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1. PROGRAM ADMINISTRATION AND PROCUREMENT 

The Heavy-Section S t e e l  Technology (HSST) Program i s  an  engineer ing  
r e sea rch  a c t i v i t y  conducted by t h e  Oak Ridge Nat ional  Laboratory (ORNL) 
f o r  the  Nuclear Regulatory Commission i n  coord ina t ion  wi th  o t h e r  r e sea rch  
sponsored by the  f e d e r a l  government and p r i v a t e  organiza t ions .  The pro- 
gram comprises s t u d i e s  r e l a t e d  t o  a l l  a r e a s  of the  technology of m a t e r i a l s  
f a b r i c a t e d  i n t o  t h i c k - s e c t i o n  grimarp-coolant containment systems of 
1 igh t -wb te rcoo led  nuc l ea r  powe5 r eac to r s .  The p r i n c i p a l  a r e a  of i nves t i -  
g a t i o n  i s  t he  behavior  and s t ra .c tura1  i n t e g r i t y  of s t e e l  p r e s su re  v e s s e l s  
conta in ing  crack1 ike f laws.  Current  work i s  organized i n t o  t h e  fo l lowing  
t a s k s :  (1) program admin i s t r a t i on  and procurement, ( 2 )  f r a c t u r e m e c h a n i c s  
ana lyses  and i n v e s t i g a t i o n s ,  ( 3 )  i n v e s t i g a t i o n s  of i r r a d i a t e d  m a t e r i a l s ,  
( 4 )  thermal-shock i n v e s t i g a t i o n s ,  ( 5 )  p r e s s u r e  v e s s e l  i n v e s t i g a t i o n s ,  
( 6 )  s t a i n l e s s  s t e e l  c ladding i n v e s t i g a t i o n s ,  and (7)  environmental ly  as- 
s i s t e d  crack-growth s tud ies .  

The work performed a t  ORNL and under e x i s t i n g  r e sea rch  and develop- 
ment subcont rac t s  i s  inclnded i n  t h i s  r e p o r t .  During t h e  q u a r t e r ,  e i g h t  
program b r i e f i n g s ,  reviews, o r  p r e s e n t a t i o n s  were made, and two t echn ica l  
r e p o r t s  were published. 

2 . FRACTURE-W,CHANICS ANALYSES AND INVESTIGATIONS 

A modified def o r m a t i o ~ p l a s t i c i t y  formula t ion  has  been incorpora ted  
i n t o  t he  ADINA-ORVIRT f r a c t u r e m e c h a n i c s  a n a l y s i s  system f o r  a p p l i c a t i o n  
t o  pressurized-thermal-shock (PTS) condi t ions .  The formula t ion  incorpo- 
r e t e s  a  thermal-s t ra in  mod i f i ca t i on  and has  been app l i ed  t o  a  p rev ious ly  
analyzed c e n t e r c r a c k e d  p l a t e .  

I n  i t s  HSST support  program, R a t t e l l e  Columbus Labora to r i e s  (BCL) 
c a r r i e d  o a t  work i n  support  of PTS technology, c r a c k - i n i t i a t i o n  t e s t s ,  and 
c rack-ar res t  s t ud i e s .  I n  connect ion w i t h  t h e i r  PTS s t u d i e s ,  t he  l i t e r a -  
t u r e  was reviewed t o  i d e n t i f y  wide-plate c r a c k a r r e s t  t e s t s  w i t h  s u f f i -  
c i e n t  information a v a i l a b l e  t o  allow dynamic f in i te -e lement  ana lyses  t o  be 
performed. Two types  of f  i n i t e e l e m e n t  ana lyses  were performed f o r  double- 
t ens ion  t e s t s  conducted i n  Japan, and t h e  r e s u l t s  were compared w i t h  pub- 
l i s h e d  d a t a  and analyses .  The c r a c k - i n i t i a t i o n  work included a  new s e r i e s  
of thermal-shock experiments (TSEs) on TSE-5A s t e e l  t h a t  addresses  r e i n i -  
t i a . t i o n  toughness va lues  'measured wi th  compact specimens. Crack-arrest  
t e s t s  were c a r r i e d  out f o r  TSE m a t e r i a l  wi th  t h r e e  d i f f e r e n t  h e a t  t r e a t -  
ments, and KIa va lues  were ob ta ined  a t  temperatures  a s s o c i a t e d  w i t h  t he  

u p p e t s h e l f  of Charpy V-notch impact t e s t s .  P lans  were developed f o r  
c rack-ar res t  t e s t s  a t  lower t k p e r a t u r e s  f o r  t he  low-uppet shelf weld 
metal from in te rmedia te  t e s t  v e s s e l  (1TV)-8A. 

The study contioued a t  t he  Un ive r s i t y  of Maryland on t h e  t r a n s i t i o n  
from d u c t i l e  f r a c t u r e  a t  h igh  temperatures  t o  b r i t t l e  cleavage a t  lower 
temperatures.  Charpy t e s t i n g  of A508 mate r i a l  was performed, topologica l  



x v i i i  

and m i c r o s t r u c t u r a l  examinations of an A533B mate r i a l  were made, improve- 
ments were made t o  t he  f  i n i t e e l e m e n t  code SAMCR, and a n a l y s i s  work was 
performed t o  support  ESSO-type t e s t  planning. 

3 . INVESTIGATION OF IRRADIATED MATERIALS 

Charpy V-notch t e s t s  on u n i r r a d i a t e d  ( c o n t r o l )  specimens from the  
Fourth HSST I r r a d i a t i o n  s e r i e s  (s ta te-of- the-ar t  weld meta l )  have been 
e , s sen t i a l  l y  completed by Mate r i a l s  Engineering. Assoc ia tes  (MEA) and ORNL, 
and s t a t i s t i c a l  ana lyses  of the  da t a  have been performed. Scoping t e s t s  
on i r r a d i a t e d  specimens have been completed and t e s t  temperatures  assigned 
f o r  t h e  main matr ix.  A con t r ac t  was placed wi th  MEA f o r  capsule  construc- 
t i o n  a n d ' i r r a d i a t i o n  ( a t  the Nuclear Science and Technology F a c i l i t y  a t  
t hc  S t a t e  Un ive r s i t y  of New York i n  Buf fa lo )  of one-wire s t a in l e s s - s t ee l -  
c l a d  specimens. Charpy - t e s t s  were performed on u n i r r a d i a t e d  c l a d  speci- 
mens, and t h e  d a t a  showed v a r i a t i o n s  t h a t  a r e  a t t r i b u t e d  t o  t h e  metall-  

' g i c a l  s t r u c t u r e  of t h i s  mu1 t i l a y e r  cladding. 

4 . 'IEERMAL- SHOCK IhVESTIG ATIONS 

The computer code OCA-XI was modified t o  include f i n i t e l e n g t h  f laws,  
and a  paramet r ic  s tudy was conducted t o  determine the  advantage i n  replac-  
ing two-dimensional f laws  i n  i t s  modeling wi th  s p e c i f i c  f i n i t e l e n g t h  
flaws. Co l l ec t ion  of ma te r i a l  p r o p e r t i e s  continued i n  support of the  
planned TSE-7, and a  pre l iminary  thermal shock was  appX ied  t o  t he  unf lawed 
TSE-7 c y l i n d e r  t o  ensure  t h a t  an appropr i a t e  shook oan be achieved. 

5. PRE33URE VESSEL. INVESTIGATIONS 

P o s t t e s t  eva lua t ion  of in te rmedia te  t e s t  v e s s e l  V-8A continued w i t h  
measurement of . p r o p e r t i e s  of the  low-npperslrelf  weld seam and determina- 
t i o n  of flaw geometry. -P repa ra t ions  a r e  being made f o r  t he  f i r s t  PTS 
t e s t  (PTSE-1). ' h o  t e s t  v e s s e l s  a r e  being f a b r i c a t e d  - one t o  be used f o r  
t e s t i n g  of the  PTS experimental f a c i l i t y  and t h e  o the r  f o r  the  f i r s t  ex- 
periment,  PTSE-1. F rac tu remechan ic s  ana lyses  t h a t  correspond t o  candi- 
d a t e  t r a n s i e n t s  fo r  the  PTSE-'1 were made w i t h  u p p e r s h e l f  behavior  being 
considered e x p l i c i t l y  f o r  the f i r s t  ' time. - Fur ther  developmental t e s t s  
of sea l  s, thermocouples, and o t h e r  appara tus  were conclucted, 'and t e s t  fa- 
c i l  i t y  cons t ruc t ion  was nea r ly  completed. Mater ial  p roper ty  s t u d i e s  were 

' c o n t i n u e d . f o r  the  purpose of def in ing  t h e  des i r ed  h e a t  t reatment  of the 
v e s s e l  f o r  PTSE-1. 
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t 6. STAINLESS STEEL CLADDING INVESTIGATIONS 

Fur ther  t e s t i n g  of one-wire-clad p l a t e  specimens has been de fe r r ed  
u n t i l ' d a t a  on the  e f f e c t s  of i r r a d i a t i o n  have been obtained.  Purchase 
s p e c i f i c a t i o n s  were prepared f o r  procurement of three-wire ser ies-arc-clad 
p l a t e s  f o r  f u t u r e  study. Metal lographic examinations were made of t he  
m u l t i l a y e r  one-wire cladding,  and a h igher  than a n t i c i p a t e d  degree of 
d i l u t i o n  was observed. The inc lus ion  of such ma te r i a l  i n  t h e  c l ad  p l a t e  
and i r r a d i a t i o n  i n v e s t i g a t i o n s  should provide da t a  r e l evan t  t o  t he  behav- 
i o r  of s i m i l a r  c ladding t h a t  i s  a c t u a l l y  i n  use. 

7 .  ENVIRONMENTALLY ASSISTED CRACK-GROWTII STUDIES 

Westinghouse E l e c t r i c  Corporat ion 's  Power Systems, Nuclear Technology 
Divis ion  continued t h e i r  s t u d i e s  t o  c h a r a c t e r i z e  t he  e f f e c t s  of chemistry 
on t h e  environmentally a s s i s t e d  a c c e l e r a t i o n  of f a t i g u e  crack growth. 
Fur ther  t e s t s  were completed on A533B mate r i a l  wi th  an in te rmedia te  s u l f u r  
conten t ,  and the  da t a  revea led  a r e l a t i v e l y  high s u s c e p t a b i l i t y  t o  envi- 
ronmental enhancement. Fur ther  comparisons were made of t he  f r a c t u r e  
s u r f a c e s  of s t a t i c a l l y  loaded and c y c l i c a l l y  loaded specimens. Prepara- 
t i o n s  a r e  being made t o  s tudy t h e  e f f e c t s  of t h e  r a t e  of water flow over 
specimens by the  use of an electrochemical  p o t e n t i a l  system. 
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ABSTRACT 

The Heavy-Section S t e e l  Technology (HSST) Program i s  an 
engineer ing  r e sea rch  a c t i v i t y  conducted by the  Oak Kidge Na- 
t i o n a l  Laboratory f o r  the  Nuclear Regulatory Commission. The 
program comprises s t u d i e s  r e l a t e d  t o  a l l  a r ea s  of t he  technol- 
ogy of m a t e r i a l s  f a b r i c a t e d  i n t o  th ick-sec t ion  primary-coolant 
containment systems of l ight-water-cooled nuc l ea r  power reac- 
t o r s .  The i n v e s t i g a t i o n  focuses  on t h e  behavior  and s t ruc -  
t u r a l  i n t e g r i t y  of s t e e l  p r e s su re  v e s s e l s  conta in ing  c r a c k l i k e  
f laws.  Current work i s  organized i n t o  seven t a s k s :  . (1) pro-  
gram admin i s t r a t i on  and procurement, ( 2 )  fracture-mechanics 
ana lyses  and i n v e s t i g a t i o n s ,  ( 3 )  i n v e s t i g a t i o n s  of i r r a d i a t e d  
m a t e r i a l s ,  ( 4 )  thermal-shock i n v e s t i g a t i o n s ,  ( 5 )  pres su re  ves- 
s e l  i n v e s t i g a t i o n s ,  ( 6 )  s t a i n l e s s  s t e e l  c ladding inves t iga-  
t i o n s ,  and (7)  environmental ly  a s s i s t e d  crack-growth s tud i e s .  

A thermal- s t r a i n  mod i f i ca t i on  was made t o  t h e  def o rma t iow 
p l a s t i c i t y  model i n  t he  ADINA-ORVIRT fracture-mechanics analy- 
s i s  system i n  o rde r  t o  be more app l i cab l e  t o  combined p re s su re  
and thermal loadings.  Subcont rac tors  continued s t u d i e s  on 
c rack  a r r e s t ,  c leavage f r a c t u r e  t r a n s i t i o n ,  and environmen- 
t a l l y  a s s i s t e d  c rack  growth. Charpy t e s t i n g  of state-of-the- 
a r t  weld specimens i n  t he  Fourth HSST I r r a d i a t i o n  S e r i e s  was 
performed on u n i r r a d i a t e d  specimens and on a  few i r r a d i a t e d  
specimens f o r  scoping purposes.  A c o n t r a c t  was placed f o r  t he  
i r r a d i a t i o n  of one-wire c ladding specimens. F in i te - f law capa- 
b i l i t i e s  were incorpora ted  i n t o  t h e  OCA-I1 computer code, and 
paramet r ic  s t u d i e s  were c a r r i e d  out  t o  compare f r a c t u r e  pre- 
d i c t i o n s  w i th  two-dimensional and s p e c i f i c  f i n i t e  flaws. 
P repa ra t i ons  continued f o r  thermal-shock experiment TSE-7 t o  
be conducted i n  May. P repa ra t i ons  f o r  t h e  f i r s t  p ressur ized-  
thermal-shock experiment continued: t h e  c o n t r a c t o r  i s  near ing  
completion of f a c i l i t y  cons t ruc t ion ;  ana lyses  t h a t  e x p l i c i t l y  
cons ider  upper-shelf behavior  have been performed; and devel- 
opmental t e s t s  on s e a l  s,  thermocouples, and o t h e r  f a c i l i t y  ap- 
pa ra tu s  have been c a r r i e d  out .  

*Conversions from S I  t o  Engl i sh  u n i t s  f o r  a l l  S I  q u a n t i t i e s  a r e  
l i s t e d  on a  fo ldou t  page a t  t h e  end of t h i s  r epo r t .  



1. PROGRAM AIlMINISTRATION AND PROCUREMENT 

C. E. Pugh 

Thc Heavy-Section S t e e l  Techno1 ogy (HSST) Program, a  maj o r  s a f e t y  
program sponsored by t h e  Nuclear Regulatory Commission (NRC) a t  t he  Oak 
Ridge Nat ional  Laboratory,  i s  concerned w i t h  t he  s t r u c t u r a l  i n t e g r i t y  of 
t h e  primary systems [ p a r t i c u l a r l y  t h e  r e a c t o r  p r e s su re  v e s s e l s  (RPVs)] of 
l i g h t - w a t e r c o o l e d  nnc l ea r  power r e a c t o r s .  The s t ruc tu r . a l  i n t e g r i t y  of 
t he se  v e s s e l s  i s  ensured by. (1) designing and f a b r i c a t i n g  RWs according 
t o  s tandards  s e t  by t he  code f o r  nuc l ea r  p r e s su re  v e s s e l s ,  (2 )  d e t e c t i n g  
f l aws  of s i g n i f i c a n t  s i z e  t h a t  occur during f a b r i c a t i o n  .and . i n  s e rv i ce ,  
and ( 3 )  developing methods of producing q u a n t i t a t i v e  e s t ima te s  of con- 
d i t i o n s  under which f r a c t a r e  could occur.  The program i s  concerned 
mainly wi th  developing p e r t i n e n t  f r a c t u r e  technology, inc lud ing  knowledge 
of (1) t he  m a t e r i a l  used i n  these  thick-walled v e s s e l s ,  (2 )  t h e  flaw- 
growth r a t e ,  and (3)  t h e  combination of flaw s i z e  and load  t h a t  would 
cause f r a c t u r e  and t h u s  l i m i t  t he  l i f e  and/or  t he  ope ra t i ng  cond i t i ons  
of t h i s  type of r e a c t o r  p l a n t .  

The program i s  coordinated w i t h  o t h e r  government agenc i e s  and w i t h  
t he  manufacturing and u t i l i t y  s e c t o r s  of t he  nnc l ea r  power i ndus t ry  i n  t he  
United S t a t e s  and abroad. The o v e r a l l  o b j e c t i v e  i s  a  q u a n t i f i c a t i o n  of 
s a f e t y  assessments  f o r  r egu la to ry  agencies ,  f o r  p ro fe s s iona l  code-writing 
bodies ,  and f o r  t h e  nnc l ea r  power i ndus t ry .  Several  a c t i v i t i e s  a r e  con- 
ducted under subcont rac t  by r e sea rch  f a c i l i t i e s  i n  t h e  United S t a t e s  and 
through informal coopera t ive  e f f o r t  on an  i n t e r n a t i o n a l  b a s i s .  Three re- 
search  and development subcon t r ac t s  a r e  c u r r e n t l y  i n  fo rce .  

Adminis t ra t ive ly ,  t he  program i s  organized i n t o  seven t a sks ,  a s  
r e f l e c t e d  i n  t h i s  r e p o r t :  (1) program admin i s t r a t i on  and procurement, 
(2 )  f  racture-mechanics ana lyses  and i n v e s t i g a t i o n s ,  ( 3 )  i n v e s t i g a t i o n s  
of i r r a d i a t e d  m a t e r i a l ,  ( 4 )  thermal-shock i n v e s t i g a t i o n s ,  ( 5 )  pres su re  
v e s s e l  i n v e s t i g a t i o n s ,  ( 6 )  s t a i n l e s s  s t e e l  c ladding i n v e s t i g a t i o n s ,  and 
(7 )  environmental ly  a s s i s t e d  crack-growth s tud i e s .  

