c e s  

of t h e  t e s t  n o z z l e  were s e p a r a t e d  from t h e  v e s s e l  by t h e  p ropaga t ing  f r a c -  

t u r e .  Vessels V-2 and V-9 were t h e  o n l y  v e s s e l s  from which p i e c e s  were 

s e p a r a t e d  d u r i n g  f r a c t u r e .  A d d i t i o n a l  f r a c t u r e  a n a l y s e s  are be ing  per-  

formed f o r  v e s s e l  V-9. 

Tests w i t h  S t a t i c  Upper-Shelf Toughness 

Vessels V-1 and V-3 were b o t h  t e s t e d  a t  130°F, which i s  t h e  tempera- 

t u r e  above which p l a s t i c  i n s t a b i l i t y  i n  t h e  r e g i o n  of t h e  f law i s  expec ted  

t o  precede  f r a c t u r e  even under p l a n e  s t r a i n  c o n d i t i o n s .  P l a s t i c  i n s t a b i l -  

i t y  o c c u r s  when t h e  load-bear ing  area beg ins  t o  c o n t r a c t  a t  a rate g r e a t e r  

than  t h e  rate a t  which t h e  t r u e  stress on t h e  same area i n c r e a s e s  due t o  

t h e  i n c r e a s e  i n  s t r a i n ;  hence,  p l a s t i c  i n s t a b i l i t y  i s  a c o n d i t i o n  under 

which t h e  c a p a c i t y  of a r e g i o n  t o  b e a r  a l o a d  does n o t  i n c r e a s e ,  and may 

dec rease ,  w i t h  i n c r e a s i n g  s t r a i n .  The on ly  d i f f e r e n c e s  between v e s s e l s  

V-1 and V-3 w e r e  t h a t  t h e  f l aw  i n  v e s s e l  V-3 w a s  s l i g h t l y  smaller, and i t  

w a s  l o c a t e d  i n  a l o n g i t u d i n a l  weld. The f l aw  i n  v e s s e l  V-1 w a s  l o c a t e d  i n  

base  metal. I t  can be seen  from Table  3 t h a t  f o r  bo th  v e s s e l s  V-1 and V-3, 

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

p l a s t i c  i n s t a b i l i t y  i n  t h e  r e g i o n  of t h e  f law.  Th i s  i n d i c a t e s  t h a t  n o t  

on ly  d i d  t h e  v e s s e l s  have t h e  c a p a b i l i t y  of y i e l d i n g  through t h e  t h i c k n e s s  

b e f o r e  f a i l i n g  b u t  a l s o  t h e  e f f e c t  of t h e  f l aws  i n  bo th  vessels was mainly 

t o  reduce  t h e  load-bear ing  area of t h e  v e s s e l  w a l l .  A t  130°F, t h e  resis- 

t ance  of t h e  v e s s e l  mater ia l  t o  t h e  cont inued  propagat ion  of a running  
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A 

Fig. 11. Posttest view of fractured nozzle region in intermediate 
test vessel V-9, tested at 75OF. 
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c r a c k  is  known t o  b e  less t h a n  i t s  r e s i s t a n c e  t o  t h e  o n s e t  of  r a p i d  f r a c -  

t u r e .  T h e r e f o r e ,  a r a p i d l y  p r o p a g a t i n g  mixed mode f r a c t u r e  w a s  expec ted  

and d i d  occur  i n  b o t h  vessels,  as shown i n  F i g s .  1 2  and 13. A s  i n d i c a t e d  

by Table  3, an  LEFM a n a l y s i s  based on s t r a i n  c o n s i d e r a b l y  underes t imated  

t h e  f a i l u r e  s t r a i n s  f o r  b o t h  vessels. Several o t h e r  methods of i n e l a s t i c  

f r a c t u r e  a n a l y s i s  w e r e  a l s o  a p p l i e d  t o  v e s s e l  V-1 ,  which w a s  expec ted  t o  

(and d i d )  f a i l  i n  t h e  p l a s t i c  range  a f t e r  c o n s i d e r a b l e  s t a b l e  c r a c k  growth. 

None of t h e s e  methods o v e r e s t i m a t e d  t h e  f a i l u r e  p r e s s u r e  by more t h a n  

T e s t s  w i t h  S t a t i c  and Dynamic Upper-Shelf Toughness 

Vessel V-6 c o n t a i n e d  t h r e e  par t - through s u r f a c e  c r a c k s  and w a s  t e s t e d  

a t  190°F. Two of t h e  f l a w s  were o u t s i d e  s u r f a c e  f laws ,  one i n  b a s e  metal 

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

f l a w  i n  a l o n g i t u d i n a l  weld. Dynamic-tear t es t  d a t a  i n d i c a t e d  t h a t  a t  and 

above 190"F, f u l l y  p l a s t i c  c o n d i t i o n s  would exist ,  and a crack arrest cal- 

c u l a t i o n  i n d i c a t e d  t h a t  a f l a t  f r a c t u r e  would n o t  propagate .  F a i l u r e  i n  

V-6 i n i t i a t e d  a t  t h e  o u t s i d e  s u r f a c e  weld f l a w  a f t e r  c o n s i d e r a b l e  s t a b l e  

c r a c k  growth. F u l l  s l a n t  s h e a r  f r a c t u r e  extended from b o t h  ends  of t h e  

f l a w  and  a r r e s t e d  b e f o r e  r e a c h i n g  t h e  ends of t h e  vessel, as shown i n  F ig .  

1 4 .  The measured v a l u e s  of p r e s s u r e  and s t r a i n  a t  t h e  o n s e t  of f a i l u r e  

w e r e  n e a r l y  t h e  same f o r  vessels V-6 and V-3, because  b o t h  v e s s e l s  w e r e  

t e s t e d  i n  t h e  t e m p e r a t u r e  r a n g e  i n  which t h e  s ta t ic  i n i t i a t i o n  f r a c t u r e  

toughness  a c h i e v e s  i t s  upper l i m i t i n g  va lue .  

of c r a c k  p r o p a g a t i o n  were d i s t i n c t l y  d i f f e r e n t  f o r  t h e  two vessels, because 

a t  130°F t h e  c r a c k  p r o p a g a t i o n  resistance of t h e  test material i s  cons ider -  

a b l y  less t h a n  i t s  s t a t i c  i n i t i a t i o n  toughness ,  w h i l e  a t  190°F t h e  former 

may even exceed t h e  l a t t e r .  The p r o t e c t i o n  a g a i n s t  fragment format ion  

t h a t  i s  achieved  by a n  i n c r e a s e  i n  vessel  o p e r a t i n g  tempera ture  i s  dra-  

m a t i c a l l y  i l l u s t r a t e d  by t h e  comparison between t h e  crack e x t e n s i o n  pa t -  

t e r n s  t h a t  developed i n  vessel V-2 a t  32°F ( s e e  F i g .  9)  and i n  v e s s e l  V-6 

a t  190°F ( s e e  F ig .  1 4 ) .  

However, t h e  e x t e n t  and mode 

Vessel V-5, which w a s  g e o m e t r i c a l l y  i d e n t i c a l  t o  vessel V-9, w a s  t e s t e d  

a t  190°F. Because, a t  t h i s  tempera ture ,  t h e  p r o p a g a t i o n  r e s i s t a n c e  of t h e  

n o z z l e  material exceeded i t s  s t a t i c  i n i t i a t i o n  toughness ,  t h e  c r a c k  grew 
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3> PHOTO 4055-73 
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Fig. 13. Posttest view of fracture in intermediate test vessel V-3,  
tested at 130'F. 
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Fig.  14. Posttest view of shear fracture in intermediate test vessel 
V-6, tested at 190°F. 
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s t a b l y  under r i s i n g  load  u n t i l  a s m a l l  l e a k  occurred  a t  t h e  o u t s i d e  n o z z l e  

c o r n e r  c l o s e s t  t o  t h e  c l o s u r e  end of t h e  v e s s e l ,  toward which t h e  f l a w  was 

growing. A p o s t t e s t  view of v e s s e l  V-5 i s  shown i n  F ig .  1 5 .  The f i n a l  

f a i l u r e  p r e s s u r e s  f o r  v e s s e l s  V-5 and V-9 w e r e  a lmost  i d e n t i c a l ,  a l though 

t h e  o u t s i d e  c i r c u m f e r e n t i a l  s t r a i n s  on t h e  v e s s e l  c y l i n d e r s  180" from t h e  

n o z z l e s  w e r e  c o n s i d e r a b l y  d i f f e r e n t .  This  d i f f e r e n c e  i n  s t r a i n  occurred  

because b o t h  c y l i n d e r s  w e r e  a lmost  e x a c t l y  a t  t h e  p o i n t  of through-thickness  

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

change i n  l o a d  ( s e e  F i g .  8 ) .  Again t h e  f i n a l  f a i l u r e  p r e s s u r e  of v e s s e l  

V-5 exceeded by a c o n s i d e r a b l e  margin t h e  p r e s s u r e  e s t i m a t e d  by a n  LEFM 

a n a l y s i s  based on s t r a i n ,  and t h e  s t r a i n s  a t  f a i l u r e  a t  t h e  o p p o s i t e  un- 

flawed i n s i d e  n o z z l e  c o r n e r  i n  b o t h  vessels V-5 and V-9 exceeded 6%. How- 

e v e r ,  u l t r a s o n i c  measurements of c r a c k  d e p t h  made from t h e  o u t s i d e  n o z z l e  

c o r n e r  i n d i c a t e d  t h a t  s t a b l e  c r a c k  growth had commenced a t  a p r e s s u r e  c l o s e  

t o  t h e  LEFM e s t i m a t e d  f a i l u r e  p r e s s u r e .  

Vessel V-7 w a s  unique i n  t h e  i n t e r m e d i a t e  p r e s s u r e  v e s s e l  test  series 

f o r  s e v e r a l  r e a s o n s .  A s  shown by F i g .  1 6 ,  i t  had by f a r  t h e  l a r g e s t  f law 

(over  5 i n .  deep and 18 i n .  l o n g ) ;  i t  w a s  t h e  o n l y  i n t e r m e d i a t e  tes t  vessel 

w i t h  a f law t h a t  was sharpened by electron-beam welding and hydrogen charge  

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

r e g i o n  t h a t  l e a k e d  w i t h o u t  f r a c t u r i n g ,  A view of vessel  V-7 a f t e r  t e s t i n g  

i s  shown i n  F i g .  1 7 .  The f law i n  v e s s e l  V-7 w a s  c a r e f u l l y  des igned  on t h e  

b a s i s  of f a i l u r e  d a t a  o b t a i n e d  from t h r e e  1/7-scale s t ee l  models c o n t a i n i n g  

l o n g  deep e x t e r n a l  s u r f a c e  f laws  of d i f f e r e n t  s i z e s .  Analyses  of t h e s e  

d a t a  r e v e a l e d  t h a t  i f  t h e  f r a c t u r e  toughness  of t h e  t h i n  l igament  remaining 

between t h e  c r a c k  t i p  and t h e  i n s i d e  s u r f a c e  of t h e  vessel w a s  cons idered  

t o  b e  a f u n c t i o n  of t h e  l igament  t h i c k n e s s ,  t h e n  an  LEFM a n a l y s i s  agreed  

w i t h  t h e  tes t  d a t a  from a l l  t h r e e  models, d e s p i t e  t h e  f a c t  t h a t  t h e  l i g a -  

ments i n  each model w e r e  f u l l y  y i e l d e d  b e f o r e  f a i l u r e .  The f i n a l  dimen- 