During t h i s  q u a r t e r ,  e i g h t  program b r i e f i n g s ,  reviews', o r  presenta-  
t i o n s  were made by the  HSST s t a f f  a t  t e chn ica l  meetings and a t  program 
reviews f o r  t he  s t a f f  o r  v i s i t o r s .  Two t echn ica l  r e p o r t s  were pub- 
l i s h e d . l P 2  
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2. FRACI'URE-r4ECHANICS ANALYSIS AND INVESTIGATIONS 

2.1 Deformat ion Theorv of P l a s t i c i t y  w i t h  
I n i t i a l  Thermal S t r a i n s  

B. R.  ass* R. H. Bryan 
J. W. Bryson J. G. Merkle 

2.1.1 I n t r o d u c t i o n  - .- 

A p r e v i o u s  r e p o r t 1  d e s c r i b e d  i m p l e n e n t a t i o n  o f '  a  deformation-plas- 
t i c i t y  m a t e r i a l  model i n  t h e  ADINAQRVIRT f rac tme-mechan ics  (FM) analy- 
s i  s system. 2 ,  3 The two- (2-D) and three-dimensional  (3-D) f  i n i  te-element 
f o r m u l a t i o n s  of t h i s  model a r e  e s s e n t i a l l y  those  of deLorenz i and Sh ih4  
b u t  a r e  modi f i ed  t o  i n c o r p o r a t e  a  m u l t i l i n e a r  s t r e s s - s t r a i n  curve.  The 
d e f o r m a t i o n - p l a s t i c i t y  approach h a s  d i s t i n c t  advan tages  o v e r  t h e  more 
common inc rementa l  flow theory ,  namely computat ional  economy and numeri- 
c a l  s t a b i l i t y .  

C e r t a i n  s t u d i e s  of f r a c t u r e  phenomena, such a s  those  a s s o c i a t e d  w i t h  
p ressur ized- the rmal  shock (PTS) ( s e e  Sec t .  5 of t h i s  r e p o r t ) ,  r e q u i r e  
t h a t  cracked s t r u c t u r e s  be ana lyzed  f o r  combined thermal  and mechanical  
l o a d s .  A  method i s  proposed h e r e  t h a t  m o d i f i e s  t h e  i s o t h e r m a l  deforma- 
t i o n - p l a s t i c i t y  f o r m u l a t i o n  of Ref. 4 t o  account  f o r  t h e  p resence  of 
thermal s t r a i n s .  The m o d i f i c a t i o n  i s  s t r i c t l y  v a l i d  f o r  h y p e r e l a s t i c  
m a t e r i a l s ,  b u t  a n  approx imat ion  t o  inc rementa l  thermo-elas t  i c - p l a s t  i c  
t h e o r y  c a n  be ach ieved  i f  t h e r e  i s  no un load ing  and t h e  d e p a r t u r e  from a  
r a d i a l  s t r e s s  p a t h  i s  n o t  severe .  

The f o l l o w i n g  s e c t i o n  p r e s e n t s  a  summary of t h e  deformation-plas- 
t i c i  t y  f o r m u l a t i o n  t h a t  i n c o r p o r a t e s  t h e  proposed t h e r m a l - s t r a i n  moclif i- 
c a t i o n s .  For b r e v i t y ,  on ly  t h e  e s s e n t i a l  a l t e r a t i o n s  t o  t h e  development 
of Ref. 4 a r e  p r e s e n t e d  here .  T h i s  i s  fo l lowed  by an  a p p l i c a t i o n  of t h e  
modi f i ed  t echn ique  t o  a  c e n t e t c r a c k e d  pane l  p r e v i o u s l y  analyzed by 

\ Ainsworth e t  a l . '  A second a p p l i c a t i o n  t o  a  t h e r m a l l y  shocked interme- 
d i a t e  t e s t  v e s s e l  (ITV) i s  p r e s e n t e d  i n  Sec t .  5 of t h i s  r e p o r t .  

2.1.2 Thermal - s t ra in  m o d i f i c a t i o n s  
. 

I n  t h e  g e n e r a l  3-D f o r m u l a t i o n ,  t h e  components of t h e  t o t a l  s t r a i n  
t e n s o r  a r e  expressed  a s  t h e  sum of t h e  e l a s t i c  s t r a i n s ,  t h e  p l a s t i c  
s t r a i n s ,  and t h e  f r e e  thermal  expans ion  s t r a i n s :  

Computer S c i e n c e s  D i v i s i o n ,  Union Carbide Corporation-Nuclear 
D i v i s i o n  (UCC-ND) . 



When s u b s t i t u t i o n  i s  made f o r  the conventional r e l a t i o n s  between s t r a i n s ,  
s t r e s s e s ,  and temperature,  Eq. (2.1)  becomes 

Here, a a r e  the  components of t he  s t r e s s  tensor ,  - 
'ij 

- a . .  - 1 1 3  a 6 
i j l? kk i j  

a r e  t he  d e v i a t o r i c  s t r e s s  components, a = (312 S . .  S . .  Ill2 i s  t h e  e f fec-  e  1J 1J 
t i v e  s t r e s s ,  e  i s  t h e  e f f e c t i v e  p l a s t i c  s t r a i n ,  T i s  t he  temperature,  a 

P 
i s  t h e  c o e f f i c i e n t  of thermal expansion, E i s  Young's modulus, and v i s  
Poisson ' s  r a t i o .  S e t t i n g  i = j i n  Eq. (2 .2 )  and using S  = 0 ,  i t  fo l -  
lows LhaL j j 

Equation (2 .2 )  can be inve r t ed  t o  y i e l d  an  express ion  f o r  the components 

of t h e  s t r e s s  t enso r ,  

3 E e  
P  ---- S . .  . ( 2 . 4 )  i l + V b  1J 
e  

By s u b s t i t u t i n g  Eq. (2 .2 )  i n t o  the  d e f i n i t i o n  of t h e  d e v i a t o r i c  s t r a i n  

it can be shown t h a t  

When Eq. (2 .6 )  i s  used i n  t h e  d e f i n i t i o n  of the  e f f e c t i v e  s t r a i n ,  



it fo l lows  t h a t  

From Eqs. (2 .6)  and (2.81, 

Equation (2.8) and t h e  equat ion  r e s u l t i n g  from s u b s t i t u t i o n  of Eq. (2.5) 
i n t o  4. (2.9) can be used t o  e l imina te  Sij and e from Eq. (2.4) .  

P  

Introducing the  r e l a t i o n  

i n t o  Eq. (2.10) g ives  

For f  inite-element app l i ca t ions ,  a  convenient ma t r ix  r e l a t i o n  f o r  
eva lua t ing  the  s t r e s s  t enso r  i s  given by 



6 

where 

-1 -1 0 .  0 . 0 

1.5 0 
symmetric 

and 

I n  t h e  absence of thermal s t r a i n s ,  Eq. (2.13) f o r  t he  s t r e s s  t enso r  re- 
duces t o  Eq. (2.12) of Ref. 4. The e f f e c t i v e  s t r e s s  ue i n  Eq. (2.13) is  
eva lua ted  from Eq. (2.8), and an appropr i a t e  e f f e c t i v e  s t r e s s - e f f e c t i v e  
p l a s t i c  s t r a i n  curve i s ' u s u a l l y  taken from a  un iax ia l  t e n s i l e  t e s t .  

Formulations . f o r  2-D plane s t r e s s ,  plane s t r a i n ,  and axisymmetry 
c a s e s  can be obta ined  from- Eq. (2.13) by in t roducing  t h e  necessary modi- 
f i c a t i o n s  p rev ious ly  ou t l i ned  i n  Ref. 4 f o r  the  isothermal  case. For 
plane s t r e s s  condi t ions ,  a,, = a,, = a 2 3  = 0 .  

From Eq. (2.131, 

Thus, o,, = 0 impl ies  

where 



J 
When Eq. (2.15) i s  s u b s t i t u t e d  i n t o  Eq. (2.13). t h c  p l ane - s t r e s s  con- 
s t i t u t i v e  r e l a t i o n  has  t h e  mat r ix  form given by 

u1 1 
2 + p  1-f! 

- - PE 
a2 2 2 + p  (2.17) (1 - 2v) (1 + 28) 

- 61 2 symmetric 

I n  t h e  p lane-s t ress  case,  t he  e f f e c t i v e  s l r a i n  ee is obta ined  f r o m  Eq. - 
(2.5) ( w r i t t e n  i n  t h e  form s = e '  - 1 1 3  ekkbij)  and from Eqs. (2.7) i j i j  
and (2.15) a s  

The e f f e c t i v e  s t r e s s  a i s  aga in  found from Eq. (2.8). e - For p l ane - s t r a in  cond i t i ons  given by e,, = el, - s,, = 0,  Eq. 
(2.13) reduces t o  

1 1  -1 -1 0 sll - aT 
e z 2  - aT 
-nT . (2.19) 

symmetric 2 s 1 2  

Thus, t h e  a,, s t r c s s  oomponent i s  given by the  r e l a t i o n  

The remaining s t r e s s  components a r e  convenient ly  determined from the  
exp re s s ion  . . 

1 2 -1 ell - kaT 

symmetric 1.5 

\ 
where 



For the 1 i n e a r l y  e l a s t i c  case, i t  can be shown t h a t  

E 

and 

F i n a l l y ,  f o r  t he  axisymmetric case,  the  c o n s t i t u t i v e  r e l a t i o n  be- 

comes 

1 n -1 o c : I.5 I;]] 
symme t r i o  sylnme t r i c  

2.1.3 Numerical a v v l i c a t i o n s  

The modif ied deformat ion-p las t ic i ty  formulat ion of the  previous sec- 
t i o n  h a s ' b e e n  implemented i n  t he  ADINA-ORVIXT system2s3 and i s  app l i cd  
here  t o  a  center-cracked p l a t e  prev ious ly  analyzed i n  Ref. 5. The p l a t e  
con f igu ra t ion  shown i n  Fig. 2.1 i s  subjec ted  t o  a  uniform t e n s i l e  s t r e s s  
a and a  pa rabo l i c  temperature d i s t r i b u t i o n  given by 

and 

Here, cr i s  the  y i e l d  s t r e s s  i n  un iax ia l  t ens ion ,  and y  i s  measured from 
Y 

tlit ueuler  uf the crack. An e l a s t i c - p e r f e c t l y - p l a s t i c  ma te r i a l  model i s  
assumed. 

Figure 2.2 shows t h e  f ini te-element  d i s c r e t i z a t i o n  used t o  model 
one-quarter of t h e  p l a t e  f o r  t he  2-D p lane - s t r e s s  ana lys i s .  The model 
c o n s i s t s  of 713 nodes and 216 i soparamet r ic  elements. The d e t . a l . 1 ~  of t he  
model near t he  c r ack  t i p  (Fig. 2.2) i l l u s t r a t e  t he  co l lapsed  wedge ele- 
ments w i th  midside nodes t h a t  allow f o r  a  l / r  s i n g u l a r i t y ' a t  t he  c rack  
t i p . 6  I n  t h e  co l l apsed  elements,  the  nodes t h a t  i n i t i a l l y  .share t h e  same 
l o c a t i o n s  a t  the  t i p  w i l l  s epa ra t e  w i t h  inc reas ing  load  t o  allow f o r  
b l u n t i n g  of the  crack. 
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F i g .  2 . 1 .  Center-cracked p l a t e  subjec ted  t o  a parabol i c  temperature 
d i s t r i b u t i o n  and uniform t e n s i l e  load ing .  
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F i g .  2 . 2 .  Fini te-e lement  d i s c r e t i z a t i o n  of center-cracked p l a t e .  



The thermal load r ep resen ted  by F4s. (2.24) and (2.25) was appl ied  
t o  t he  model f i r s t ,  followed by a p p l i c a t i o n  of t h e  uniform mechanical 
load  a. The ex ten t  of t he  p l a s t i c  zone around t h e  c rack  t i p  a t  s e l e c t e d  
v a l u e s  of t he  app l i ed  load  i s  shown i n  Fig. 2.3.  Energy r e l ease  r a t e  
v a l u e s  G e ,  normalized by the  the rmoe la s t i c  va lue  G , a r e  depic ted  i n  

e  
Fig. 2.4 a s  a  func t ion  of appl ied  load. For comparison, r e s u l t s  ob ta ined  
f o r  t he  G parameter i n  t he  a n a l y s i s  of Ref. 5 a r e  a l s o  included i n  t h i s  
f i g u r e .  

8 

Fig. 2.3.  Extent of p l a s t i c  zones around c rack  t i p  a t  s e l ec t ed  
v a l u e s  of appl ied  s t r e s s .  
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Fig. 2.4. Normalized energy r e l e a s e  r a t e  va lues  a s  func t ions  of 
app l i ed  s t r e s s  a (normalized by room temperature y i e l d  s t r e s s  a ) f o r  
center-cracked p l a t e .  Y 

2.2 BCL HSST Support program* 

2.2.1 Task 1: Adminis t ra t ion  - introduction and summarv 

The o b j e c t i v e  of t he  Battelle-Columbus Laboratory (BCL) Heavy-Sec- 
t i o n  S tee l  Technology (HSST) Support program i s  t o  provide research  on 
m a t e r i a l  p r o p e r t i e s  a s s o c i a t e d  wi th  thermal -s t ress  f r a c t u r e  of reactor-  
pressure-vessel  (RW) s t e e l s .  I t s  emphasis i s  on t h e  toughness asso- 
' c i a t ed  wi th  c rack  a r r e s t .  The program c o n s i s t s  of four  research  tasks .  

Task 2 research  during t h e  r e p o r t  per iod  has been confined t o  plan- 
ning f u t u r e  BQ crack-ar res t  experiments.  The next s e r i e s  of t e s t s  w i l l  
be on low-upper-shelf weld metal from ITV ' v -8~ .  

*work sponsored by HSST Program under UCC-ID Subcontract  85X-17624C 
between UCC-ND and BCL. 

t ~ a t t e l l e - ~ o l u m b u s  Labora tor ies ,  Columbus, Ohio. 



In Task 3 ( c r ack  i n i t i a t i o n ) ,  a  new s e r i e s  of experiments using 
TSE-5A s t e e l  confirmed t h a t  t he  r e i n i t i a t i o n  toughness rncasured w i t h  com- 
pact  specimens provides  va lues  r e p r e s e n t a t i v e  of f u l l - s c a l e  r e s u l t s .  
More important ly,  the  toughness a s soc i a t ed  wi th  r e i n i t i a t i o n  of an ar- 
r e s t e d  cleavage c rack  i s  lower than  t h a t  a s soc i a t ed  w i t h  r e i n i t i a t i o n  
a f t e r  crack b lun t ing  o r  d u c t i l e  t ea r ing .  On t he  o the r  hand, t he  s c a t t e r  
i n  r e i n i t i a t i o n  toughness i s  on t h e  order  of t h a t  a s soc i a t ed  wi th  f a t i g u e  
precracks,  even when only r e i n i t i a t i o n  a f t e r  cleavage i s  considered. To 
i l l u s t r a t e  t he  ex t en t  of t he  s c a t t e r ,  t h e  compact-specimen r e i n i t i a t i o n  
da t a  shown a t  0  and 160C bracket  those of t he  four  jumps i n  TSE-SA (tem- 
pe ra tu re  range from -11 t o  +21°C). Addit ional  f r ac tog raph ic  da t a  on rap- 
i d l y  loaded fat igue-precracked specimens of TSE-6 msLerial a ~ c  i t poe tcd .  
The micromechanism of cleavage t r i g g e r i n g  was found t o  be complex, wi th  
both s u l f i d e  and carb ide  cleavage o r i g i n s  i d e n t i f i e d .  I n  some cases ,  
apparent mu1 t i p l e  o r i g i n s  were found. 

The Task 4 research  emphasized experiments c a r r i e d  out on TSE s t e e l  
w i t h  th ree  d i f f e r e n t  h e a t  t rea tments  w i th  the  goal of ob ta in ing  crack- 
a r r e s t  (K  ) da ta  on t h e  upper she l f .  For a l l  t h r e e  hea t  t rea tments ,  Ka a  
va lues  were obtained a t  temperatures  a s soc i a t ed  w i t h  the  upper she l f  of 
Charpy V-notch impact t e s t s .  Even so, no evidence of upper-shelf behav- 
i o r  was obta ined  f o r  t he  c rack-ar res t  specimens. ltvo da t a  p o i n t s  were 
obtained a t  RT + 100°C, matching t h e  h ighes t  t e s t  temperature previ- 

NDT 
ous ly  obtained a t  BCL and exceeding t h e  l i t e r a t u r e  maximum by about 15OC. 
The da ta  obtained a t  t he  h ighes t  temperature corresponded t o  t he  upper 
s h e l f  of the  KIR curve and exceeded t h e  p l a t eau  va lue  of 220 MPa-0 .  

(However, t he  K value obtained f o r  a  BCL specimen t e s t e d  previous ly  a t  a  
t h a t  temperature was s l i g h t l y  below the  K s h e l f . )  The high-temperature 

IR 
da ta  were obtained us ing  a  combination of procedure changes: use of du- 
p l ex  specimens, reduct  i o n  of f r i c t i o n  during c rack  propagat ion,  and modi- 
f  i c a t i o n  of the side-groove geometry. 

In  Task $ (da t a  b a s e ) ,  computer programs f o r  analyzing raw crack- 
a r r e s t  da ta ,  s t o r i n g  1 i t e r a t u r e  da ta ,  and performing s t a t i s t i c a l  a n a l y s i s  
have been completed. The s t a t i s t i c a l  program provides p e r c e n t i l e s  of t h e  
K and temperature curves and t h e i r  a s soc i a t ed  confidence i n t e r v a l s .  It 
h$s t he  v i r t u e  of al lowing t h e  s c a t t e r  around t h e  mean t o  depend on tem- 
pera ture ,  which provides a  more r e a l i s t i c  d e s c r i p t i o n  of the d i s t r i b u t i o n  
than  does the  temperature-independent var iance  usua l ly  assumed. P lans  t o  
l i n k  t h i s  program wi th  the  data-generat ion and s torage  programs a r e  dis-  
cussed, and examples of the  s t a t i s t i c a l  a n a l y s i s  a r e  given. 

2.2.2 Task 3 :  Crack i n i t i a t i o n  

The p r i n c i p a l  ob jec t ive  of Task 3 i s  t o  r e f i n e  and v a l i d a t e  t he  
single-specimen K /K t e s t  p ruoe t lu~ t .  During t h c  ourront  q u a r t e r ,  t he  I c  I a  
e f f e c t  of precrack  temperature on KIc a t  r e i n i t i a t i o n  was inves t iga t ed .  

I n  add i t i on ,  the  f rac tographic  s t u d i e s  of TSE-6 were completed. 
2.2.2.1 R e i n i t i a t i o n  t e s t s .  There i s  a  two-step procedure f o r  re- 

i n i t i a t i o n  of an a r r e s t e d  cleavage crack. ' A compact-crack-arrest speci- 
men i s  used t o  provide the  cleavage precrack  by transverse-wedge loading  
a s  i n  a  r egu la r  K e ~ p e r i m e n t . ~  The crack  then  i s  r e i n i t i a t e d  us ing  t h e  

a  



same wedge. A second c l  i p  gage i s  placed ahead of t he  load  1 ine, and the  
K value a s s o c i a t e d  w i t h  r e i n i t i a t i o n  i s  ca l cu la t ed  using t h e  procedure 
8 

of ASTM E561 (R-curve de termina t ion) .  In  previous r e p o r t s ,  i t  was 
shown t h a t  t h i s  procedure can provide da t a  comparable t o  la rge-cyl inder  
KIc and KIa da t a  f o r  TSE-5A and -6. 

The new r e s u l t s  were obtained wi th  101.6 x  98.8 x 25.4 mm weld- 
embr i t t l ed  specimens from TSE-5A. Face dimensions on t h e  e a r l  i e r  speci- 
mens were both 150 mm. Inver ted  s p l i t  p i n s  were used succes s fu l ly  t o  
produce uns t ab le  cleavage cracks a t  h igher  temperatures  t han  before  i n  
s i x  out  of t e n  specimens. Those da t a  a r e  descr ibed  i n  t he  c rack-ar res t  
s e c t i o n  (Sect .  2.2.3.2) of t h i s  r epo r t .  R e i n i t i a t i o n  a l s o  was c a r r i e d  
out  using t h e  inver ted-sp l  i t -p in  arrangement. 

Both e a r l i e r  and new r e i n i t i a t i o n  r e s u l t s  a r e  given i n  Table 2.1. 
Some of t he  tendencies  t h a t  were suggested by the  l i m i t e d  e a r l i e r  da t a '  
were not confirmed. S p e c i f i c a l l y ,  t he  added da t a  dn nnt r e s u d t  i n  e i t h e r  
a  c o n s i s t e n t  t r e n d  of decreas ing  r a t i o  of ef fective-to-phy s i c a l  c rack  
l e n g t h  w i t h  inc reas ing  K (precrack)  o r  w i t h  a  g r e a t e r  p r o b a b i l i t y  of 

a  
cleavage r e i n i t i a t i o n  w i t h  inc reas ing  K (precrack) .  A l l  but  one of t he  a  
new samples r e s u l t e d  i n  uns tab le  cleavage r e i n i t i a t i o n .  It i s  no t  c l e a r  
whether t h i s  imprwed success  i s  due t o  t he  higher  precrack  temperature 
o r  t he  use of i nve r t ed  s p l i t  pins .  

Because of t he  mixed success  i n  i n i t i a t i n g  uns t ab le  f r a c t u r e  during 
t h e  precrack  opera t ion ,  some of the  r e i n i t i a t i o n  experiments involved 
precracks  t h a t  r e s u l t e d  i n  b lunt ing  o r  small  amounts of s t a b l e  crack 
growth. Al l  of these  p o i n t s  r e s u l t e d  i n  high va lues  of cleavage-reini- 
t i a t i o n  K and may be a  man i f e s t a t ion  of t he  warm-prestress e f f ec t . 1 °  Q Figure  2.5 i l l u s t r a t e s  a l l  of t he  r e s u l t s .  The da t a  f o r  both ge- 

i n i L i a t f o n  tempera tures  a r e  p l o t t e d  on the  same graph. The new K va lues  Q 
(p rec rack  tempera tures  >60°C) tend t o  be lower than  the  e a r l i e r ,  low- 
temperature,  p recrack  da ta .  Tbns, a  general  t rend  t w a r d s  h i g h e r  K 

U 
va lues  w i th  decreas ing  precrack  temperature i s  i nd ica t ed  on the  graph. 
The reason  f o r  t h i s  behavior i s  not  c l ea r .  

TSE-5A r e i n i t i a t i o n  d s t a  a r e  compared w i t h  the  ORNL oylindor  t o .  
s u l t s  i n  Fig. 2.6. Only those da t a  a r e  included f o r  which r e i n i t i a t i o n  
from an  a r r e s t e d  cleavage crack was obtained. Tho compact-specimen 
v a l u e s  bracke t  t he  cy l inde r  va lues ,  suggest ing t h a t  t he  compact specimen 
can be used t o  o b t a i n  r e l i a b l e  e s t ima te s  of large-specimen data .  The 
16" da ta  appear t o  be lower than  t h e  O°C da t a ,  but  t h i s  i s  due t n  nne 
Very low po in t  a t  iddC and one very high po in t  a t  O°C. It i s  be l ieved  
t h a t  these  p o i n t s  a r e  man i f e s t a t ions  of t he  d a t e  s c a t t e r .  Tn examine 
t h i s  suggest ion,  t h e  d a t a  a t  both temperatures  were combined and p l o t t e d  
LIE a Wcibull d i s t i i t u l i u n  i n  Fig. 2.7. 'the da t a  f i t  t he  d i s t r i b u t i o n  
we l l ,  thus  i n d i c a t i n g  t h a t  t he  temperature v a r i a t i o n  of K between 0  and 

I c  16OC i s  much l e s s  important than the  specimerto-specimen v a r i a t i o n  a t  a  
g iven  temperature.  The Weibull modulus f o r  these d a t a  i s  4 ,  a  value 
c h a r a c t e r i s t i c  of l a r g e  s c a t t e r .  The KIc va lues  f o r  the  cy l inde r  a r e  

shown f o r  r e f e rence  and t o  i n d i c a t e  t h a t  t he  compact-specimen r e i n i t i a -  
t i o n  da t a  do indeed bracke t  t he  TSE data .  

2.2.2.2 F r a c t o a r a ~ h i c  examination. The r e s u l t s  of the  f r ac tog raph ic  
examination of fat igue-precracked 1TCT TSE-6 samples t e s t e d  a t  high r a t e  



Table 2 . 1 .  R e i n i t i a t i o n  of  arrested cleavage cracks:  TSE-5A prolong, second p i e c e  

Specimen 
No. 

R e i n i t i a t i o n  
P r e t e s t  

Displacement Crick l eng th  

Tempera ture Temperature (m) (mn) 
K- 

(OC) 
(L 

(OC) - 0 . 2 5 ~  0 . 3 0 3 ~  a  / w  aef f / w  
(MPa ~Jiii) 

(MPa-fi) 
l o c a t i o n  l o c a t i o n  P  

150-mm f a c e  dimension 

101.6-mm f a c e  dimension 

a 
Calculated from a  

e f  f  I w '  
b ~ t a b l e  tear ing .  



Fig. 2.5. Effect of. precracking temperature on reipitiation tough- 
ness of TSE-5A steel. 
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Fig. 2.6. Comparison of reinitiation-toughness and full-scale data. 
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Fig. 2 . 7 .  Reini t ia t ion- toughness  va lues  p l o t t e d  according t o  Weibull 
d i s t r i b u t i o n .  

and a t  a  temperature of 22OC were included i n  t h e  previous r epo r t .  Data 
obtained f o r  samples t e s t e d  a t  82OC have now been examined, and the  com- 
bined r e s u l t s  a r e  given i n  Table 2.2. Included i n  t h e  t a b l e  a r e  f r a c t u r e  
toughness K ( c a l c u l a t e d  from the t o t a l  a r ea  under t he  load-displacement 

I QJ 
curve) ,  s t a b l e  crack growth by dimple rup tu re  (Aa, measured i n  t he  vi- 
c i n i t y  of t he  cleavage o r i g i n s ) ,  the  number of cleavage o r i g i n s  i n  each 
specimen, the  l o o a t i o n  of the  cleavage o r i g i n  ahead of t he  s t a b l e  c rack  
f  rou t  (x), and the  c leavage- t r igger ing  i n c l u s i o n  whenever it was iden t i -  
f  ied. The maj o r i t y  of the  specimens exh ib i t ed  s i n g l e ,  well-defined 
cleavage o r i g i n s ;  t h r e e  specimens contained m u l t i p l e  o r i g i n s .  There was 
no apparent  c o r r e l a t i o n  between f r a c t u r e  toughness and t h e  number of 
cleavage o r ig ins .  As might be expected, f r a c t u r e  toughness d id  inc rease  
w i t h  inc reas ing  amounts of s t a b l e  c rack  growth. A more i n t e r e s t i n g  ob- 
servation was t h a t  i n  specimens with no s t a b l e  oraok growth (Aa = 0). 



Table  2 - 2 .  Summary of f r . s c tog raph i c  measurements on r a 3 i d l y  loaded 
precracked 1T compact specimens of TSE-6 s t e e l  (A508 s t e e l )  

Tes t  S t a b l e  c r ack  Number of Cleavage-origin Cleavage- 
S3ecimen 

No. 
temperarure  %J 

( MPa -6) growth [Aa)  cleavage l o c a t i o n  (x) t r i g g e r i n g  
(OC) (mm) o r i g i n s  (mm) i n c l u s i o n  

a 
g. b. c. 
ub 
U, u, ,g.b. C. 

U 

U, .up MnS 
C 

MnS, MnS 
MnS 
u  
MnS 
u  
Mns 

b 
u  = c l e a v a g e t , r i . g g e r i n g  i n c l u s i o n  could n o t  be i d e n t i f i e d ,  bmt most of these  

o r i g i n s  were l o c a t e d  a t  g r a i a  bcunder ies .  
C Cleavage o r i g i n  c , ~ u l d  l o t  be i d e n t i f i e d .  



f r a c t u r e  toughness appeared t o  c o r r e l a t e  w i th  the  l o c a t i o n  of the  cleav- 
age o r i g i n  r e l a t i v e  t o  the  fat igue-crack;  t h a t  i s ,  

KQJ 
increased  w i t h  

increas ing  x. This  obse rva t ion  i s ,  of course,  c o n s i s t e n t  w i t h  the  con- 
cept  of a  c r i t i c a l  value of t e n s i l e  s t r e s s  r equ i r ed  t o  i n i t i a t e  cleavage 
i n  t h e  s t r e s s  f i e l d  of a  crack, a s  included i n  t h e  Ritchie-Knott-Rice 
model.l l  But t he  l o c a t i o n  of t he  cleavage o r i g i n  (x)  d i d  not  l end  i t s e l f  
t o  any simple mic ros t ruc tu ra l  i n t e r p r e t a t i o n .  The c h a r a c t e r i s t i c  dis-  
tance x  v a r i e d  anywhere from 0 t o  2 mm. For comparison, the  l a r g e s t  
mic ros t ruc tu ra l  f e a t u r e s  i n  t h i s  c l a s s  of s t e e l  a r e  l o c a l  v a r i a t i o n s  i n  
hardness  and g r a i n  s i z e  caused by carbon segregat ion.  These v a r i a t i o n s  
reveal. t.hr?mseI.ves a s  hands t h a t  a t e  almost 1 rn wide..12 

Two unexpected observa t ions  were made i n  t h i s  study. A s i g n i f i c a n t  
f r a c t i o n  of t he  cleavage f r a c t u r e s  i n i t i a t e d  a t  MnS i nc lus ions  of small  
s i z e  (-1 p)  i n s t ead  of a t  the  ca rb ides  u sua l ly  considered t o  be i n i t i a -  
t i o n  s i t e s .  The au thors  a r e  not  aware of any s i m i l a r  observa t ions  i n  any 
s t e e l s .  However, Melander and Steninger13 found t h a t  s u l f i d e s  c rack  a t  
cons iderably  lower s t r a i n s  than  does p e a r l i t e .  I f  s u l f i d e s  a l s o  c rack  
more r e a d i l y  than  grain-boundary ca rb ides  i n  t h i s  A508 s t e e l ,  they could 
serve  a s  cleavage nuc le i .  However, t h i s  does not  exp la in  t h e  observa t ion  
t h a t  t h e  mic ros t ruc tu ra l  f e a t u r e s  of t h e  o r i g i n s  were not  p a r t i c u l a r l y  
unusual f o r  t h e  s t e e l ,  even though some cleavage o r i g i n s  were loca t ed  a s  
f a r  a s  2 mm from the  s t a b l e  c rack  f r o n t s ,  and i n  some cases  cleavage oc- 
cur red  only a f t e r  s i g n i f i c a n t  amounts of s t a b l e  c rack  growth. It i s  now 
gene ra l ly  recognized, f o r  example by Curry and Knott,14 t h a t  t he  charac- 
t e r i s t i c  d i s t ance  x  must be viewed i n  s t a t i s t i c a l  terms t o  account f o r  
the  d i s t r i b u t i o n  of t h e  c r i t i c a l  mic ros t ruc tu ra l  dimensions, namely, t he  
th i ckness  of t he  grain-boundary carb ides .  The p re sen t  observa t ions  sng- 
ges t  t h a t ,  a t  l e a s t  i n  t h i s  quenched-and-tempered s t e e l ,  a  secondary m i -  
c r o s t r u c t u r a l  f e a t u r e  i s  more important i n  l o c a t i n g  t h e  cleavage o r i g i n ,  
o r  t he  so-cal led "weak spot . "  One t e n t a t i v e  sugges t ion  based on the  
f r ac tog raph ic  examinations i s  t h a t  t he  secondary f e a t u r e  might be a  col- 
l e c t i o n  of f s r r i , t a  g r a i a s ,  posoibly w i t h i n  the  same p t io r - aus t en . i t s  
g ra in ,  a l l  of which have the  same favorably  o r i e n t e d  cleavage planes.  A 
s i m i l a r  observa t ion  has  been made by Ogawa e t  a l . l a  A l t e r n a t i v e l y ,  t he  
weak s p o t s  may be a s soc i a t ed  w i t h  the  segrega t ion  bands. A more p o s i t i v e  
i d e n t i f i c a t i o n  of the natur.e of the  weak s p o t s  would be requi red ,  how- 
ever ,  t o  f u l l y  understand t h e  c leavage- t r igger ing  phenomenon and t h e  as- 
soc i a t ed  s c a t t e r  of f r a a t u r e  toughness of RW s t e e l s  i n  t he  duc t i l e -b r i t -  
Lle t r a n s i t i o n  region. 

2.2.3 Task 4: Crack a r r e s t  

The o b j e c t i v e  of Task 4 i s  t o  develop techniques  t o  measure the  
c rack-ar res t  toughness on the  upper she1 f of t h e  duct i l e - b r i t t l e  t ran-  
s i t i o n  curve. During t h e  cu r r en t  q u a r t e r ,  c rack-ar res t  da t a  were ob- 
t a i n e d  a t  temperatures  t h a t  correspond w i t h  the  upper s h e l f  of t he  Charpy 
V-notch curve. Two successfu l  experiments were c a r r i e d  o u t  a t  tempera- 
t u r e s  above those f o r  which ESSO t e s t  da t a  a r e  a v a i l a b l e  from Japanese 
experiments. 

2.2.3.1 Review of ~ r e v i o u s  work. The l a s t  p rog res s  report1'  
discussed t h e  capsci t y  of the  current-de s i g n  wedge-loaded compact 



specimen t o  provide l a r g e  K va lues .  Several problems were noted: 
a  

1. the  f r i c t i o n  be tween the  transverse-wedge-loaded specimen and t h e  
support  p l a t e  may i n h i b i t  r a p i d  crack propagat ion,  

2. t he  maximum value  of i n i t i a t i o n  toughness K i s  l i m i t e d  by notch-t ip  
0 p l a s t i c i t y ,  

3 .  t he  s t a t i c  s t r e s s  i n t e n s i t y  a t  a  given displacement decreases  w i t h  
c r ack  l eng th ,  and 

4 .  cu r r en t  specimen s i z e s  may be too  small .  

It was suggested . t h a t  use of the  duplex compact specimen16 w i l l  pro- 
vide f o r  h ighe r  K values.  I n  add i t i on ,  use of an  inve r t ed  s p l i t  pin17 

0 e l i m i n a t e s  t h e  clamping a c t i o n  inhe ren t  i n  conventional t ransverse  wedge 
loading .  F i n a l l y ,  the  nega t ive  s t r e s s -  i n t e n s i t y  g rad ien t  can be e l  i m i -  
na ted  i f  t h e  s ide  grooves a r e  contoured. These t h r e e  modi f ioa t ions  have 
been made dur ing  t h e  p re sen t  qua r t e r .  Size inc reases  have not  y e t  been 
.i nvss t i  p t e d .  

2.2.3.2 Inver ted-sp l i t -p in  loading r e s u l t s .  The new s e r i e s  of re- 
i n i t i a t i o n  specimens (101.6 x 98.8 x 25.4 mm) made from TSE-5A s t e e l  pro- 
vided a n  oppor tuni ty  t o  a s s e s s  t h e  inver ted-sp l i t -p in  loading  using weld- 
embr i t t l ed  specimens. Ex i s t i ng  BQ crack-ar res t  da t a  obtained on weld- 
e m b r i t t l e d  specimens a r e  l i m i t e d  t o  temperatures  up t o  RT + 45°C.9 

NDT 
Th i s  l i m i t a t i o n  may be p a r t l y  caused by the  clamping a c t i o n  a s soc i a t ed  
w i t h  the  usual  p i n  design. I n  some r e s p e c t s ,  t h i s  clamping a c t i o n  i s  
b e n e f i c i a l  because i t  al lows t h e  experiment t o  be run  a t  condi t ions  c lo se  
t o  f  ixed-grip loading.  I n  c o n t r a s t ,  use of t h e  inve r t ed  s p l i t  p i n  a t  
t empera tures  below RT r e s u l t e d  i n  l a r g e  p o s t i n i t i a t i o n  arm displace-  

NM' 
ment.8 It was concluded t h a t  t h i s  e x t r a  specimen freedom might be h a r  
nessed t o  produce uns t ab le  cracks under condi t ions  f o r  which they nor- 
mally a r e  no t  obtained.  