s i o n s  of  t h e  f l a w  i n  v e s s e l  V-7 w e r e  c a l c u l a t e d  by t h e  same method of 

a n a l y s i s ,  which proved t o  b e  remarkably a c c u r a t e  w i t h  r e s p e c t  t o  t h e  t es t  

d a t a .  The l e a k  w i t h o u t  f r a c t u r e  t h a t  occur red  i n  v e s s e l  V-7 w a s  p r e d i c t e d  

by a c r a c k  arrest a n a l y s i s  t h a t  recognized  t h a t  t h e  vessel w a l l  t h i c k n e s s  

was i n s u f f i c i e n t  t o  m a i n t a i n  f u l l  t r a n s v e r s e  r e s t r a i n t  f o r  an  a x i a l l y  

p r o p a g a t i n g  c r a c k .  T h i s  l e a k  occurred  by t h e  s a m e  p r o c e s s  t h a t  had 
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Fig. 16. Flaw design for intermediate test vessel V-7. 



O R G D P  
PHOTO 74-1810 

Fig .  1 7 .  P o s t t e s t  view of  i n t e r m e d i a t e  t es t  vessel V-7 t h a t  l eaked  
w i t h o u t  f r a c t u r i n g  a t  1?6"F. 
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occur red  i n  v e s s e l  V-5, namely, t h e  s t a b l e  growth of t h e  c r a c k  through 

t h e  remaining v e s s e l  w a l l ,  w i th  no tendency f o r  t h e  c r a c k  t o  run  f a s t .  

Th i s  mode of c r a c k  e x t e n s i o n  shou ld  b e  d e t e c t a b l e  by a c o u s t i c  emiss ion  

i n s t r u m e n t a t i o n  and should  t h e r e f o r e  g i v e  warning of v e s s e l  unserv ice-  

a b i l i t y  wi thou t  immediate l o s s  of f u n c t i o n .  

EXAMPLE CALCULATIONS FOR A HYPOTHETICAL 
REACTOR PRESSURE VESSEL 

D e f i n i t i o n  of t h e  Reference  C a l c u l a t i o n a l  Model 

The r e l a t i o n  between t h e  i n t e r m e d i a t e  t es t  v e s s e l  expe r imen ta l  and 

a n a l y t i c a l  r e s u l t s  j u s t  d e s c r i b e d  and t h e  s a f e t y  a g a i n s t  f r a c t u r e  of a 

f u l l - s c a l e  r e a c t o r  p r e s s u r e  v e s s e l  can  b e  demonst ra ted  w i t h  a c a l c u l a t i o n a l  

example. For t h i s  purpose ,  a r e f e r e n c e  c a l c u l a t i o n a l  model r e p r e s e n t i n g  

a t y p i c a l  PWR v e s s e l  i s  d e f i n e d  by t h e  in fo rma t ion  l i s t e d  i n  Table  4 .  The 

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

by t h e  n e u t r o n  f l u e n c e ,  t h e  copper  c o n t e n t  of t h e  s tee l ,  t h e  t r a n s i t i o n  

t empera tu re  s h i f t  co r re spond ing  t o  t h e  a forement ioned  two pa rame te r s ,  and 

t h e  chosen r e f e r e n c e  curve  of f r a c t u r e  toughness  vs t empera tu re  r e l a t i v e  

t o  t h e  t r a n s i t i o n  t empera tu re .  The r e l a t i o n  between t h e  n e u t r o n  f l u e n c e  

and t h e  r a d i a l  d i s t a n c e  from t h e  i n s i d e  s u r f a c e  of t h e  v e s s e l  i s  based on 

Ref. 6, and i s  g iven  i n  Table  4 as  

where F i s  t h e  n e u t r o n  f l u e n c e  (neut rons /cm2,  E 2 1 MeV) and x i s  r a d i a l  

d i s t a n c e  from t h e  i n s i d e  s u r f a c e  ( i n . ) .  The r e l a t i o n  between t h e  neu t ron  

f l u e n c e ,  t h e  copper  c o n t e n t ,  and t h e  t r a n s i t i o n  t empera tu re  s h i f t  i s  t aken  

t o  b e  t h e  set of cu rves  developed by L i t t ~ n , ~  as shown i n  F ig .  18. For 

t h e s e  c a l c u l a t i o n s ,  a copper c o n t e n t  of 0.20% w a s  assumed, based on the 

d a t a  o b t a i n e d  f o r  t h e  A533, grade  B, class 1 steel  p l a t e s  procured  as test 

material by t h e  HSST program. 
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Tab le  4 ,  S p e c i f i e d  c o n d i t i o n s  f o r  r e f e r e n c e  
cal.cuJ.at i o n a l  model 

Ou t s ide  d i ame te r ,  i n .  

Wall t h i c k n e s s ,  i n .  

Neutroii f l u e n c e  ( E  ,? 1 M e V ) ,  
n e u t r o n s  / c m 2  

Yie ld  s t r e s s ,  k s i  

Fr ac 1.11 re toughness  

R s o u r c e  ( u n i r r a d i a t e d )  
I C  

( u n i r r a d i a t e d ) ,  ‘E 
R T ~ ~ ~  

AR‘L’NL)l’ vs f l u e n c e  and copper 

Source 

% Copper 

Flaw 

Shape 

a / 2 h  

Locat  i o n  

O r i e n t a t i o n  

Depth, i n .  

Loadi-rig 

189 

8 . 5  

4 x 1019 .-0.33x 

65 

WCAP- 7414  

4-4 0 

L i t t o n  (October 1 9 7 2 )  

0 .20  

S e m i e l l i p t i  cal 

0.36 

Ou t s ide  s u r f a c e  

Axial 

u 2 ,  1, 2 ,  3 ,  4 

Lnterna l  p r e s s u r e  

F r a c t u r e  Toughness Estimates . . . . . . . . . . ~. .. . .. .- .- . .. . ..... ... . . . 