FOP t h i s  rcason,  t h e  welds-cmbrittled r e i n i t i a t i o n  specimens were 
cleavage precracked us ing  I rwin ' s  inverted-spl  i t -p in  arrangement.= The 
precracking tempera tures  were a l l  higher  than  had been used p rev ious ly  a t  
BCL on weld-embritt led specimens. As i s  shown i n  Table 2.3, f i v e  of s i x  
specimens t e s t e d  a t  660C (RTm + 56OC) produced uns t ab le  c rack  growth. 
Success was a l s o  achieved i n  one of two specimens t e s t e d  a t  700C (RT + 
600C). However, both specimens t e s t e d  a t  79.C (RTNm + 69OC) display% 
s t a b l e  c rack  growth. This  r e s u l t  i s  encouraging because use of t h e  in- 
v e r t e d  s p l i t  p i n  appears  t o  have r e s u l t e d  i n  a n  -150C inc rease  i n  t h e  
temperature c a p a b i l i t y  of the  weld-embri t t led specimen. It should be 
nuted, huwever, t h a t  Crosley and Rip1 i n g l 0  have repaseed weld-embritt led- 
specimen d a t a  a t  a  comparable temperature f o r  one p l a t e  of A533B s t e e l  
us ing  t h e  convent ional  loading arrangement. 

Table 2.3 a l s o  shows t h a t  t h e  a r r e s t  displacements  exceeded t h e  in i -  
t i a t i o n  displacements  by no more than  7%. This  r e s u l t  i s  i n  sharp con- 
t r a s t  t o  those of the  inverted-spl  i t -p in  experiments a t  O°C, s where the  
p o s t i n i t i a t i o n  displacements  were so l a r g e  t h a t  t he  c l i p  gage flew out of 
i t s  s ea t ing  blocks. The d i f f e r ence  i s  poss ib ly  caused by the  h igher  
crack-growth r e s i s t a n c e  (K a t  t he  h igher  temperatures.  The physical  D 
mechanism c o n t r o l l i n g  t h e  l e v e l  of K,, i s  be l ieved  t o  be ligament forma- 
t i o n  and tear ing .16  A t  h igher  temperatures ,  t h e  l igaments  a r e  more preva- 
l e n t ;  a c t i n g  a s  pinching fo rces ,  they serve  t o  hold t h e  c rack  f a c e s  



T a b l e  2 .3 .  Crack -arres t  d a t a  f o r  TSE-SA s t e e l  
( i n v e r t e d - s p l  i t - p i n  l o a d i n g  l a  

T e s t  D i sp lacemen t  Crack  l e n g t h  S t r e s s  i n t e n s i t y  
Specimen 

t e m p e r a t u r e  
(mm) (mm) (MPa -,hi) 

No. 
(OC) I n i t i a t i o n  A r r e s t  I n i t i a t i o n  A r r e s t  

' a  
-- 

5A-120 66 1.14 1.22 32.8 67.2 219 100  
-121 6 6 1.09 1.14 32.8 67.2 211 94 
-122 7 0  b b h b b b  
-123 66 b b b b b b  
-124 66  0.93 0.99 33.5 65.5 177 87 
-125 66 0.91 0.92 33.5 63.1 174 87 
-126 66 0 .98  1.01 33.5 61.3 187 101  
-127 7 9 b b b b b b  
-128 7 9 b b b b b b  
-129 7 0 1.06 1.09 32.3 48.3 207 152' 

a  
Specimen s i z e  = 101.6 x 98.8 x 25.4 mm. 

b ~ t a b l e  c r a c k  growth .  
C 

I r r e g u l a r  c r a c k  f r o n t .  

toge ther  and 1 i m i t  p o s t i n i t i a t i o n  displacements.  For t h i s  reason, t he  
observed clip-gage response i s  cons i s t en t  w i t h  cu r r en t  i deas  of dynamic 
f r a c t u r e  toughness. 

As i s  shown i n  Table 2.3 and Fig. 2.8, t he  v a l u e s  of Ka a t  660C a r e  
c lo se  t o  those obtained a t  51-54OC us ing  t h e  conventional s p l i t - p i n  ar- 
rangement. While lowered f r i c t i o n  has previous1 y heen shwn9 t o  ~ Q W I E  

Ka, those low K va lues  were a s soc i a t ed  w i t h  l a r g e r  r a t i o s  of a r res t - to-  
a  

i n i t i a t i o n  displacement t han  were observed i n  t h e  present  t e s t s .  The 
compact-specimen va lues  a t  66OC a r e  a l s o  much lower than  t h e  K value 
f o r  Jump 4 of TSE-SA; i n  f a c t ,  two p o i n t s  l i e  below the  K Ia 1n 

labcurve* c o n t r a s t ,  t he  one datum poin t  a t  70°C (RTm + 600C) l i e s  a  ove the  TSE- 
5A r e s u l t .  However, t h e r e  i s  cons iderable  unce r t a in ty  i n  t h e  abso lu t e  
va lue  of t h i s  point .  The specimen was h ighly  ligamented and disp layed  a  
very i r r e g u l a r  crack f r o n t ,  making a  p rec i se  de te rmina t ion  of K d i f f i -  

a 
c u l t .  Nevertheless ,  t he  surf  ace appearance suggested a  high va lue  of K . a 

I n  summary, t h e r e ,  i s  some ques t ion  about t he  meaning of K va lues  a  
obtained w i t h  t h e ,  i nve r t ed  s p l i t  pin. However, t h i s  loading arrangement 
appears  t o  provide a  usefu l  t oo l  f o r  r a i s i n g  the  temperature c a p a b i l i t y  
of the compact c rack-ar res t  specimen. 

2.2.3.3 Duplex. specimens wi th  contoured s i d e  grooves. A new ship- 
ment of s t e e l  from TSE-6 was used f o r  the  balance of the  experiments. As 
a  r e s u l t  of the  h e a t  t reatment  used, t he  as-received. ma te r i a l  had a  very 
high value of RTNDT (66OC1, and t h e  .Charpy upper s h e l f  was reached a t  

about 1000C. This  behavior n e c e s s i t a t e d  t h e  use of q u i t e  high t e s t  tem- 
pera tures .  
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TEMPERATURE ( O C )  

Fi,g. 2.8. Master p l o t  of c rack-ar res t  da t a  f o r  TSE-5A s t e e l .  

Duplex compact-crack-arrest specimens were f a b r i c a t e d  from t h i s  
s t e e l .  The specimens cons i s t ed  of a  block of SAE 4340 s t e e l  e lectron-  
beam (EB) w e 1  d ~ d  t n  a  block of the  TSE-6 s t e e l .  These specimens a l s o  
employed a  mod i f i ca t ion  of t he  side-groove design,  a s  i s  i l l u s t r a t e d  i n  
Fig. 2.9. Previous experience using duplex specimens r e s u l t e d  i n  da t a  up 
t o  R'rNm + 6UUC and one poin t  aL RT + POOQC. Oevcrol o t h o ~  a t tempts  NDT 
t o  o b t a i n  da t a  i n  t h i s  temperature range r e s u l t e d  i h  t he  crack a r r e s t i n g  
a t  t he  weld 1 ine or  w i t h i p  the  hea t -a f fec ted  zone (HAZ) . The s ide  groove 
design shown i n  Fig. 2.9 i s  intended t o  m i t i g a t e  t h i s  problem. Specif i- 
c a l l y ,  t he  depth of t he  s ide  grooves i s  60% w i t h i n  most of the  t e s t  sec- 
t i o n ,  but only 10% w i t h i n  most of t h e  s t a r t e r  s ec t ion .  These two seg- 
ments a r e  connected by a  smooth r ad ius  t h a t  spans t h e  weld zone. Within 
t h e  t r a n s i t i o n  reg ion ,  the  s t a t i c  s t r e s s  i n t e n s i t y  a t  a  given displace-  
ment i nc reases  w i t h  inc reas ing  crack  length .  As a r e s u l t ,  r e l a t i v e l y  
l a rge  r a t i o s  of K /KO a r e  poss ib l e  f o r  a  crack t h a t  a r r e s t s  w i t h i n  t h e  

a  
t e s t  sec t  j on. 

Table 2.4 r e p o r t s  t he  data .  In  a l l  but  one specimen, t he  crack ar- 
r e s t e d  a t  t h e  weld l i n e .  When weld-line a r r e s t  was observed, t he  tempera- 
t u r e  was lowered, and the  specimen was r e t e s t e d .  I n  t h i s  way, four  addi- 
t i o n a l  da t a  p o i n t s  were obtained. These a r e  p l o t t e d  i n  Fig. 2.10, along 
w i t h  the  balance of t h e  TSE-6 crack-ar res t  d a t a  both from BCL and Oak 
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F i g .  2 . 9 .  Schematic drawing o f  duplex crack-arrest  specimen w i t h  
contoured s i d e  grooves .  

Table 2.4. Crack-arrest data for TSE-6 steel (duplex specimens, 
contoured side groove, spl it-pin loading) 

Displacement Crack length Stress intensity 
Specimen 

Test 
temperature 

(mm) (mm) ( M P ~  -6) 
NO. I a n \  

I ' L J  Initiation Arrest Initiation Arrest Initintion Arrcst 

'~rrested in weld zone. 

b~einitiation of arrested crack. 
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Fig. 2.10. Master p l o t  of c rack-ar res t  da t a  f o r  TSE-6 s t e e l .  

Ridge National  Laboratory (ORNL). The new d a t a  have some s i m i l a r i t i e s  t o  
those  f o r  TSE-5A i n  t h a t  they tend t o  f a l l  w i t h i n  t h e  ESSCktest s c a t t e r  
band wi th  the  except ion  of one specimen t h a t  has  a K value t h a t  i s  not  

I a  
only lower than  t h e  comparable ESSO da ta ,  but a l s o  f a l l s  below K Ia A 
f i n a l  po in t  w i t h  regard  t o  t hese  da t a  i s  t h a t  i n  a i l  cases  but one, t he  
a r r e s t  displacement was no more than  10% g r e a t e r  than  t h e  i n i t i a t i o n  dis-  
placement, which i s  comparable t o  BCL experience f o r  the  usual  sp l  i t -p in  
arrangement a t  lower t e s t  temperatures  and f o r  TSE-5A a t  h igher  t e s t  tem- 
pe ra tu re s .  

One p o s s i b l e  explana t ion  f o r  t h e  a r r e s t  i n  t h e  weld zone i s  t h a t  t h e  
weld and/or  HAZ pass  through a d u c t i l e - b r i t t l e  t r a n s i t i o n .  It should be 
r e c a l l e d  t h a t  t h e  duplex specimens used on t h e  Cooperative Test  Program 
had s ide  grooves t h a t  were deepened i n  t h e  weld r eg ion  because t h i s  ef- 
f e c t  was suspected. A pseudo-Charpy impact specimen was designed t o  in- 
v e s t i g a t e  t he  weld-zone toughness. F igure  2.11 shows t h e  specimen. It 
was cu t  from ha l f  of a  broken duplex c rack-ar res t  specimen so t h a t  t he  
c r ack  pa th  r a n  a c r o s s  t h e  weld and HAZs i n  t h e  same d i r e c t i o n  a s  i n  t h e  
duplex c rack-ar res t  specimen. I'he specimens were then  t e s t e d  i n  a  Charpy 
machine i n  t h e  same way a s  impact specimens of conventional design. The 
absorbed e n e r g i e s  a r e  p l o t t e d  i n  Fig. 2.12. There was a  s l i g h t  increase  
of energy abso rp t ion  w i t h  inc reas ing  temperature,  but  no i n d i c a t i o n  t h a t  
t h e  weld zone passed through a  d u c t i l e - b r i t t l e  t r a n s i t i o n .  

On reviewing t h e  r e s u l t s  from TSE-6, it  was decided t h a t  progress  
would be f a c i l i t a t e d  i f  t he  experiments could be run a t  lower absolu te  
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Fig. 2.11. Modrried Charpy V-notch specimen made from weld region of 
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Fig. 2.12. ~bsorbed-energy/temperatore data for weld-HAZs of duplex 
specimens of TS%6, Modifis4 Cbrxpy V-notoh specimen. 
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t e s t  temperatures. For t h i s  reason, a piece of the TSE-6 s t e e l  was tem- 
pered a t  high temperature (705OC) f o r  4 h and furnace cooled. Tensile 
and Charpy-impact p roper t i es  f o r  s t e e l  subjected t o  t h i s  heat  treatment 
a r e  given i n  Table 2.5 and Fig. 2.13. Based on the 41-J Charpy tempera- 
tu re ,  the provisional  BT was --290C. Duplex crack-arrest specimens ran were fabr ica ted  from t h i s  piece of s t e e l ,  and a s e r i e s  of crack-arrest 
t e s t s  was performed. The design and procedures were iden t ica l  t o  those 
of the previous s e r i e s  except f o r  speoimen 6 0 e 5 .  In  t ha t  case, the 
s ide  grooves i n  the  weld region and t e s t  sec t ion  were V-shaped t o  a depth 
of 4 mm, and a 0.6-mn-thick s l o t  was extended from the t i p  of the vee f o r  
a distance of 6 mm. The t o t a l  goove depth was 60%, as  it was f o r  the re- 
maining specimens. 

The data  a r e  presented i n  Table 2.6 and p lo t t ed  i n  Fig. 2.14. There 
a r e  several  notable points. Most importantly, crack-arrest data  have 
been obtained a t  -lOO°C a b ~ v e  the  estimated l eve l  of RTm. The l a rge s t  

values were q u i t e  high (for CI' specimens), i n  excess of 200 m a -  Jm. 

Fig. 2.13. Energy absorption a s  funct ion of t e s t  temperature f o r  
reheat- treated TSE-6 s t e e l  (Code TSE-6R). Charpy V-notch specimens. 



Table 2.5. Mechanical p roper t i e s  of reh2at-treated s t e e l  
from TSE-6 s t e e l ,  TSE-6g?i, '. *t 

. ,*, 
8 - A" 

Tensile da ta  Charpy V-notch impact da ta  
Temperature 

(OC) 0.2% Off s e t  Ultimate t e n s i l e  Reduction Ener gy 
y i e l d  s t r eng th  s t rength  i n  area  

(MPa 1 (MPa 1 ($1 
(J) 

%tempered a t  7050C f o r  4 h and furnace cooled. , , -  . C  , 

8 

b ~ a l f - s h e l  f anerg-,., -:' aL. L --  
c 

Shelf energy. 

' - 
I I ' -  

Table 2.6. Crack-arrest data f o r  reheat- treated TSE-6 s t e e l ,  TSE6R 

temperature No. I 

(OC) I n i t i a t i o n  Arrest  I n i t i a t i o n  Arrest  'a 

6 0 W 4 b  23 1.45 1.57 40.64= 81.ga 230a 205: 
- 4 0 2.56 2.58 81.90 108.4' 334 189 

1.61 1.71 41.15 72.6 254 260 I* 

40 c c c c c c 
53 1.38 1.55 40.64 80.6 219 207 

-8b - 8 0 1 .ll 1.16 80.60 110.9 148 78 
71 d d 44.45 61.1 d e -'b 183 89 
2 4 61.1 106.2 - 9 1.01 1.13 

-10 71 1.69 1.86 44.2 84. 84e 259 233 
-14 93 1.93 2.10 40.64 - -4J9.44 <>- 307 e 

a Values quest ionable due t o  very i r r e  
' --5 

b ~ e i n i t i a t i o n  of a f res t sd  crack. 

'stable crack growth. - ' .. b 41 8 

d ~ w o  apparent i n i t i a t i o n i a r r e s t  event;' bef 
weld zone. It was not possible t o  assign an unambiguous KO t o  t h i s  specireen- &!! "' 
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Pig. 2.14. Effect  of t e s t  temperature on crack-arrest toughness 
reheat-treated TSE-6 s t ee l  (Code TSE-6R). 
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However, one of the  four specimens (60BEP-4) with KIa a t  >200 MPa-,/iii had a 

300 

250 

very ragged crack, and i t s  K values are  suspect, both a f t e r  the or iginal  a a r r e s t  and a f t e r  a r r e s t  following r e i n i t i a t i o n .  Data points f o r  t ha t  
speoimen a r e  enclosed i n  parentheses i n  Fig. 2.14. The second point i s  
t h a t  the  contoured s ide  grooves performed t h e i r  function by extending the  
K /K r a t i o  t o  l e v e l s  close t o  m i t y .  Several very high values of KO 

I a  o were noted; t h i s  i s  believed t o  be caused by be t t e r  notch preparation. 
Finally,  no evidence of duc t i l e  f r ac tu r e  was observed on any crack sar- 
face examined a t  low-power magnification. (A typical  broken specimen i s  
shown i n  Pig. 2 -15.) Scanning-electron-microscope (SIN) fractographic 
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Table 2 . 7 .  Comparison o f  crack-arrest t e s t  data 
and Charpy u p p e r  she l  f data 

Charpy she l  f ' ~ a  t e s t s  

Thermal shock 
t e s t  mater ia l  Energy Approximate Highest Highest KIa 

(J) temperature temperature 
(OC) (O C) 

(MPa -6) 

- - .  - - 

250 
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TSE-4 

TSE-5 

0 CROSLEY AND RIPLING (CT) 

0 HAHN et  al. (DCB, C f )  

A WlTT (CT, MACHINE LOADED) 

'lo 3 COOPERATIVE TEST PROGRAM 

Fig .  2 . 1 6 .  Compilation of compact-specimen crack-arrest data.  