The r e f e r e n c e  cu rve  of  f r a c t u r e  toughness  vs Lemperature f o r  unirracl i -  

a t e d  ma te r i a l ,  which i s  t o  be  s h i f t e d  upward i n  tempera ture  by t h e  amount 

of t he  t r a n s i t - i o n  t empera tu re  s h i f t  de te rmined  from F i g .  18, was t aken  as 

t h e  cu rve  of v a l i d  s t a t i c  f r a c t u r e  toughness  f o r  ,4533, grade  B ,  c lass  1 

s tee l  measured  by Westinghouse.* T h i s  cu rve  can be  f i t ,  t o  a c l o s e  
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approximat ion ,  by t h e  e q u a t i o n g  

where K 

y i e l d  stress ( k s i ) .  

t h e  valiie oP T,, based on t h e  NDT tempera ture  o f  0°F g iven  i n  Ref. 8 ,  is 

g iven  by 

i s  t h e  p l a n e  s t r a i n  f r a c t u r e  toughness  ( k s i  &.) and S i s  t h e  
I C  Y 

The v a l u e  of \ given  i n  R e f .  9 i s  1 2 5  fin-.- ( O F ) ,  and 

T, = NDT + 1 2 5  . ( 3 )  

The val.ue of % d e f i n e s  t h e  shape  of t h e  K 

i s  assumed t o  be u n a f f e c t e d  by i r r a d i a t i o n .  

/ S  vs tempera ture  curve  and 
IC Y 

S t r e s s - S t r a i n  P r o p e r t i e s  and P r e s s u r e - S t r a i n  Cal.culatioiis  
l_l_._-_ ..____l-_.__l.-l_._ 

The o p e r a t i n g  tempera ture  true s t r e s s - s t r a i n  diagram of t h e  v e s s e l  

s teel  assumed f o r  t h i s  a n a l y s i s  i s  shown i n  F ig .  19 .  The v a r i a t i o n s  i n  

t h i s  diagram due t o  temperature.  and i r r a d i a t i o n  a r e  n e g l e c t e d ,  which i s  

n c o n s e r v a t i v e  assumpt ion  because  i r r a d i a t i o n  and tempera ture  d e c r e a s e s  

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

t h e  g r o s s  y i e l d  p r e s s u r e  of t h e  vessel and t h e  numerical  v a l u e  of R i.f 

t h e  r a t i o  K 

The numer ica l  parameters  of t h e  s t r e s s - s t r a i n  dingrani shown i n  Fig.  19 

a r e  l i s t e d  i n  Table  5. 

IC 

/S IC Y i s  e s t i m a t e d  independent ly  as a functi-on of tempera ture .  

Using a closed-form e l a s t i c - p l a s t i c  stress and s t r a i n  a n a l y s i s  based 

on a t r i l i n e a r  approximat ion  t o  t h e  s t r e s s - s t r a i n  diagram, t h e  r e l a t i o n  

between i I i t e r n a l  p r e s s u r e  and o u t s i d e  c i r c u m f e r e n t i a l  s t r a i n  i s  as shown 

i n  F ig .  20. The g r o s s  y i e l d  p r e s s u r e  ( < . e . ,  t h e  p r e s s u r e  a t  wh:i.ch through- 

t h i c k n e s s  y i e l d i n g  o c c u r s  i n  t h e  r e f e r e n c e  c a l c u l a t i o n a l  model) i s  6126 p s i .  

T h i s  p r e s s u r e  i s  j u s t  sl.igh t l y  less than  t h r e e  t i m e s  t h e  normal o p e r a t i n g  

p r e s s u r e  of a PWR v e s s e l ,  which i s  22513 p s i .  

O n e  d i f f e r e n c e  between the p r e s s u r e - s t r a i n  diagram f o r  the r e f e r e n c e  

c a l c u l a t i o n a l  model shown i n  F ig .  20 and t h e  diagram for t h e  in te rme.d ia te  

test vessels shown i.n F ig .  8 i s  worth n o t i n g .  The p r e s s u r e  d i f f e r e n c e  
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ORN 1.- DWG 75-  1 259 7 

0 1 2 3 4 5 6 7 8 9 1 0 1 1  12 
S'I'HAI N (%) 

Fig .  1 9 .  T r u e  si-rcb.;s--strain diagram :or AS33 grade B class 1 steel  
assumed f o r  a n a l y s i s .  

Tab1 P 5. Parameters  of the stress-sir c c t j  n 
djagram used for- a n a l y s i s  

Y i e l d  stress, k s i  65 

Yield s t r a i n ,  X 0.217 

S t r a i n  at iihe o n s e t  o f  scrairn 1 . 2  
hardening, X 

Enginecring ultimate stress, ksi 87 

Necking s c r a i n ,  2 1 2 . 0  



0 0.5 1 .o 1.5 2.0 2.5 3. 3.5 
OUTSIDE SURFACE CIRCUMFERENTIAL STRAIN (%) 

Fig .  20. Calcula ted  pressure vs ori ts ide r-ircuiiiferli.n.t.i.al s train 
curve f o r  the re:Fercw.c:e ca lcu la t iona l .  model. 
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between i n i t i . a l  and complete  yiel .di  ag  i s  p r o p o r t  i .onal ly  1 ess  f o r  t h c r  

re fere-nce  c a l c u l a t i . o n a l  model than f o r  t i f i t .  i n t e r m e d i a t e  tes t  vesse2s i  be- 

cause  of t h e  s m a l l e r  lriiickness t o  d iameter  rati.0 of t h e  fornier. T h i s  

means that  i n  t h e  cy l i . nd r i ca1  rt?gEon, e l a s t i c - p k i s t i c  f r a c t u r e  ana l -ys i s  

methods are n o t  a s  necessary-  1:)elur~ t h e  ZT(js.5 y i e l d  press: i re  f o r  Che r e f -  