?RT + 30°C.16~18 ,Z0~a1  The appropr i a t e  ORM, thermal-shock d a t a  a r e  
Nur 

a l s o  . included. There i s  s u r p r i s i n g l y  good agreement among l a b o r a t o r i e s ,  
cons ider ing  t h e  v a r i e t y  of s t e e l s ,  specimen designs,  and t e s t  procedures.  
The i n s e n s i t i v i t y  of K t o  specimen design f o r  wedge-loaded samples has  

I a  
been r epor t ed  p r e v i o ~ s l y . ~ ~  Surp r i s ing ly ,  t he  machine-loaded 1/2T and 
1TCT-specimen da t a  of W i t t Z O  a r e  c o n s i s t e n t  w i t h  the  o the r  r e s u l t s .  W i t t  
measured load  and crack  l eng th  a f t e r  a r r e s t ,  c a l c u l a t i n g  K from an 

I a  equivalent-energy est imate.  He a1 so r epo r t ed  " tear ing1 '  f o r  many of t he  
specimens p l o t t e d  i n  Fig. 2.16, where o the r  au tho r s  observed cleavage. 
The reason  f o r  t he  agreement between t h e  r e s u l t s  of W i t t a o  and those  of 
o the r  au thors  i s  no t  a t  a l l  c l ea r .  

The l a r g e s t  K values iii Pig. 2.16 a r e  on t h e  order  of 200 MPa*@. 
I a  This  i s  much smaller  than  t h e  l a r g e s t  r epo r t ed  ESSO-test r e s u l t  from our 

1 i t e r a t u r e  survey, a 3  where K was c lose  t o  400 MPa*@. As shown i n  
I a  

Fig. 2.17, t h e  ESSO d a t a  and CI' or  DCB da ta  a r e  not  very d i f f e r e n t  be- 
tween 30 and 50°C above RTm. However, t he  ESSO r e s u l t s  show a  much 
l a r g e r  temperature dependence, and t h e  r eg ion  of over lap  of t he  s c a t t e r  
bands apparent ly  s tops  a t  -RTm + 75OC. However, t he  s c a r c i t y  of pin- 

loaded-specimen da t a  a t  t he  h ighes t  temperature makes t h e  s c a t t e r  band 
very approximate a t  h igher  temperatures.  

The da t a  obtained i n  t he  p re sen t  program a r e  compared wi th  t h e  pin- 
loaded s c a t t e r  band i n  Fig. 2.18. The new p o i n t s  a r e  we l l  represented  
by t h e  s c a t t e r  band except f o r  t he  RT + 100°C da ta ,  which r e q u i r e  ex- 

NDT t r a p o l a t i o n ,  and t h e  da t a  poin t  f o r  specimen 60RR-4, which had t h e  very . 

uneven crack  f r o n t .  The da t a  extend t o  t h e  upper she l f  of t he  KIR curve 

( K ~ ~  
= 220 MPa*fi), and t h e r e  i s  no good i n d i c a t i o n  t h a t  t h e  s lope de- 

c r e a s e s  a s  t h e  t e s t  temperature i s  r a i s ed .  Therefore,  upper-shelf be- 
havior  apparent ly  has not  been obta ined  ye t .  

2.2.4 Task 5: Data base 

The ob jec t ive  of t h i s  t a s k  i s  t o  c o l l e c t ,  organize,  and analyze a l l  
a v a i l a b l e  c rack-ar res t  da t a  r e l a t i v e  t o  R W  s t e e l s ,  weldment s, and' weld 
HAZs. Data f o r  both u n i r r a d i a t e d  and i r r a d i a t e d  specimens a r e  t o  be in- 
cluded. R e a l i s t i c  lower-bound e s t i m a t e s  f o r  K w i l l  be obtained by I a  
means of s t a t i s t i c a l  ana lyses  of the  da ta .  E f f o r t s  during t h e  c u r r e n t  
q u a r t e r  involved da t a  c o l l e c t i o n ,  development of computer programs t o  
f a c i l i t a t e  da t a  s torage  and ana lys i s ,  and the  development and a p p l i c a t i o n  
of s t a t i s t i c a l - a n a l y s i s  procedures. 

This t a s k  c o n s i s t s  of the  fol lowing elements:  (1)  c o l l e c t i o n  of K I a  
da t a  from BCL and o the r  sources,  (2 )  development of procedures  f o r  da t a  
s torage  and r e t r i e v a l ,  and (3)  s t a t i s t i c a l  a n a l y s i s  of data .  In  t h e  fo l -  
lowing sec t ions ,  cu r r en t  e f f o r t s  i n  each of these  t a s k s  a r e  de-scribed. 

2.2.4.1 Data ool leo t ion .  C o l l s e t i a n  of KIa d8Ca frirm var ious  
sources has  continued during t h i s  r e p o r t  period. Formal o rgan iza t ion  and 
t a b u l a t i o n  of these da t a  w i l l  be c a r r i e d  out a s  p a r t  of the  fol lowing 
subtask. The da t a  c o l l e c t i o n  e f f o r t  w i l l  be continued, wi th  new data .  
being added a s  they a r e  acquired. - 

2.2.4.2 Data t abu la t ion .  ' h o  programs have been w r i t t e n  t o  main- 
t a i n  t he  da t a  s e t .  The f i r s t  of these enables  t h e  user  t o  en t e r ,  modify, 
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OTHER 
DATA 

Fig.  2 .17.  Comparison -3etween compact- 
specimen and ESSCFtest crack-arrest-toughness 
data  s c a t t e r  bands. 

F ig .  2 .18.  Crack-arrest-toughness data 'ob- 
t a i n e d  i n  present  program compared w i t h  s c a t t e r  
band f o r  pin-,loaded specimens. 



and d e l e t e  da ta ,  while t h e  second provides  a  convenient method f o r  p r in t -  
ing s e l e c t e d  p o r t i o n s  of t he  data .  Both programs have been t e s t e d  a t  
some length ,  and a l l  known problems have been solved. Ce r t a in  enhance- 
ments t o  both programs may be necessary t o  provide s l i g h t l y  more con- 
venien t  en t ry  of da ta ,  add i t i ona l  c a p a b i l i t i e s  f o r  hand1 ing unknown o r  
i napp l i cab le  da t a ,  and a  more p l eas ing  appearance f o r  t he  p r i n t e d  r epor t .  

The programs can genera te  two types  of p r i n t e d  r epor t s .  The long 
form, shown i n  Table 2.8, g ives  complete informat ion  on t h e  dimensions of 
the  sample. This  form can be used- f o r  da t a  generated i n  house. Because 
the  l i t e r a t u r e  r a r e l y  inc ludes  such d e t a i l ,  a  s h o r t  form i s  a l s o  ava i l -  
able ,  a s  shown i n  Table 2.9. In-house da t a  mrry a l s o  be p r i n t e d  i n  t h e  
s h o r t  form t o  avoid v i s u a l  c l u t t e r .  

I n  t h e i r  cu r r en t  s t a t e ,  t he  programs do not  i n t e r a c t  with the  s ta-  
t i s t i c a l  package. It i s  a n t i c i p a t e d  t h a t  t h i s  w i l l  not  be a  s i g n i f i c a n t  
d i f f i c u l t y ;  t h e  report-generat ing program has been w r i t t e n  so t h a t  only 
minor modi f ica t ions  w i l l  be necessary t o  produce a  f i l e  t h a t  may be used 
a s  input  by the  s t a t i s t i c a l  rou t ines .  

2.2.4.3 Out l ine  of t he  s t a t i s t i c a l  ana lys i s .  A new procedure has 
been developed f o r  t he  e s t ima t ion  of t r a n s i t i o n   curve^.^^-"^ During 
t h i s  r e p o r t  per iod,  t he  procedure was genera l ized  t o  include confidence 
bounds f o r  t he  es t imated  t r a n s i t i o n  curves. In  add i t i on ,  a  computer code 
ITLSANAL was w r i t t e n  t h a t  a l lows f o r  a  s t r a igh t fo rward  a p p l i c a t i o n  of t h e  
method on any given s e t  of c rack-ar res t  data .  F ina l ly ,  t h e  procedure was 
app l i ed  t o  two s e t s  of c rack-ar res t  da t a  t o  i l l u s t r a t e  t h e  procedure. 
The r e s u l t s  of these e f f o r t s  a r e  descr ibed  i n  more d e t a i l  below. 

The s t a t i s t i c a l  a n a l y s i s  of c rack-ar res t  da t a  depends on t h e  follow- 
ing model. Let E  denote t he  observed va lue  a t  temperature T  ( f o r  exam- 

T  
p l e  K da t a  o r  Charpy-impact d a t a ) .  The p r o b a b i l i t y  t h a t  t he  observed 

a  measurement E  w i l l  be l e s s  t han  o r  equal t o  x i s  given by 
T  

I ~ ' ~ ' J  f o r  x o 
P[E, 1 XI = 

1 f o r  x < 0 

The r i g h t  s ide  of Eq. (2.26) r e p r e s e n t s  t h e  cumulative d i s t r i b u t i o n  func- 
t i o n  f o r  t he  Weibull  d i s t r i b u t i o n  wi th  s c a l e  parameter.  p(T)  and shape 
parameter a(T), which a r e  allowed t o  depend on temperature.  

The 100 p t h  p e r c e n t i l e  of t h e  d i s t r i b u t i o n  def ined  by Eq. (2.26) i s  
t he  parameter (T) such t h a t  P[ET 1 C (T) ]  = p. It i s  t h e  parameter of 

P .  P  
primary i n t e r e s t ,  and i t  i s  c a l c u l a t e d  by 

Based on the  e s t ima t ion  procedure descr ibed  i n  Ref. 24, e s t ima te s  ;(TI 
and B(T) a r e  obta ined  f o r  a(T)  and $(T).  These e s t ima te s  a r e  combined, 



Table 2.8. Computer printout for long-form crack-arrest-data tabulation 

Series BOO1 16-MAR-83 

Platerial: low-Cu, high--upper-shelf iA533B plate 

Condition: 
0 ,  T, SR at 6 2 0  C 40+20 hr. 

CRACK ARREST .DATA 
Author: C. W. Marschall et al. 
Laboratory: Eattelle-Columbus Laboratories 
Reference: 
Pressure Vessel Design-PVP Vol. 57, G. Widera, ed., USIIE, New York (1982) 

MATERIAL DATA 
Author: C. W .  Narschall et al. 
Laboratory: Battelle-Columbus Laboratories 
Reference:. 
BCL Report to Westinghouse on EPRI RP1326-1. July 26. 1982. 

RTNDT -18. O°C 
CV30 --39. O°C. 
NDT -34. O°C 
FATT 29. O°C 

Restrictions on release: none 

Young's modulus calculated from data for A508 

Comments: 
Specimens of several sizes tested by sequential loading. 

sampie I D  
Sample type 
Temperature. OC 
Ka, MPa- 
Youn 's modulus. MPa 
Yiel! strength, PlPa I 

Height, mm 
Width, mm 
Thickness, mm 
Thj , rCnasc  3 t  grnoua., mm 
S1o.t heiaht. mm 
Notch radius mm 
Init. crack len th, mm 
A r r .  crack length mm 
Init. dis lacement. mm 
Arr. dispyacement, mm 
Non-elastic disp.. mm 
Loadin cycles 
validif" checks (w-a) 

(B) 
(Aa/aa min) 

Comments 



Table 2.9. Computer printout for short-form crack-arrest-data tabulation 

Ser i es BOO1 16-MAR-83 

Material: low-Cu, high-upper-shelf ,A533B p1at.e 

Condition: 
Q ,  T, SH at 620 C 40+20 hr. 

CRACK ARREST DATA 
Author: C. W. Marschall et al. 
Laboratory: Battelle-Columbus Laboratories 
Reference: 
Pressure Vessel Design-PVF Vol. 57, G. Widera, ed., ASME, New York (1982) 

MATERIAL DATA 
Author: C. W. Marschall et al. 
Laboratory: Battelle-Columbus Laboratories 
Ref erence: 
BCL Report to Westinghouse on EPRI RP132t-1, Julu 26. 1902. 

RTNDT -18. O°C 
CV30 -39. O°C 
NDT -34. O°C 
FATT 29. O°C 

Restrictions on release: none 

Young's modulus calculated from data for A508 

Comments: 
Specimens of several sizes tested by sequential loading. 

Sample ID GP-90 GP-9 1 GP-93 GP-$4 
Sample type 1 1 1 1 
Temperature. OC 19.0 17.0 -19.0 - 1.0 
Ka, MPafi 95. 97. 55. 74. 
Yield strength. MPa 503.0 Sod. 0 531.0 517.0 
Comments 

Sample ID GP-95 GP- 97 GP-99A GP- 101 
Sample type 1 1 I 1 
Temperature, OC 0.0 -19.0 40.0 -1.0 

MPa fl 66. 59. 132. 1 
- 
/ 5. !:bid strength, MPa 517.0 531.0 48'7.0 517.0 

Comments 

Sample ID GP- 104 
Sample type 
Temperature, OC 
Ka, MPafi 
Yield strenath. MPa 
Comments - . 



v i a  Eq. (2.271, t o  o b t a i n  a n  e s t ima te  f o r  C (TI given by 
P  

The e s t i m a t i o n  procedure has been genera l ized  t o  include confidence 

bounds f o r  C (TI.  Once the e s t ima t ion  procedure i s  complete, e (T) i s  
P  P  

g iven  by Eq. (2.281, where B ( T )  and G ( T )  a r e  e s t ima te s  of B(T) and a(T) 
obta ined  from the  c rack-ar res t  da t a ,  and they a r e  t h e r e f o r e  random va r i -  

ab l e s .  Viewing e (TI a s  a  f u n c t i o n  of t he  random v a r i a b l e s  j?(T) and 
P  

& ( T I ,  the va r i ance  of (TI may be obtained using s tandard  error-propaga- 
t i o n  technique s. P  

A 

The r e s u l t i n g  form f o r  the  es t imated  var iance  f o r  C ( T ) . ( s e e  Ref. 26 
f o r  d e t a i l s )  i s  given by I" 

where H = -Rn(l - p )  and Ga and Ga a r e  t he  es t imated  va r i ances  f o r  b ( ~ )  
B a 

and ;(TI, r e s p e c t i v e l y ,  ob ta ined  from the  r e g r e s s i o n  ana lyses  employed by 
the  e s t ima t ion  procedure. 

The approximation t o  t h e  var iance  of en(T) g iven  by Eq. (2.29) ig- 
r6 

nores  any c o r r e l a t i o n  between the  e s t ima te s  B(T) and & ( T I .  However, the 
e f f e c t  of a  nonzero c o r r e l a t i o n  can be assessed ,  and a  conserva t ive  e s t i -  

mate of t h e  va r i ance  f o r  (TI can be ~ b t a i n e d . ~ "  
P  

Approximate 95% confidence bounds f o r  e (T) a r e  then  ca l cu la t ed  by 
P 

A computer code ITLSANAL has been developed t h a t  performs t h e  cal- 

c u l a t i o n s  r equ i r ed  t o  o b t a i n  the  e s t ima te s  B ( T ) ,  & ( T ) ,  c (TI,  and 
P  

B [ t P ( ~ ) i .  I n  add i t i on ,  the program c r e a t e s  computer p l o t s  of (1) t he  

c rack-ar res t  da t a  {ET) and S (T) v s  temperature and (2)  e (TI and t h e  as- 
P  P  

soc i a t ed  upper and lower 95% confidence bounds v s  temperature.  
The use r  i s  only requi red  t o  input  (1) t h e  c rack-ar res t  and tempera- 

t u r e  data,. ( 2 )  t h e  p e r c e n t i l e  ' to  be es t imated  (e.g., f i f t h ,  t en th ,  e t c . ) ,  
( 3 )  t h e  o rde r  of t he  polynomial t o  be used i n  e s t ima t ing  . the  n a t u r a l  
logari thm of B ( T ) ,  ( 4 )  t h e  order  of t he  polynomial t o  be used i n  est imat-  
ing the  n a t u r a l  logar i thm of a (T) ,  ( 5 )  t h e  convergence c r i t e r i a  f o r  the  . 
e s t i m a t i o n  procedure, and ( 6 )  t h e  maximum number of i t e r a t i o n s  allowed 
f o r  the  e s t ima t ion  procedure. 

During the  next  r e p o r t  per iod,  the program ITLSANAL w i l l  be i n t e t  
faced wi th  the  da t a  s torage  and r e t r i e v a l  program. 



2.2.4.4 Example ana lvses .  Two s e t s  of d a t a  have been chosen t o  il- 
l u s t r a t e  t he  s t a t i s t i c a l  a n a l y s i s  proccdure  and t h e  ITLSANAL computer 
code. The f i r s t  d a t a  s e t ,  p resen ted  i n  Table  2.10, i nc ludes  c r ack -a r r e s t  
d a t a  from ORNL exper iments  TSE-4 through -6.19,27 The second d a t a  s e t ,  
p r e sen t ed  i n  Table  2.11, i s  t h e  o r i g i n a l  BCL c r ack -a r r e s t  d a t a  f o r  t h e  
exper iments  (TSE-4: Ref. 19; TSE-5: Ref. 28; TSE-5A: Ref. 22; and 
TSE-6: Ref. 2 4 ) .  

The e s t i m a t i o n  procedure  was a p p l i e d  t o  bo th  s e t s  of d a t a ,  and t h e  
f i f t h  p e r c e n t i l e  curve was e s t ima t ed  f o r  bo th  s e t s  of da t a .  The numerical  
r e s u l t s  f o r  t h e  d a t a  p r e sen t ed  i n  Table  2.10 a r e  p r e sen t ed  i n  Table  2.12. 
The g r aph i ca l  r e s u l t s  a r e  p r e sen t ed  i n  F igs .  2.19 and 2.20. The numeri- 
c a l  r e s a l , t r  for  ,the d a t a  yraseu,ted i n  Tab le  2.11 a r e  p r e sen t ed  i n  T a b l e  
2.13, and t h e  g r aph i ca l  r e s u l t s  a r e  p r e sen t ed  i n  F igs .  2.21 and 2.22. 

These r e s u l t s  should be viewed on ly  a s  examples of t h e  s t a t i s t i c a l  
a n a l y s i s  technique.  The i r r e g u l a r  curve shapes  a r e  due t o  t h e  l a r g e  
s c a t t e r  and r e l a t i v e l y  smal l  number of p o i n t s .  Th i s  problem i s  accentu- 
a t ed  a t  e i t h e r  end of t he  curves.  A b e t t e r  f i t  t o  t h e  BCL d a t a  can  be 
achieved by us ing  a  h ighe r  o r d e r  polynomial approximat ion f o r  B(T) and /o r  
a ( T ) .  Because t he se  d a t a  were analyzed f o r  i l l u s t r a t i v e  purposes ,  t he se  
re f inements  were n o t  made i n  t h e  ana lyses .  