e r e n c e  c a l c u l a t i - o n a l  model. as f o r  t h e  i n t e r m e d i a t e  t es t  v e s s e l s  - However, 

f o r  r e g i o n s  of sLress c o n c e n t r a t i o n  such as nozz1.e cornel-s ,  where yieidi .ng 

occur s  sooner  and p r o g r e s s e s  more g r a d u a l l y ,  e l a s t i c - p l a s t i c  f r a c t u r e  anal- 

y s i s  methods s h o u l d  a g a i n  be  o L C  c o n s i d e r a b l e  importance p r i o r  t o  g ross  

y i -e ld ing .  A s  will be  shovii, e l a s t i c - p l a s t . i c  f r a c t u r e  a n a l y s i s  methods 

are d e € i n i t e l y  r e q u i r e d  t o  o b t a i n  r e a l i s t i c  r e s u l - t s  above the gross y i e l d  

p r e s s u r e .  

Code Design P r e s s u r e  - -  _ _ _ _  

Rased on S p c t i o n  111 of t h e  ASME cod?, t h e  code des ign  p r r s s u r e  f o r  

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

where p i s  t h e  a l lowab le  p r e s s u r e ,  S... i s  t h e  aJ-lowaljle stress i n t e n s i t y ,  

and Y i s  i;:iie r a t i o  of  t h e  o u t e r  t o  t l ic  i n n e r  r ad i i .  of t h e  v e s s e l .  Us-ing 

t h e  v a l u e  o f  S _= 2 6 . 7  k s i  given by S e c t i o n  ilT. of t h e  ASME code,  tl-re code 

d e s i g n  p r e s s u r e  -Em the refererii:e c a l c u l a t i o n a l  model i.s 2515 p s i ,  which 

i s  abou t  10% g r e a t e r  than  the no-rii~al oper.itii-rg prt?SSUi:e of 2259 p s i .  

all 111 

m 

An upper 1.imit t o  t h e  f a i l u r e  p r e s s u r e  of a cy1.indrica.l  p r e s s u r e  yes- 

se l  c o n t a i n i n g  an ext- ; rnal  parL-.through s u r f a c s  c r a c k  can  be esti i irated as 

the p r e s s u r e  ac which p l a s t i c  ins i ;ab i l i . ty  OCCIITS i n  t h e  regLon su r round ing  

t h e  flaw; This  p r e s s u r e  can b e  estimated from t2w equatLofi7 
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Jr 

where S i s  a p l a s t i c  i n s t a b i l i t y  flow stress estimated as about  l . 0 7  t i m e s  

t h e  ave rage  o f  t h e  yie1.d and u l t i m a t e  stresses, Ac i s  t h e  crack a r e a ,  and  

A i s  t h e  e f f e c t i v e  load -bea r ing  area c o n t a i n i n g  t h e  f 1 . a ~ .  T h e  areas A 

and A are  c a l c u l a t e d  from 

0 

C 

and 

A = [ 2 ( b  f Ab) + w ] w  , (7) 

where Aa and Ab are estimates of t he  s t a b l e  c r a c k  growth t h a t  occurs p r i o r  

t o  maximum load. Using a v a l u e  of S = 81.3 k s i  arid a l l o w i n g  f o r  %!I% a 
s t a b l e  c r a c k  growth p r i o r  t o  maximum l.c)ad, a. v a l u e  s e l e c t e d  t o  h e  s l i g h t l y  

more c o n s e r v a t i v e  than the val.ue of IS% used  2.n the c a l c u l a t i o n s  f o r  ves-. 

sels V-1, V-3 ,  arid V-6 summarized i n  Ta.ble 3 ,  r e s u l t s  :in the pl.astic i n -  

s t a b i l i t y  p r e s s u r e s  and strains as f u n c t i o n s  of i n i t i a l  flaw s i z e  l.istetl 

i n  Table  6 .  For t h e  p r e s s u r e s  -i.n t h e  strain-harden:i.ng range of t h e  

p r e s s u r e - s t r a i n  cu rve  s h o w n  i n  Fig.  20, t h e  f a i l u r e  s t r a i n s  l i s t e d  i n  

J; 

Table 6 .  P l a s t i c  instability pressures 
and strains f o r  t h c  r e f e r e n c e  

c a  Lcula t ional mad el. 

I n i t i a l  
f l a w  size 

(in. ) 

S t r a i n  
( a )  , 

0 .5  

1 .0  

2.0 

3 . 0  

4.0 

7960 4.60 

7790 4 . 2 7  

7250 3 . 2 3  

4590 1 . 9 6  

5960 0 , 1 7  
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Table 6 are  ca l cu l - a t ed  from 

where p i s  i n  k s i  and X i.s i n  p - .  o r c e n t .  

L inea r  E l a s t i c  F r a c t u r e  Mechanlcs C a l c u l a t i o n s  
_I - -  -_____I- 

E s t i m a t e s  of f r a c t u r e  p r e s s u r e  v s  tempera ture  were made by  LEFM f o r  

t h e  f l . aw sizes l i s t e d  i n  Table  6 f o r  f t - a c t u r e  p r e s s u r e s  equa l  t o  or l e s s  

t:han t h e  g r o s s  yie1.d p r e s s u r e .  Between the i n i t i a l  and the g r o s s  y i e l d  

p r e s s u r e s ,  t h e  F a i l u r e  strains were c a l c u l a t e d  d i r e c t l y  by LEFM, as p rev i -  

o u s l y  d e s c r i b e d ,  and t h e  f a i l u r e  p r e s s u r e s  were then  tal-culated from t h e  

p r e s s u r e - s t r a i n  curve  g iven  i n  F ig .  20. These c a l c u l a t i o n s  were o r i g i -  

n a l l y  extended t o  t h e  p l a s t i c  i n s t a b i l i t y  s t r a i n s ,  3 u t  the r e su1 . t :~  showed 