2.3 Fini te-Element  Analvses of  ESSO ~ e s t s *  

M. F. Kanninen t J. &madt 
C. R. Barnes t 

2.3.1 I n t r o d a c t  ion 

Th i s  t a s k  focused on an  assessment  of t h e  v a l i d i t y  of wide-pla te  
t e s t s  [ESSO, double t e n s i o n  (DT) I t o  provide r e 1  i a b l e  upper- she1 f  crack- 
a r r e s t  toughness  d a t a  f o r  use i n  t h e  thermal-shock ana ly se s .  The e f f o r t  
~ i i  t h i s  t a s k  inc luded  a  l i t e r a t u r e  review t o  i d e n t i f y  e x i s t i n g  wide-pla te  
t e s t  d a t a  con t a in ing  enough in format ion  t o  enab le  a  dynamic f i n i t e - e l e -  
ment i n t e r p r e t a t i o n  of t he  t e s t  r e s u l t s .  

It was found t h a t  s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  on ly  f o r  DT t e s t s  
conducted i n  Japan,  and even f o r  t h i s  case ,  exac t  i n i t i a l  c o n d i t i o n s  of 
t h e  t e s t  a r e  i l l - de f i ned .  S p e c i f i c a l l y ,  t h e  geometry of t h e  c r ack  s t a r t e r  
s e c t i o n  and t h e  i n i t i a l  no tch  l e n g t h  a r e  n o t  given. 

As a  sub task ,  p re l iminary  a c t i v i t i e s  were i n i t i a t e d  toward e s t ab -  
l i s h i n g  optimum specimen i n s t rumen ta t i on  procedures  f o r  t h e  t e s t  m a t r i x  
i n  t h e  proposed J a p a r U . S .  coope ra t i ve  r e s e a r c h  e f f o r t  f o r  developing-  
c r ack -a r r e s t  p r o p e r t i e s  p e r t i n e n t  t o  t h e  pressur ized- thermal-shock prob- 
lem. The procedures  were s p e c i f i c a l l y  designed t o  supply t h e  i n fo rma t ion  
needed f o r  t h e  dynamic f in i te-e lement  ana ly se s .  

8 Work sponsored by HSST Program under  UCC-ND Subcont rac t  85X-17624C 
between UCC-ND and BCL. 

t ~ C L ,  Columbus, Ohio. 



Table 2 . 1 0 .  ORNL crack-arrest  data  

Table 2 . 1 1 .  BQ crack-arrest  data  

Experiment Ka T- RTm 
(MPa *Jlii) (OC) 
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Table  2.'12. Est imates  a s s o c i a t e d  w i t h  ORNL d a t a  

F 

Est imates  

Tempera t n r e  ( M P a - 6 )  Beta  
( O C )  Lower F i f t h  UPPe r (MPa.6)  

A1  ph a  

conf idence p e r c e n t i l e  conf idence 
1 i m i t  e s t i m a t e  1 i m i t  

Table  2.13. Est imates  a s s o c i a t e d  w i t h  BCL d a t a  

Tempera t n r  e  
( MPa *,hi) 

Beta  
( O C )  Lower F i f t h  UPPe r ( M P a * p )  

A1 ph a  

conf idence p e r c e n t i l e  conf idence 
1 i m i t  e s t i m a t e  1 i m i t  
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T - R T N D ~  ('c) 

Fig. 2.19.. Crack-arrest data and est imated p e r c e n t i l e s  v s  tempera- 
ture (ORNL d a t a ) .  



ORNL-DWG 83-4953 ETD 

T-RTND, (OC) 

F i g .  2.20. Estimated f i f t h  p e r c e n t i l e  and conf idence bounds v s  tem- 
perature  (ORNL d a t a ) .  
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P i g .  2 .21 .  Crack-arrest data and est imated p e r c e n t i l e s  v s  temper a- 
ture (BCL data ) .  
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Fig .  2 .22 .  Estimated f i f t h  p e r c e n t i l e  and conf idence bounds v s  tem- 
perature  (BCL d a t a ) .  



2.3.2 Elastodvnamic f  ini te-element  ana lvses  

The elastodynamic f  ini te-element  ana lyses  conducted i n  t h i s  t a s k  
c o n s i s t e d  of two types  of computations: gene ra t i on  phase and a p p l i c a t i o n  
phase. 

2.3.2.1 Generation-uhase analvses .  I n  t h i s  type of computation, 
t he  experimental c rack  l e n g t h  v s  time da ta  a r e  provided a s  p a r t  of t he  * input  t o  t h e  f in i te -e lement  method. The r e s u l t  of t h i s  type of a n a l y s i s  
g ives  t he  v a r i a t i o n  of 5 wi th  c rack  v e l o c i t y .  

The s p e c i f i c  case analyzed was a DT t e s t  of a sh ip -hu l l  s t e e l  (code 
U S )  specimen conducted a t  -40°C. A schematic diagram of t he  specimen 
wi th  load ing  f i x t u r e s  i s  shown i n  Fig.  2.23. The r e s u l t s  of t h i s  analy- 
s is ,  along w i t h  those of Kanazawa e t  a1 . , 29  a r e  shown i n  Fig.  2.24. I n  
bo th  these ana lyses ,  t h e  s t e p  changes i n  t h i cknes se s  of t h e  t e s t  p iece  
(15 mm) ,  p n l l j n g  p l a t e s  (23 m m ) ,  and the  load ing  f i x t u r e  (30 mm) were 
ignored. 

A second computation was performed i n  which t h e  mass and s t i f f n e s s  
of each component i n  t h e  2-U f i n i  t e e 1  ement model wcr e appropr i a t o l y  ad- 
j u s t e d  t o  account f o r  t h e  vary ing  th ickness .  As expected, t he  r e s u l t s  
showed an e l e v a t i o n  i n  KD va lues  a t  a l l  c r ack  v e l o c i t i e s ,  thus  widening 
even f u r t h e r  t he  d i f f e r e n c e  between t h e  p re sen t  r e s u l t s  and those of 
Kanazawa e t  a l . 2 9  Regard less  of t he  source of discrepency between t h e  
p re sen t  r e s u l t s  and those  from Ref. 29, the  assumption of uniform th ick-  
n e s s  f o r  t h e  whole s t r u c t u r e  appears  t o  be dubious. 

2.3.2.2 Application-uhase analvses .  I n  t h i s  type of computation, 
a func t iona l  form of 5 (a ,  T) i s  provided a s  p a r t  of t he  input  t o  t h e  

- 

8 
RCL's FRACTDYN computer code was used i n  a l l  computations. 
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Fig.  2.23. Specimen geometry and loading  arrangement f o r  DT t e s t .  
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Fig. 2.24. Resul t  of generation-phasa computation. 
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f in i te -e lement  model, and t h e  r e s u l t s  of , the a n a l y s i s  give t he  v a r i a t i o n  
of c rack  l e n g t h  w i th  time inc luding  th'e c rack  l e n g t h  a t  a r r e s t ,  i f  a r r e s t  
occurs.  . The needed 5 (8,  T) func t ion  was ob ta ined  by using a v a i l a b l e  

da t a  on U S  s t e e l  fur 80 < .T < 300C. 
The s p e c i f i c  case analyzed was a t e s t  w i th  a  b i l i n e a r  temperature  

g rad i en t  imposod a loag  t h e  etack propaga t iou  d i r e c t i o n  (F ig .  2 . 2 5 ) .  Com- 
p u t a t i o n s  were performed using t h r e e  d i f f e r e n t  K values .  The p r e d i c t i o n  Q of craok-arrest  l eng th  i s  shown i n  F i g .  2.25 along wi th  t he  experimental 
r e s u l t s .  . I t  i s  important  t o  no te  t h a t  imiform th i cknes s  had t o  be as- 
sumed iq a l l  appl icat ion-phase ana lyses  because t h e  5 da ta  found i n  t h e  

l i t e r a t u r e  were ob ta ined  us ing  t h e  same assumption. However, i f  proper  
account of t h e  varying th i cknes s  was taken  i n  both generation-phase and 
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F i g .  2 .25.  Resul t s  of  application-phase camputa t ions .  



appl i ca  tion-phase analyses ,  t he  accuracy of the  p r e d i c t  i ons  can be ex- 
pected t o  be about t he  same. 

Overa l l ,  the  work performed i n  t h i s  t a s k  l e a d s  t o  t h e  conclusion 
t h a t  the  experimental da t a  obtained from the  DT t e s t  conducted i n  Ref. 29  
appears t o  be q u i t e  accura te .  What i s  i n  doubt i s  t h e i r  a n a l y t i c a l  in- 
t e r p r e t a t i o n  of the  da ta .  Some of the  d i f f i c u l t i e s  i n  t h e  a n a l y s i s  of 
the  da ta  can be a l l e v i a t e d  i f  an experimental record  of s t r a i n  v a r i a t i o n  
a t  the  boundaries of t he  t e s t  piece throughout t he  c rack  propagat ion t e s t  
can be obtained. Then, i n  t he  f  inite-element a n a l y s i s ,  only the  t e s t  
piece (wi th  s t r e s s  boundary condi t ions)  w i l l  need t o  be modeled, thus  
avoiding the  neces s i ty  t o  include the  p u l l i n g  p l a t e s  and t h e  loading f i x -  
t u r e  i n  the  analyses  and circumventing the  concern f o r  t he  th ickness  
changes. 

2.3.3 Pre l iminary  t e s t  procedure 

Based on the  a n a l y s i s  conclusions, and t o  address  some o ther  a spec t s  
of t he  problem, a  prel iminary p l an  has been made f o r  instrumenting t h e  
wide-plate specimens for t e s t s  proposed t o  bo condu~Lcd i n  Japan. Por 
t he  most p a r t ,  t he  specimen ins t rumenta t ion  w i l l  c o n s i s t  of t iming wires ,  
s t r a i n  gages, and thermocouples. The timing w i r e s  w i l l  be used t o  d e t e r  
mine c rack  speed f o r  t he  b r i t t l e  p o r t i o n  of c rack  propagat ion  and t o  
v e r i f y  the  c rack  speed monitor ing c a p a b i l i t y  of s t r a i n  gages appl ied  t o  
one s ide  of the  p ro j ec t ed  c rack  path.  This  procedure w i l l  e s t a b l i s h  a  
degree of c r e d i b i l i t y  f o r  s t r a i n  gage readings  during t h e  d u c t i l e  p o r t i o n  
of c rack  propagat ion  and subsequent c rack  a r r e s t .  S t r a i n  gages w i l l  a1 so 
be used t o  measure specimen boundary s t r a i n s  during c rack  propagat ion.  
The thermocouples w i l l  be used t o  monitor t he  specimen temperature gra- 
d i  en t  . 

It has been suggested t h a t  t he  t e s t  specimens i n  t h i s  program could 
serve  a  dual purpose. The f i r s t  purpose could be t o  provide crack in i -  
t i a t i o n ,  propagation, and a r r e s t  data .  A second t e s t  procedure could be 
used t o  e s t a h l  i sh  ma te r i a l  J resistance behavior on completion of the  
f i r s t  t e s t .  This  would c o n s i s t  of re loading  t h e  specimen u n t i l  t h e  crack 
r e i n i t i a t e s  and extends. This r e i n i t i a t i o n  and growth could be monitored 
us ing  the  dc e l e c t r i c a l  p o t e n t i a l  technique. 

Tn p r i n c i p l e ,  t h i s  i s  a r e l a t i v e l y  s t r a igh t fo rward  procedure. How- 
ever,  t h e r e  a r e  bothersome d e t a i l s  t h a t  cannot be addressed without  a  de- 
t a i l e d  examination of t he  t c s t  machine. This  examination i s  necessary t o  
devise a  method of i n s u l a t i n g  t h e  t e s t  specimen f  tom the  machine ( o r  al-  
t e r n a t i v e l y  of i n s u l a t i n g  t h e  e n t i r e  machine from ground).  The v i a b i l i t y  
of t he  e l e c t r i c  p o t e n t i a l  technique depends on t h e  e l e c t r i c a l  i s o l a t i o n  
of t he  t e s t  specimen. Planning w i l l  continue f o r  t h i s  a c t i v i t y .  



2.4 I n v e s t i g a t i o n  of'Damping and Cleavane-Fibrous 
T r a n s i t i o n  i n  Reactor-Grade S tee l*  

W. L. Fourney t G. R. l nv in t  
K. ogawat X-J. Changt 

R. ~ h o n a t  

2 .4 .1  Pntroduct ioa  

The r e sea rch  program a t  the  Univers i ty  of Maryland i s  aimed a t  in- 
c r e a s i n g  t h e  understanding of crack run-ar res t  even t s  i n  nuc lear  RW 
s t e e l s .  An i n t e n s i v e  study i s  being conducted of t h e  behavior of var ious  
s t e e l s  o r  h e a t s  of s t e e l s  i n  t he  t r a n s i t i o n  temperature range. That i s ,  
SEM and meta l lographic  s t u d i e s  a r e  being conducted t o  i n v e s t i g a t e  the  
t r a n s i t i o n  from pure d u c t i l e  f r a c t u r i n g  a t  high temperatures  t o  b r i t t l e  
c.leavage a t  l m e r  Lemye~atures .  In  p a r t i c u l a r ,  w e  a r e  t r y i n g  t o  a s s e s s  
what i s  r e spons ib l e  f o r  the  conversion of slow f ib rous  f rar;Lurlng i n t o  
r a p i d  cleavage. 

This  s tudy i s  being conducted by examining specimen ha lves  obta ined  
from t e s t s  conducted i n  very compliant loading  machines. Single- and 
double-width Charpy t e s t i n g  i s  a l s o  being used t o  eva lua t e  f r a o t u r e  
toughness and determine the  temperature above which slow f i b r o u s  f  rac- 
t u r i n g  could be expected f o r  the  s t e e l s  under i nves t iga t ion .  This  re- 
search  i n t o  t r a n s i t i o n  behavior i s  aimed a t  formulat ing a  mechanist ic  
model. 

Dynamic c a l c u l a t i o n s  a r e  a l s o  being performed w i t h  a  dynamic f i n i t e -  
element computer code (SAMCR) t o  p r e d i c t  run-ar res t  events  i n  s tandard  
specimen geometr ies  and thermal-shock oy l i nde r s .  We a r e  a1 so support ing 
c rack-ar res t  s t u d i e s  w i t h  our s t r e s s  a n a l y s i s  c a p a b i l i t i e s  by t e s t i n g  
t r a n s p a r e n t  models +o r  opaque models covered w i t h  photoel a s t i c  coat ings.  

During t h e  p a s t  r e p o r t  per iod,  progress  has  been made i n  Charpy 
t e s t i n g  of A508 m a t e r i a l s  ob ta ined  from ORNL, i n  topology and microstruc-  
t u r e  e x a m i n a t i ~ n s  of an A533B ma te r i a l ,  i n  improvements made t o  t he  SAMCR 
code, and i n  a n a l y s i s  performed t o  support ESSD-type t e s t i n g  t h a t  may bo 
conducted i n  coopera t ion  w i t h  the  Japanese. 

2.4.2 Touahness i n  r e l a t i o n  t o  small  inhomoaeneities 

' ' I n  t h i s  r e p o r t  per iod ,  add i t i ona l  a t t e n t i o n  was given t o  t h e  sig- 
n i f i cance  of carb ide  dens i ty  Bands i n  A508 and M a 8  heavy-scctian s t e e l s ,  
As noted i n  t h e  l a s t  q u a r t e r l y  repor t ,30  t h e  carbide dens i ty  bands i n  
specimens taken  from a  600-mm-thick A533 p l a t e  show cons iderable  simi- 
l a r i r y  t o  those observed i n  AS08 spe.cimens taken  from 300-m-wall cyl in-  
d e r  forg ings .  I n  appearance, . the carbide dens i ty  bands were c l o s e l y  
r e l a t e d  t o  d e n d r i t i c  s o l i d i f i c a t i o n  and showed o r i e n t a t i o n  d i f f e r e n c e s  
when viewed on orthogonal  surf  aces. 

*work sponsored by HSST Program under UCC+ND SubcouLract 7778 
be tween UCC-ND and t h e  Univers i ty  of Maryland. 

+ ~ e p a r t m e n t  of Mechanical Engineering, Univers i ty  of Maryland, 
College 'Park. 



Five Charpy V-notch specimens i n  each of s i x  o r i e n t a t i o n s  werc made 
from the  above A508 cy l inde r  ma te r i a l  and t e s t e d  t o  determine the  in f lu -  
ence of carb ide  dens i ty  bands on toughness. A s e c t i o n  from one end of a  
l a r g e  three-point-bend specimen blank was used f o r  t h i s  purpose. The 
p o s i t i o n  of t he  specimen blank r e l a t i v e  t o  t h e  ORNL cy l inde r  i s  shown i n  
Pig. 2.26. Figure 2.27 shows t h e  s i x  Charpy V-notch specimen or ien ta-  
t i o n s  r e l a t i v e  to '  t he  specimen blank. The o r i e n t a t i o n  tendency of ob- 
served segments of carb ide  dens i ty  bands a r e  i nd ica t ed  i n  Fig. 2.27 i n  
schematic fashion.  The number of small  l i n e  segments ac ros s  t h e  l i n e  
r ep re sen t ing  a  carbide dens i ty  band i s  intended t o  suggest v i s u a l  width 
of the  band. Thus t h e  hand l eng ths  and widths  a r c ,  an t L c  average, l a rg -  
e s t  on a  s e c t i o n  which, when extended, ,would include the  cy l inde r  ax is .  

The Charpy V-notch r e s u l t s  a r e  summarized i n  Fig. 2.28 and i n  Tables  
2.14 and 2.15. Figure 2.28 a l s o  shows t h e  r e s u l t s  f o r  Charpy V-notch 
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Fig. 2.26. Locat ion of thre,e-point bend specimen h l a n t s  r e l a t i v e  t o  
UKNL t e s t  cy l inder .  