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

f a i l u r e  strains were u n r e a l i s t i c a l l y  h i g h  because  o f  t h e  extreme conserva-  

t i s m  of LEFM based  on s t r a i n  i n  t h e  c y l i n d r i c a l  r e g i o n ,  above t h e  g r o s s  

y i e l d  pressure:. It  w a s  t h u s  determined t h a t  a more r e a l i s t i c  t ype  o f  

e l a s t i c - p l a s t i c  f r a c t u r e  a n a l y s i s  would be  necessa ry  above t h e  gross  

yie1.d p r e s s u r e  i n  o r d e r  t o  prove t h a t  upper-shelf  p1asti.c i n s t a b i l i t y  

c o n d i t i o n s  can b e  reached  w i t h  p h y s i c a l l y  r e a s o n a b l e  1-evels of  f r a c t u r e  

toughness .  The elas t i c - p l a s t i c  anal .ysis  w i l .  1 be d i s c u s s e d  a f t e r  t h e  major 

d e t a i l s  o f  t h e  LEFM a n a l y s i s  have been exp la ined .  

Following R e f .  10 ,  t h e  l i n e a r  e l a s t i c  stress i n t e n s i t y  fact:or at the 

deepes t  p o i n t  of each flarrr w a s  c a l c u l a t e d  f rom 

KI = cs &a , 
S 

where C i s  a nondimensional  shape  f a c t  o r ,  S is  t h e  o u t s i d e  s u r f a c e  circum- 

f e r e r i t i a l  stress, and a i s  t h e  f l aw  depth .  Uhe shape  f a c t o r  i s  e s t t m a t e d  

f rom 

S 

where M1 is the f r o n t - f a c r  free-surface m a g n i f i c a t i o n  f a c t o r  ~ J h i ~ h ,  f o r  

t h e  compul_ed e l a s t i c  stress d i s t r i l l u t i o n  i n  t h e  r e f e r e n c e  c a l c u l a t i o n a l  
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model., i s  g iven  b y l o  

M2 i s  t h e  back-face f r e e - s u r f a c e  m a g n i f i c a t i o n  f a c t o r  g iven  by 

and @ is  t h e  comp:l.e%e elliptic i n t e g r a l  of the second kind which i s  c l o s e l y  

approximated by the express<-on 

1 . 6 5  
02 = 1 3- 4.593 (k) . 

T h e  r e s u l t i n g  e1.n.s t:ical.ly corriputecl shape factors are  l i s t e d  i n  Table 7 

‘Table 7 .  C a l c d a t e d  LEFM shape f a c t o r s  
f o r  ex terna l .  par t - through surface 

c r a c k s  i n  t h e  r e f e r e n c e  
c_ al.cu1 a t i o n a  1 mode 1 

Flaw depth. a 
( i n . )  

Shape f ac to r  C 

0 . 5 

1 . 0  

2 .0  

3.0 

4.0 

0.757 

0.762 

0.781 

0.812 

0.858 

By elastic stress a n a l y s i s  ~ t h e  r e l a t i o n s  between the i n t e r n a l  pres -  

s u r e  a ~ ~ d  t h e  o u t s i d e  sur face  c i r c u m f e r e n t i a l  stress and s t r a i n  f o r  tlir 

r e f e r e n c e  c a l c u l a t i o n a l  model are 

(1.3 j 

s S = 9.44lp , 
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and 

x = L 
36.67. ' (1.5) 

r e s p e c t i v e l y ,  where S and p a r e  i n  k s i  and X i s  i.n p e r c e n t .  
S 

The r e s u l f i n g  va lues  o f  fracture: p r e s s u r e  vs f law s i z e  and tempera- 

t u r c ,  calcul-atled by LEEM f o r  ~ K ~ S S U ~ ~ S  e q u a l  t o  o r  less than  t h e  g r o s s  

y i e l d  p r e s s u r e ,  are p l o t t e d  i.n F i g .  2 1 ,  a l o n g  w i i i i i  t h e  e l h s t i c - p l a s t i c  

fi-actiure ana1ysi.s r e s u l t s  :OK p r e s s u r e s  exceeding t h e  gi-oss y i e l d  p r e s -  

s u r e  and a Sec t ion  I L L ,  Appendi.x: G a n d y s i s ,  boi:X-i of which w i l l  be  dis,--  

cussed below- 

Elas t i c -P1as t i . c  Frac  t i r e  Mechanics C a l c u l a t i o n s  ... ........................... ___ -I--____. 

The e l a s t i c - p l a s t i c  f r a c t u r e  a n a l y s i s  K e S U l L S  p l o t t e d  i n  F i g .  21 f o r  

p r e s s u r e s  exceeding  t h e  g r o s s  y i e l d  p r e s s u r e  of 6126 p s i .  were o b t a i n e d  by 

t h e  t a n g e n t  modulus method of a n a l y s i s ,  which i s  d e s c r i b e d  i n  d e t a i l  i n  

Appendix H of Ref. 5. The b a s i c  e q u a t i o n  of t h e  t a n g e n t  modu1u.s method 

i s l ,  5 

(1.6) 

w h e r e  F: and p are  t h e  n o t c h  r o o t  s t r ra in  and r o o t  r a d i u s ,  r e s p e c t i v e l y ,  C 

i s  the LEFM shape factzor, a i s  the c r a c k  d e p t h ,  E i s  t h e  t a n g e n t  modulus 

cor responding  t o  t h e  g r o s s  s t r a i n ,  E i s  t h e  s t r a i n - h a r d e n i n g  t a n g e n t  

modulus at: the notxh t i p ,  and A i s  t h e  nominal (gross)  s t ra in  a t  t h e  f law 

l o c a t i o n .  The val-tie of t h e  q u a n t i t y  E&- a t  f r a c t u r e  i s  o b t a i n e d  by i n t e -  

g r a t i n g  t h e  r i g h t  s i d e  of Eq. (16) and is d i r e c t l y  rei-ated t o  the v a l u e  

of K Because the t a n g e n t  modulus method of a n a l y s i s  i s  an i n c r e m e n t a l  

r a t h e r  t h a n  a t o t a l  s t r a i n  method o f  e l a s t i c - p l a s t i c  f r a c t u r e  a n a l y s i s ,  

i t  i s  i d e a l l y  s u i t e d  t o  de te rmining  t h e  i n c r e a s e s  i n  f r a c t u r e  toughness  

requi-red t o  extend t h e  f r a c t u r e  s t r e n g t h  of t h e  r e f e r e n c e  c a l c u l a t i o n a l  

model from the g r o s s  yi.eld p r e s s u r e  t o  'ihe p1ast i .c  i n s t a b i l i t y  p r e s s u r e s  

f o r  Irkie s p e c i f i e d  f law s i z e s .  Fo r  i ~ h i s  a n a l y s i s ?  a par t - through s u r f a c e  

g 

S 

I C  
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Fig.  21.  C a l c u l a t e d  f r a c t u r e  a n a l y s i s  d iagram f o r  external s u r f a c e  
f l aws  i n  the r e f e r e n c e  c a l c u l a t i o n a l  model. 
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cracked  t e n s i l e  specimen model. was used,  assuming f u l l .  t r a n s v e r s e  r e s t r a i n t  

and an e f f e c t i v e  w i d t h / t h i c k n e s s  r a t i o  of 5.  The s t r a i n - h a r d e n i n g  t angen t  

modulus w a s  e s t ima ted  from F ig .  19 as 3.06 k s i  * (%)-I. The f r a c t u r e  

toughness  v a l u e s  r e q u i r e d  f o r  t h e  r e f e r e n c e  c a l c c l a t i o n a l  model t o  r each  

i t s  p l a s t i c  i n s t a b i l i t y  s t r e n g t h  f o r  each f l a w  s i z e  are l i s t e d  i n  Table  8.  

By comparison w i t h  Table  2 ,  i t  can b e  seen  t h a t  t h e s e  toughness  v a l u e s  are  

p h y s i c a l l y  rc.asonab1.e. The r e q u i r e d  f r a c t u r e  toughness  va lue  f o r  t h e  4- 

in . -deep f l a w  i s  less  C h a n  t h e  r e q u i r e d  v a l u e s  f o r  t h e  I-, 2-, a n d  3-i.n.- 

deep f l aws  because  l o c a l  p l a s t i c  i n s t a b i l i t y  around t h e  4-in.-deep f l aw 

occur s  p r i o r  t o  t h e  o n s e t  of g r o s s  y i e l d i n g .  

Table  8. F r a c t u r e  toughness v a l u e s  r e q u i r e d  f o r  
&he r e f e r e n c e  c a l c u l a t i o n a l  model t o  r each  

p l a s t i c  i n s ; a b i l i t y  c o n d i t i o n s  

Flaw d e p t h  a Fracture  toughness  K L ~  
( i n . )  ( k s i  /in.> 

. . . .. .. . .. . ..... ... . ______ 

0.5 1.73 

1 . 0  249 

2 . 0  341 

3.0 381 

4.0 183 
. ._ I_ I - __.__I. - .- 

ASME Code. S e c t i o n  111. ADDendix G Ca lcu l - a t ioas  

For compara t ive  purposes ,  a c a l c u l a t i o n  was made by t h e  method pre-  

s c r i b e d  by Appendix G of  S e c t i o n  I11 of t h e  ASME B o i l e r  and P r e s s u r e  V e s -  

sel. Code ( s e e  t h e  1 9 7 4  e d i t i o n  of  D i v i s i o n  1, s u b s e c t i o n  NA, p p .  489-495). 

T h i s  ana l -ys i s  i s  based oil a lower bound t o  t h e  c r a c k  a r r e s t  toughness ,  

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

a f a c t o r  o f  s a f e t y  of 2.0 on pressure- induced  stresses. The f r a c t u r e  

toughness  cu rve  i s  r e p r e s e n t e d  by t h e  equat ion1 '  

2 26.777 + 1 . 2 2 3  exp E0.014493 ( T  R'T ,,) + 1601 . (17) 
K I R  ND I 



45  

For t h i s  ana l -ys i .~ ,  t h e  upper l i m i t  of  t h e  K c u r v e  was assumed t o  b e  200 

k s i  Appendix G s p e c i f i e s  a r e f e r e n c e  f law d e p t h  t h a t  i.s one-quarter  

of t h e  v e s s e l  wall t h i c k n e s s .  For t h e  r e f e r e n c e  ca l .cu la t iona1  model, t h e  

r e f e r e n c e  f law d e p t h  i s  t1ierefor.e 2 1./8 i n .  A s  shown i n  F ig .  2 1 ,  t h e  

curve  r e s u l t i n g  from t h e  Appendix G a n a l y s i s  l ies  w e l l  below t h e  o t h e r  

c a l c u l a t e d  c u r v e s ,  b u t  s t i l l  l i e s  above b o t h  t h e  d e s i g n  p r e s s u r e  and t h e  

opera t i r ig  p r e s s u r e  a t  t h e  o p e r a t i n g  tempera ture .  