ORNL-DWG 834960 ETD 

Fig. 2.27. O r i e n t a t i o n s  of A508 Charpy V-notch specimens taken  from 
t h e  TPB specimen blank. Carbide dens i ty  band widths  and o r i e n t a t i o n s  a r e  
ind i  cr  t s d  i n  schematie f aohion. 



Table 2 . 1 4 .  Charpy V-notch t e s t  r e s u l t s  a t  
15  2 2OC f o r  AS08 s t e e l  tempered a t  6130C 

Specimen Specimen Impact Average impact 
a energy energy 

o r i e n t a t i o n  No. 
(Nlm) (N/m) 

a 
See F i g ,  2 . 2 7 .  

Table 2 . 1 5 .  Charpy V-notch t e s t  r e s u l t s  a t  
50 2 2OC f o r  A508 s t e e l  tempered a t  6130C 

Specimen Impact Average impact Specimen a energy 
o r i e n t a t i o n  No. energy 

(Nlrn) ( N l m )  

G 6-1 50.2  5 8 . 8  
6-2 6 1 . 0  
6 -3 65 .1  

a 
See F ig .  2 . 2 7 .  
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Fig. 2.28. Charpy V-notch impact energy a s  f u n c t i o n  of t e s t  tempera- 
t u r e  and specimen o r i e n t a t i o n  f o r  A508 specimens t e s t e d  a t  1 5  and 50°C. 

specimens of A533B s t e e l  t e s t e d  a t  t h e  Naval Ship Research and D e v e l o r  
ment Center,  Annapolis. With some except ions ,  of t h e  f i v e  specimens 
a v a i l a b l e  i u  each of t h e  s i x  o r i e n t a t i o n s ,  two were t e s t e d  a t  15  2 2OC, 
and t h r e e  were t e s t e d  a t  50 2 2OC. From inspec t ions  p r i o r  t o  t e s t i n g ,  
t h e  t o o l  used f o r  notching t h e  A508 Charpy V-notch specimens may have 
bccn ove r ly  worn. This  f e a t u r e  was probably unimportant a t  t h e  500C t e s t  
temperature ,  but  i t  should be considered w i t h  regard  t o  t h e  r e s u l t s  a t  
15OC. 

The r e s n l t s  i n d i c a t e  t h a t  t h e  f r a c t u r e  plane and d i r e c t i o n  f o r  orien- 
t a t i o n s  1 and 2  correspond t o  t h e  l a r g e s t  toughness. The plane and d i rec-  
t i o n  of f r a c t u r e  f o r  o r i e n t a t i o n s  5 and 6 correspond, r e s p e c t i v e l y ,  t o  
through-the-thickness and lengthwise ex t ens ion  of an a x i a l  sur f  ace c r ack  
i n  t h e  ORNL t e s t  cy l inder .  Re l a t i ve  t o  t h e  onrbidc d e n s i t y  bands, the  
A533B specimen corresponded t o  o r i e n t a t i o n  2  i n  Fig.  2.27. The r e s u l t s  
f o r  o r i e n t a t i o n s  3-6 correspond t o  a  s u b s t a n t i a l  t r a n s i t i o n  temperature  
i nc rease  i n  comparison t o  r e s n l t s  f o r  o r i e n t a t i o n s  1 and 2 and f o r  A533B 
s t e e l .  Although the  A508 Charpy V-notch r e s u l t s  suggest  ex i s t ence  of a  
r e l a t i o n s h i p  between toughness and carb ide  dens i ty  bands, t he  f r a c t u r e  
mechanisms b a s i c  t o  t h i s  r e l a t i o n s h i p  w i l l  r e q u i r e  f u r t h e r  study. 



Microhardness t e s t s  were used t o  compare r e s i s t a n c e  wi th  p l a s t i c  de- 
formation w i t h i n  and between carbide dens i ty  bands. These t e s t s  were made 
on the  sur face  having t h e  o r i e n t a t i o n  of the  r i g h t  f ace  of the  block shown 
i n  Fig. 2.27 and have been mentioned i n  previous r epo r t s .  The r e s u l t s  of 
these  t e s t s  f o r  A533B s t e e l  (6790C temper) and A508 s t e e l  (6130C temper) 
a r e  given i n  Table 2.16. 

Table 2.16. The comparison of hardnesses  between A508 
(tempered a t  613OC) and A533B (tempered a t  67g°C) 

A533B s t e e l  A508 s t e e l  

Micf ohasdne s s  M i  c r  oh ardne s s 
(DPH) Macr ohardne 6 E .. (l3PH) Maorohatdae ss 

( h o o p )  ( ~ o o p )  
Dark band Light  band Dark band Light  band 

Mean va lues  

267 212 ' . 221 3 80 3 10 .. 282. 

2.4.3 F r q c t s r e  toooloav and midrdSZfuCrure 

Addit ional  corpparison of f r a c t u r e  topology and mic ros t ruc tu re  were 
made using a n  A533B specimen f r a c t u r e d  a t  4OC. F igure  2.29 shows a n  SEM 
photograph of a  p o r t i o n  of t he  f r a c t u r e  sur face  ad jacent  t o  t h e  f a t i g u e  
precrack. A cleavage i n i t i a t i o n  r e g i o n  i s  i nd ica t ed  by the  c i r c l e  A. 
Af te r  n i cke l  p l a t i n g ,  t h e  specimen was sec t ioned  normal t o  t h e  f r ac tu ro  
surface.  The cu t  s e c t i o n  was pol i shed  and e tched  t o  show both topology 
and mic ros t ruc tu re  appearance along t h e  l i n e  E-E i n  Fig. 2.29. This  re- 
s u l t  i s  shown i n  Fig. 2.30. The topology and mic ros t ruc tu re  along t h e  
l i n e  G-G were obta ined  i n  a  s i m i l a r  manner, and t h i s  r e s u l t  i s  shown i n  
Fig. 2.31. The f r a c t u r e  sur face  i r r e g u l a r i t i e s  i n  t h i s  A533B specimen 
occur on a  much smal le r  s c a l e  than  those observed i n  specimens from a  
p l a t e  of 50-mm-thick A36 br idge  s t e e l ,  which has been used i n  t h i s  program 
f o r  comparison purposes.  This  would be caused by the  smaller  g r a i n  s i z e  
and carb ide  co lon ie s  i n  t h e  A533B ma te r i a l .  
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be associated mainly with dark band regions and l a rge  carbide c lus ters .  
Figure 2.32(a) shows a region of f r a c tu r e  topology on l i n e  E-E close t o  
region A of Fig. 2.29. This f igure  shows the undercutting cleavage (indi- 
cated a s  C) t h a t  subsequently deformed and resu l ted  i n  the  late-breaking 
regions ( indicated by L.B.). A late-breaking ligament of l a rge r  s i z e  i s  
shown i n  Fig. 2.32(b). This sect ion was a t  2 nrm from the fa t igue  precrack 
on l i n e  E-E. Presumably the undercutting by adj acent cleavage elements, 
which produces a late-breaking ligament, occurs by preference i n  the re- 
gions of t h i s  nature. 

To fu r t he r  understand cleavage f rac tu re ,  it i s  of i n t e r e s t  t o  ob- 
serve the small cracks beneath the f r a c tu r e  surface. With the A36 s t e e l  
f rac tu re  specimens, i t  was not d i f f i c u l t  t o  f i nd  r e l a t i v e l y  t i g h t  cleav- 
age cracks near but beneath the exposed f r ac tu r e  surface. A s imi lar  in- 
ves t iga t ion  with t h i s  A533B f r ac tu r e  specimen was l e s s  successful.  HOW- 
ever, i n  the  lower r i g h t  por t ion of Fig. 2.32(b), one can see small cleav- 
age cracks extending through several f e r r i t i c  grains. This i s  shown a t  
l a rge r  sca les  i n  Fig. 2.33(a and b ) .  The in te r rup t ions  of cleavage, not 
only a t  a g ra in  boundaty, but a1 $6 within  a s ing le  grain, & r e  indicat ive  
of the enhanced toughness of the microstructure r e l a t i v e  t o  t h a t  of coarse- 
grained A36 s t e e l .  Presumably, the cleavage openings shma  may have been 
subs tan t ia l ly  enlarged by p l a s t i c  deformation during f r ac tu r e  of the  large  
late-breaking ligament shown i n  Fig. 2.32(b). 

2.4.4 Dvnamic run-arrest ca lcula t ions  

E f fo r t s  towards improving our two-dimensional, dynamic finite-element 
code SAMCR have continued during the  current  repor t  period. Sources of 
pa r t i cu l a r  concern i n  the computer code r e s u l t s  have been i den t i f i ed  pre- 
v i 0 a s l y , 3 ~ , ~ ~  namely, the o sc i l l a t i ons  with time i n  the computed K values 
and the  discontinuous changes i n  K t h a t  were associated with the s h i f t  of 
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the J-integral  contour as the crack t i p  completed i t s  advance from one 
node t o  the  next. 

The o sc i l l a t o ry  valae of the r e s u l t s  was i n i t i a l l y  f e l t  t o  be caused 
by the  presence of coantercyclical  "keystone" or hourglass modes of def or- 
mation t h a t  were p a r t i a l l y  res t ra ined i n  the  or iginal  formulation by using 
an a r t i f i c i a l  keystone viscosi ty .  This scheme was replaced by a s t i f f n e s s  
correct ion methoda3 t h a t  was found t o  work be t te r .  Figure 2.34(a)  shows 
the  K value computed a t  every time s tep f o r  the f i r s t  150 ps of crack 
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Fig. 2.34. K values calcula ted f o r  t e s t  MC111 (a) using or iginal  
formulation of SU(X (key stone and bulk v i s cos i t i e s )  and J-contour shcnrn 
and ( b )  using revised formulation of SAMCR ( s t i f f n e s s  corrections,  no 
bulk viscos i ty )  and J-contour shown. 
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propaga t ion  i n  t e s t  MCTl, using t h e  o r i g i n a l  formula t ion  of SAMCU. Sev-, 
e ra1  such f i g u r e s  w i l l  be presen ted  i n  t h i s  r e p o r t ,  and i n  a l l  cases ,  t he  
t imes a t  which the  J contour was s h i f t e d  have been ind i ca t ed .  The photo- 
e l a s t i c a l l y  obtained r e s u l t s  f o r  t he  same t e s t  have a l s o  been shown. The 
K- t  in format ion  obta ined  a f t e r  i nco rpo ra t i on  of t h e  s t i f f n e s s  c o r r e c t i o n  
(and e l i m i n a t i o n  of t he  keystone v i s c o s i t y )  i s  shown i n  Fig. 2 ,34 (b ) .  I n  
both cases ,  t he  K va lues  fol low e s s e n t i a l l y  t he  same p a t t e r n  of abrupt  
changes i n  K a s  t h e  J contour moves, a s  w e l l  a s  an  underlying o s c i l l a t o r y  
behavior.  F igure  2.35(a and b )  compares t h e  p red i c t ed  and observed c r ack  
ex tens ion  behavior  f o r  t he  two cases ,  and t h e r e  appears  t o  be l i t t l e  d i f -  
fe rence  i n  t h e  r e s u l t s .  

t, TIME (ps) 

Fig. 2.35. P red i c t ed  crack-extension h i s t o r y  (a) corresponding t o  
Fig. 2 .34 (a ) . and  ( b )  corresponding t o  Fig. 2 .34(h) ,  



A c a r e f u l  examination of the J i n t e g r a l  computations l e d ' t o  a  revi-  
s i o n  of t he  contour and t h e  corresponding K- t  da t a  a r e  shown i n  
Fig. 2 .36(a) .  The abrupt  changes i n  K w i th  contour s h i f t  a r e  seen t o  
have decreased s u b s t a n t i a l l y  i n  magnitude. However, the  o s c i l l a t i o n s  i n  
K a r e  s t i l l  p r e sen t ,  w i th  l a r g e r  amplitude but  a  v i s i b l e  per iod.  Next, 
t h e  bnlk  v i s c o s i t y  i n  t he  SAMCR formula t ion  was re in t roduced  because t h i s  
would h e l p  damp out  any unwanted v i b r a t i o n s  of the  elements. (The bnlk 
v i s c o s i t y  had been e l imina ted  from the  code a t  the  same time t h a t  keystone 
v i s c o s i t y  was rep laced  wi th  a  s t i f f n e s s  co r r ec t ion . )  The r e s u l t s  obtained 
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Fig. 2.36. K v a l u e s  ca l cu la t ed  f o r  t e s t  Mm1 using r ev i sed  formu- 
l a t i o n  of SAMCR ( s t i f f n e s s  c o r r e c t i o n s )  and r ev i sed  J-contour shown 
( a )  without  bu lk  v i s c o s i t y  and ( b )  with  bulk  v i s c o s i t y .  



a f t e r  t h i s  l a t e s t  modi f ica t ion  a r e  shown i n  Fig. 2 . 3 6 ( b ) .  Figure  2 . 3 7  ( a  
and b )  shows t h e  c rack  ex tens ion  p r e d i c t i o n s  corresponding t o  Fig. 2 . 3 6  ( a  
and b ) .  

The r e s u l t s  shown i n  Fig. 2 . 3 6 ( b )  r ep re sen t  a  s u b s t a n t i a l  improve- 
ment over those presented  previously.  The K-t  d a t a  show a much more 
r e g u l a r  behavior,  wi th  n e a ~ c o n s t a n t  amp1 i tude  and period.  It i s  s t i l l  
f e l t ,  however, t h a t  such o s c i l l a t i o n s  do not  r ep re sen t  phys ica l  r e a l i t y ,  
i n  p a r t i c u l a r ,  because we have seen l i t t l e  evidence of such phenomena i n  
t h e  many p l a s t i c  model t e s t s  conducted i n  our dynamic p h o t o e l a s t i c  s t u d i e s  
of run-arrest  f r a c t u r i n g .  Theref ore ,  we in tend  t o  continue our c r i t i c a l  
app ra i sa l  of t he  formula t ions  used i n  SAMCR and o t h e r  f ini te-element  codes 
t o  develnp a computer code t h a t  w i l l  give r e l i a t l c :  p r e d i c t i o n s  of run- 
a r r e s t  phenomena. 

Fig. 2 . 3 7 .  Predic ted  crack-extension h i s t o r y  ( a )  corresponding t o  
Fig. 2 . 3 6  (a), and ( b )  corresponding t a  Fig. 2 . 3 6  ( b )  . . 



2.4.5 Analysis  i n  suvvort  of ESSO t e s t s  

Pre l iminary  work has  been s t a r t e d  towards performing an  a n a l y s i s  of 
ESSCktype t e s t s ,  which a r e  c u r r e n t l y  being inves t iga t ed  a s  a  means of ob- 
t a i n i n g  upper-shelf arrest- toughness  d a t a  i n  a  r i s i n g  K f i e l d .  The I 
geometry analyzed us ing  s t a t i c  f i n i t e  elements was a  single-edge-notched, 
center-pin-loaded specimen shown i n  Fig. 2.38. The b a s i c  f e a t u r e s  of t h i s  
specimen geometry a r e  t he  same as  the  ESSO specimen i n  t h a t  i t  i s  r e l a -  
t i v e l y  long compared w i t h  i t s  width, and i t  i s  u sua l ly  t e s t e d  i n  t e n s i o n  
w i t h  a  cons tan t  l oad  app l i ed  remotely from the  c rack  l i n e .  

F igure  2.39 shows the  n e a r c r a c k - t i p  p o r t i o n  of t he  f in i te -e lement  
mesh employed. Crack l e n g t h s  ranging from a/w = 0.08 t o  a/w = 0.64 were 
s t u d i e d  w i t h  the  same load  being app l i ed  i n  a l l  cases .  The normalized y  
d i r e c t i o n  s t r a i n  e was p l o t t e d  f o r  the  f i r s t  s i x  rows of elements paral-  

YY 
l e l  t o  t h e  c rack  l i n e ,  and t y p i c a l  r e s u l t s  from t h r e e  crack l eng ths  a r e  
shown i n  Fig. 2 .40(a)  (a/w = 0.1671, (b) (alw = 0 .3331 ,  and ( c )  (a/w = 
0.50) .  It was observed t h a t  t he  s t r a i n . d i s t r i b u t i o n s  showed a  no t i ceab le  
peak i n  t h e  v i c i n i t y  of the  c rack  t i p ,  wi th  the  sharpness  of the  peak di- 
minishing a s  one moved away from the  crack 1 ine. 