LR 

F i g u r e  2 1  i m p l i e s  t h a t  t h e  margins  of s a f e t y  between f a i l u r e .  p r e s s u r e  

and d e s i g n  p r e s s u r e  t h a t  w e r e  observed f o r  t h e  i n t e r m e d i a t e  tes t :  - v e s s e l s  

are a l s o  r e p r e s e n t a t i v e  of t h e  margins  of s a f e t y  t h a t  e x i s t  f o r  f u l l - s c a l e  

vessel.s, c o n s i d e r i n g  e x t e r n a l  s u r f a c e  f l a w s  of t h e  same s i z e  l o c a t e d  i n  

sound material .  The  c o n s e r v a t i s m  of t h e  ASME code i s  a l s o  i l l . u s t r a t e d  by 

t h e  example c a l c u l a t i o n s -  

DISCUSSION 

The i n t e r m e d i a t e  p r e s s u r e  vessel tests can b e  d i s t i n g u i s h e d  from many 

o t h e r  s t r u c t u r a l  component f r a c t u r e  tests by t h e  f a c t  t h a t  t h e y  w e r e  done 

w i t h  a d e q u a t e l y  sharpened f l a w s ,  w i t h  p r i o r  measurements o f  f r a c t u r e  tough- 

ness, p r i o r  e l a s t i c  and p l a s t i c  scale model tes ts ,  and a c c u r a t e  measure- 

ments of  load ,  s t r a i n ,  and s u r f a c e  c r a c k  opening d isp lacement  up t o  f a i l u r e .  

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

tance to  f r a c t u r e  even. i n  the p r e s e n c e  of la . rge and s h a r p  f laws .  With re- 

spec.t  t o  f r a c t u r e  a n a l y s i s  methods, l i n e a r  e las t ic  f r a c t u r e  mechanics,  ex- 

p r e s s e d  i n  t e r m s  of s t r a i n ,  h a s  been a c c u r a t e  under  p l a n e  s t r a i n  c o n d i t i o n s  

up t o  t h e  o n s e t  of g r o s s  y- le lding,  and o t h e r  methods of a n a l y s i s  have been 

a p p l i e d  s u c c e s s f u l l y  i n  t h e  p l a s t i c  range .  

t u r e  toughness  from small. specimens t h a t  f a i l  i n  t h e  p l a s t i c  range have 

been developed and s u c c e s s f u l l y  a p p l i e d  t o  t h e  f r a c t u r e  a n a l y s e s  of t h e  

i n t e r n i e d i a t e  test  v e s s e l s .  

Methods f o r  c a l c u l a t i n g  f r a c -  

The f r a c t u r e  s t r e n g t h s  achieved  by t h e  i n t e r m e d i a t e  test vessels can 

be judged o v e r a l l  by several d i f f e r e n t  s t a n d a r d s ,  a l l  of which have v a l i d -  

i t y .  The f i r s t  s t a n d a r d  is t h e  compa-rison between t h e  p r e s s u r e  t h a t  would 

b e  al.lowed i n  t h e  vessel ,  a c c o r d i n g  to t h e  ASME code,  and t h e  measured 

f a i l u r e  p r e s s u r e .  A s  s e e n  i n  Table  3, the r a t i o  of t h e  f a i l u r e  p r e s s u r e  
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pf t o  t h e  d e s i g n  p r e s s u r e  p 

except  f o r  v e s s e l  V-7, which conta ined  a very  long flkw extending  a lmost  

comple te ly  through t h e  vessel w a l l .  I n  a d d i t i o n ,  v e s s e l  V-7 l eaked  

i n s t e a d  of f r a c t u r i n g ,  as d i d  vessel  V-5 ,  which comtained a f law i n  t h e  

stress c o n c e n t r a t i o n  r e g i o n  o f  t h e  j .nside n o z z l e  c o r n e r .  

i s  between 2 . 7  and 3 . 3  f o r  all. t h e  vessels 
d 

A second b a s i s  f o r  j u d g i n g  t h e  f law t o l e r a t i n g  a b i l i t y  of  t h e  v e s s e l s  

i s  t h e i r  a b i l i t y  t o  yie1.d through t h e  t h i c k n e s s  b e f o r e  f a i l i n g .  The spec- 

i f i e d  stress l i m i t s  f o r  n u c l e a r  p r e s s u r e  vessels under f u l l - l o a d  o p e r a t i n g  

c o n d i t i o n s  are  based on t h e  assumption t h a t  a l l  p a r t s  of  a v e s s e l  can 

reach  a c o n d i t i o n  of yi.el.ding through t h e  t h i c k n e s s  i n c l u d i n g  t he  develop- 

ment of s u b s t a n t i a l  p l a s t i c  s t r a i n s ,  w i t h  no ill e f f e c t s  t o  t h e  v e s s e l  

even i n  t h e  presence  of s h a r p  f laws .  I n  o t h e r  words,  i t  i s  i m p l i c i t l y  

assumed t h a t  under o p e r a t i n g  c o n d i t i o n s  t h e  vessel  cannot  f a i l  by f a s t  

f r a c t u r e  i n  t h e  e l a s t i c  range  of stress. The i n t e r m e d i a t e  p r e s s u r e  v e s s e l  

t e s t  d a t a  obra ined  t h u s  f a r  s u b s t a n t i a t e  t h i s  assumption,  provided t h a t  

material  p r o p e r t i e s  remain adequate  and a f law does not: e x i s t  t h a t  i s  

l a r g e  compared t o  t h e  t :hickness of t h e  v e s s e l  w a l l . ,  which is  u n l i k e l y .  

I n  o t h e r  words, s m a l l  unde tec ted  f l a w s  a r e  n o t  expected t o  c o n s t i - t u t e  a 

s a f e t y  hazard  under o p e r a t i n g  c o n d i t i o n s .  T h e r e f o r e ,  o n l y  inadequate  

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

t h e  val.ues p e r m i t t e d  by p r e s e n t  codes remain as p o s s i b l e  c a u s e s  of vessel .  

malperformance under o p e r a t i n g  c o n d i t i o n s .  The i n t e r m e d i a t e  tes t  v e s s e l  

exper imenta l  and a n a l y t i c a l  d a t a  t h u s  p r o v i d e  c o n f i r m a t i o n  of t h e  e x i s -  

t e n c e  of t h e  in tended  margin of  s a f e t y  f o r  f u l l - s c a l e  v e s s e l s .  
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