These da t a  were used t o  cons t ruc t  Fig. 2.41, which shows t h e  s t r a i n  
r ead  by two gages a t  f i x e d  l o c a t i o n s  a s  t h e  crack i s  extended p a s t  t h e  
gages i n  a  q u a s i - s t a t i c  fashion.  From these r e s u l t s  i t  appears  poss ib l e  
t o  use a  double row of s t r a i n  gages p a r a l l e l  t o  t h e  c rack  l i n e  t o  o b t a i n  
bo th  c rack- t ip  p o s i t i o n  and s t r e s s - i n t e n s i t y  information i n  t h e  ESSO 
t e s t s .  I n  t he  forthcoming q u a r t e r ,  we p l an  t o  (1) i n v e s t i g a t e  o the r  
s t r a i n  gage measuring 'schemes i n  an  e f f o r t  t o  optimize the  s e n s i t i v i t y  of 
t h e  method and (2)  u t i l i z e  prev ious ly  obtained dynamic p h o t o e l a s t i c  da t a  
t o  s tudy the  dynamic coun te rpa r t  of the  r e s u l t s  descr ibed  i n  t h i s  progress  
r e p o r t .  
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Fig. 2.38. Geometry of single-edge-notched specimen s i m i l a r  t o  ESSO 
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.Fig. 2 .39 .  N e a t c r a c k - t i p  port ion  of s t a t i c  f i n i t e e l e m e n t  mesh used 
t o  study s t r a i n  d i s t r i b u t i o n s  i n  SEN specimen. 
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F i g .  2 .40 .  Normal s t r a i n  E a t  d i f f e r e n t  d i s t a n c e s  from crack 1  ine  
YY 

(a) f o r  a/w = 0 . 1 7 ,  ( b )  f o r  a/w = 0 . 3 3 ,  and (c) f o r  a/w = 0.50.  
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CRACK LENGTH RELATIVE TO STRAIN GAGE LOCATION (Ax/W) - 
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Fig .  2 .41.  - Stra ins  read by two gages loc,ated a t  x/w = 0.35 a s  crack 
extends past  gage i n  a q u a s i - s t a t i c  fash ion .  ' 
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3  . INVESTIGATION OF IRRADIATED MATERIALS 

- 3.1 Four th  HSST I r r a d i a t i o n  S e r i e s  

R. G. Berggren R. K. Nanstad 
T. N. Jones 

The cooperat ive t e s t i n g  program1 on specimens from the  f i r s t  t h r e e  
capsules  of the  Fourth Heavy-Section S tee l  Technology (HSST) I r r a d i a t i o n  
Study i s  i n  progress .  I n  t h i s  program, Charpy V-notch impact t e s t s  and 
f r a c t u r e t o u g h n e s s  t e s t s  on lTCS specimens a r e  d iv ided  between two organi- 
z a t i o n s  - Oak Ridge National Laboratory (ORNL) and Mate r i a l s  Engineering 
Assoc ia tes  (MEA). The Charpy V-notch t e s t s  on u n i r r a d i a t e d  ( c o n t r o l )  
specimens by the two o rgan iza t ions  a r e  e s s e n t i a l l y  completed. Charpy 
V-notch t e s t s  of "unassigned" u n i r r a d i a t e d  specimens w i l l  be condacted 
a f t e r  t he  r e s u l t s  ob ta ined  t o  d a t e  have been s tudied.  Scoping t e s t s  on 
i r r a d i a t e d  Charpy V-notch specimens have been completed a t  t he  two f  a c i l  i- 
t i e s ,  and t e s t  temperatures  f o r  the main t e s t  s e r i e s  have been assigned. 
These t e s t s  should be completed during the  next qua r t e r .  Scoping t e s t s  on 
u n i r r a d i a t e d  f r a c t u r e t o u g h n e s s  (1TCS) specimens should a l s o  be completed 
i n  t h e  next qua r t e r .  I r r a d i a t e d  Charpy V-notch specimens (84) and some 
i r r a d i a t e d  lTCS specimens (20) were de l ive red  t o  MEA i n  January,  and t h e  
remainder of the  i r r a d i a t e d  specimens should be shipped t o  MEA i n  Apr i l  
1983. S t a f f  members from O W  and MEA w i l l  meet i n  Apri l  t o  agree  on t e s t  
procedures  and da t a  a n a l y s i s  methods f o r  the  f r a c t u r e t o u g h n e s s  t e s t i n g .  

S t a t i s t i c a l  ana lyses  have been condacted f o r  t he  Charpy V-notch t e s t  
r e s u l t s  obtained a t  the  two f a c i l i t i e s  on u n i r r a d i a t e d  specimens of the  
SA533 grade B c l a s s  1 p l a t e  (HSST p l a t e  02) and on t h r e e  submerged-arc 
welds (HSST welds 69W, 70W, and 71W), and t h e r e  i s  e x c e l l e n t  agreement 
between t h e  two da t a  s e t s .  1 Unir rad ia ted  HSST weld 6887 was no t  included 
i n  t h i s  comparison because of i n s u f f i c i e n t  specimens f o r  s t a t i s t i c a l  
ana lys i s .  ORNL i s  considering the  p o s s i b i l i t y  of r e c o n s t i t u t i n g  t e s t e d  
specimens t o  provide s u f f i c i e n t  t e s t  da t a  f o r  s t a t i s t i c a l  ana lys i s .  

Resu l t s  of the  s t a t i s t i c a l  ana lyses  a r e  presented i n  Table 3.1. Mean 
energy va lues  and s tandard  dev ia t ions  (a) f o r  each ma te r i a l  and t e s t . t em-  
p e r a t u r e  were ca l cu la t ed  f o r  each f a c i l i t y  and f o r  the combined da t a  s e t s .  
The d i f f e r e n c e s  i n  mean ene rg i e s  (5) f o r  the  two f a c i l i t i e s  were (1 a from 
t h e  combined mean energy i n  each case. Mean ene rg i e s  f o r  the  Charpy V- 
notch t r a n s i t i o n  reg ion  tended t o  be h ighe r  ( 0  t o  7 J )  i n  ORNL r e s n l t s  
than  i n  MEA r e s u l t s ,  but  MEA r e s u l t s  tended t o  be h ighe r  (up t o  1 5  J)  than  
ORNL r e s u l t s  f o r  the  Charpy V-notch u p p e r s h e l f  region. However, these  
d i f f e r e n c e s  a r e  probably not  s t a t i s t i c a l l y  s i g n i f i c a n t .  There i s  no ap- 
parent  p a t t e r n  of s tandard  dev ia t ions  i n  t h e  da t a  from the  two f a c i l i t i e s .  
I n  t h e  t r a n s i t i o n  region,  t he  l a r g e s t  s tandard  dev ia t ions  were f o r  weld 
me ta l s  t e s t e d  h igh  i n  t h e  t r a n s i t i o n  region. This  was expected because 
t h e  Charpy V-notch curve i s  s t eepes t  i n  t h i s  region. I n  t h e  u p p e t s h e l f  
region,  the  l a r g e s t  s tandard  dev ia t ions  were f o r  weld me ta l s  t e s t e d  a t  
288OC. 

Hyperbolic tangent  curves were f i t t e d  t o  t he  Charpy da t a  ( i nc lud ing  
da t a  from scoping t e s t s ) ,  and the  r e s n l t s  a r e  presented i n  Figs.  3  .l-3.4. 
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F i g .  3 . 1 .  Charpy V-notch impact t e s t  r e s u l t s  f o r  un irradia ted  SA533 
grade B c l a s s  1 s t e e l  p l a t e  (HSST p l a t e  0 2 ) .  
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F i g .  3 . 2 .  Charpy V-notch impact t e s t  r e s u l t s  f o r  un irradia ted  sub- 
mesgecl-nrc.weld (HSST weld 69WI.i 0.12% Cn. Linde 091 flux. 
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Fig.  3 . 3 .  Charpy V-notch impact t e s t  r e s u l t s  f o r  unirradiatdd sub- 
merged-arc we ld  (HSSI' weld 70W); 0.056% Cu, Linde 0124 flux. 
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Pig. 3 .4 .  Charpy V-notch impact t e s t  resu l t s  for unirradiated sub- 
merged-arc..weld (HSST weld 71W); 0.040% Cur Linde 0.80 f lux.  



Table 3.1. Comparison of  Charpy impact t e s t  r e s u l t s  f o r  unirradiated  pressure 
v e s s e l  p l a t e  and submerged-arc welds  f r w  ORNL and MEA 

T e s t  Mean energy ( 5 )  Standard d e v i a t i o n  (an)  Number 

Material  temperature ( J )  ( J )  of  t e s t s  

( O C )  ORNL MEA Combined ORNL MEA Combined ORNL MEA 

A533 grade D -7 31.5 28.7 30.1 5.0 5.7 5.5 5 . 5  
c l a s s  1 21 64.8 61.3 63.0 7.9 7.2 7.7. 5 5 
(BSST 02) 66 119.7 116.9 118.5 8.2 ' 8.9 8.6 6 5 

149 143.0 135.6 139.6 5.8 4.9 6.6 6 5 
204 138.4 138.3 138.3 5.1 10.6 8.1 6 5 
2 88 137.9 145.9 141.5 10.6 3.9 9.2 6 5 

Submerged-arc -1 8 41.9 41.2 41.6 12.7 10.5 11.7 6 5 
we1 d 10 98.7 98.2 98.4 14.5 17.8 16.4 5 6 
(ESST 69W) 121 144.0 148.9 146.4 6.1 4.7 6.0 5 5 

204 1.43.0 .lJ1 . 2  146.7 6.7 4.0 6.9 5 4 
% X X  14'1.14 1 6 1 . 3  154.6 1..5 8 . 3  9.1 5 5 

Submerged-arc -5 4 25.8 24.4 24.9 4.1 5.5 5 .,U 2 3 
wol d -1 8 73.5 66.4 7?.0 1.6 .9  111.7 1.4.6 3 3 
(ESST 70~). 121 131.9 129.8 130.8 6 . 5  5.2 6.0 3 3 

204 131.9 140.1 136.0 7.1 7.8 8.5 3 3 
288 134.2 150.1 142.1 5.1 9.2 10.9 3 3 

I n  these  f i g u r e s .  we have a l s o  ind ica t ed  mean ene rg i e s  and 2-a l i m i t s  f o r -  
t he  combined da t a  s e t s .  Several observat iot is ,  based on these  f i g u r e s ,  
may be made: ( l ) .Mean  ene rg i e s  f o r  a l l  s e t s  a r e  w i t h i n  1 a of t he  hype? 
b o l i c  tangent  curves.  (2)  Strai .ght- l ine i n t e r p o l a t i o n  between mean e n e t  
g i e s  near  40.7 J gave 40.7-J t r a n s i t i o n  temperatures  w i t h i n  2 . 6 0 ~ ' o f  those 
obtained from the  hyperbol ic  tangent  curve. ( 3 )  The 2-a l i m i t s  f o r  da t a  
s e t s  around a  40.7-J t r a n s i t i o n  temperature r ep re sen t  2-a l i m i t s  of 210 t o  
+150C i n  determining t h e  40.7-J t r a n s i t i o n  temperature.  This  should rep- - 
r e s e n t  t he  probable e r r o r  i n  determining t r a n s i t i o n  temperature w i t h  a  
l i m i t e d  number of t e s t s .  .(4) Probable e r r o r s  (2  6 )  i n  determining upper- 
s h e l f  energy oould be 23 J ( o r  20%). 

. Simi l a r  ana lyses  of the  r e s u l t s  of t e s t s  on i r r a d i a t e d  specimens a r e  
planned whcn the da ta  booomo ava i l ab l e .  

3.2 I r r ad i a t ion - Induced  KT, Curve S h i f t  

R. 6. Rerggren R. K. Nanstad 

The philosophy, ma te r i a l  s, and specimen complements f o r  t h i s  study 
were presented  i n  previous r epo r t s .  a ,  Negot ia t ions  f o r  weldment f abri-  
c a t i o n  a r e  e s s e n t i a l l y  complete, and placement of the  purchase o rde r  i s  

' expec ted  i n  Apri l .  
Work on t h e  prototype 4TCS capsule  i s  proceeding, 'wi th  a  June d a t e  

s e t  f o r  t e s t s  a t  the  Oak Ridge Research Reactor.  



3.3 I r rad ia ted  S ta in less  Steel  Cladding 

R. 6. Berggren R. K. Nanstad 
W. R. Cornin 

This task, discussed previously, , i s  t o  determine the f r a c t u r e  
toughness proper t ies  of i r rad ia ted  s t a i n l e s s  s t e e l  vessel cladding. The 
f i r s t  experiment w i l l  be the i r r ad i a t i on  of Charpy V-notch specimens from 
type 3091308 three-layer cladding deposited by the single-wire series-arc 
process. Both the f i r s t - l ayer  (type 309) and the  uppe r l aye r  (type 308) 
material i s  t o  be i r radia ted.  A contract  has been placed with MEA f o r  
~ a p s u l e  ~ o n s t r u c t i o n  and i r r ad i a t i on  a t  the Nuclear Soieaoo and Tcohnalogy 
F a c i l i t y  a t  the S ta te  University of New York i n  Buffalo. Specimens f o r  
t h i s  i r r ad i a t i on  experiment have been prepared and w i l l  be shipped t o  MEA 
i n  April 1983. 

During preliminary C h a m  impact t e s t i ng  of unirradiated specimens, 
differences were found between two s e t s  of specimens t h a t  were supposedly 
cut from the top layer  (type 308) of weld material  (see Fig. 3.5). The 
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Fig. 3.5. Charpy V-notch ibpact t e s t  r e s u l t s  f o r  unir radia ted upper 
l ayers  of three-layer s t a i n l e s s  s t e e l  cladding (type 3091308, s i n g l c w i r e  
series-arc process). 



preparat ion of these specimens d i f fe red  only i n  the  sequence of machining 
operations. One group of specimens, s e t  A, was prepared by machining the 
cladding surface t o  el iminate surface i r r egu l a r i t i e s ;  cu t t ing  a s lab  of 
cladding, of Charpy V-notch t h i c h e s s ,  pa r a l l e l  t o  the surface; and ma- 
chining Charpy specimens. The second group of specimens, s e t  B, was pre- 
pared by cu t t ing  s labs  perpendicular t o  the cladding surface, etching t o  
reveal the weldment s t ructure ,  and marking and machining specimens a s  
c lose  t o  the  o r ig ina l  top surface as  possible,  Figure 3.5 shows the dif-  
ferences i n  Charpy impact t e s t  r e s u l t s  f o r  the two s e t s  of specimens when 
hyperbolic tangent curves a r e  f i t t e d  t o  the  data. Differences were a l so  
noted i n  the  appearance of the  f r a c tu r e  faces  f o r  the  two s e t s  of speci- 
mens (see Fig. 3.6 ) .  Specimens from s e t  A appeared t o  consis t  of two 
l aye r s  of weld cladding, while s e t  B appeared t o  cons i s t  primari ly of a 
sing1 e l ayer  of cladding. Metal lographic examinations have been ca r r i ed  
oa t  on the specimens shown i n  Fig. 3.6, which had boon tcs tcd  a t  --180C. 
'i'he f r a c tu r e  path i n  the  specimen f rm 8 e t  A s t a r t e d  ift secaad-layer *a- 
t e r i a l  and ended i n  third-layer mater ia l ,  with most of the f r a c tu r e  being 
i n  the  second-layer material .  However, the f r a c tu r e  path i n  the specimen 
from s e t  B l ay  e n t i r e l y  i n  the  third-layer ( top)  material .  A l l  t o r l a y e r  
( type 308) cladding specimens f o r  the i r r a d i a t i o n  experiment were prepared 
by the same method used f o r  preparing s e t  B specimens. 

Specimens representing f i rs t - layer  ( type 309) material  were machined 
by the  same procedure described above f o r  s e t  B specimens, with care taken 
t o  avoid t he  juncture of adjacent f i r s t - l aye r  passes where a cusp occurs 
a t  the  fus ion l i n e  with the base metal. The r e s u l t s  of preliminary Charpy 
impact t e s t s  on t h i s  material  a re  presented - i n  Fig. 3.7, and a hyperbolic 
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Fig. 3.6. Fracture  appearance of Charpy impact t e s t  specimens from 
upper l aye r  of three-layer s t a i n l e s s  s t e e l  cladding (type 3091308, single- 
wire submerged-arc proce s ~ ) .  
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Fig. 3.7. Charpy V-notch impact t e s t  r e s u l t s  f o r  a n i r r a d i a t e d  f i r s t  
l a y e r  of t h r e e l a y e r  s t a i n l e s s  s t e e l  c ladding  ( type  309/308, s ingle-wire  
s e r i e s - a r c  p roces s ) .  

t angent  curve was f i t t e d  t o  the  da ta  ( a  f i c t i t i o u s  da t a  p o i n t  was added a t  
-1840C and 8 J t o  prevent  t h e  curve from showing nega t ive  ene rg i e s  below 
-700C). Because of t he  l a r g e  d i f f e r e n c e  i n  f r a c t u r e  energy f o r  t h e  two 
specimens t e s t e d  a t  20°C, these  specimens were me ta l l og raph ica l ly  exam- 
ined. I n  both specimens t h e  f r a c t u r e  s t a r t e d  i n  t h e  f i r s t - l a y e r  ( t ype  
309) ma te r i a l  and propagated through both f i r s t -  and second-layer m a t e  
r i a l .  However, c rack  propagat ion i n  t h e  specimen w i t h  a  f r a c t u r e  energy 
of 63 J was -10% i n  f i r s t - l a y e r  m a t e r i a l  and -90% i n  second-layer mate- 
r i a l ;  i n  t h e  specimen wi th  a  f r a c t u r e  energy of 28  J, c r ack  propaga t ion  
was -40% i n  f i r s t - l a y e r  m a t e r i a l  and -60% i n  second-layer m a t e r i a l .  The 
m e t a l l u r g i c a l  s t r u c t u r e  of t h i s  m u l t i l a y e r  s t a i n l e s s  s t e e l  weld c ladding  
i s  d i scussed  i n  g r e a t e r  d e t a i l  i n  Chap. 6 .  It appears  t h a t  cons iderab le  
c a r e  w i l l  have t o  be taken  i n  i n t e r p r e t i n g  r e s u l t s  of t h i s  i r r a d i a t i o n  
experiment. 
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4. 'IHERMAL- SHOCK INVESTIGATIONS 

R. D. Cheverton 

During t h i s  r e p o r t  per iod,  p rov i s ions  were made t o  include f i n i t e -  
l eng th  f laws  i n  t h e  computer program OCA-11, and a  parametr ic  a n a l y s i s  
was conducted t o  determline the  advantage, i n  terms of ves se l  i n t e g r i t y ,  
i n  r ep l ac ing  two-dimensional (2-D) f laws i n  t he  fracture-mechanics (FM) 
model w i t h  s p e c i f i c  f i n i t e - l e n g t h  flaws. Mater ial  p r o p e r t i e s  continued 
t o  be gathered i n  support of TSE-7, and a  prel iminary thermal-shock ex- 
periment TSE-7-1 was performed t o  be su re  t h a t  a n  appropr i a t e  shock can  
be achievcJ. 

4.1 Inc lus ion  of Finite-Length Flaws i n  OCA-I1 

R. D. Cheverton D. G. Ba l l  

  laws i n  a  pressurized-water r e a c t o r  (PWR) ves se l  a r e  most l i k e l y  
t o  be .  l oca t ed  i n  t he  welds t h a t  j o i n  t h e  segments of the.  ves se l ,  and f o r  
most of the  v e s s e l s  i n  ope ra t ion  today, r a d i a t i o n  embri t t lement  i s  g r e a t e r  
i n  t h e  welds t han  i n  t h e  base ma te r i a l  because of h igher  concent ra t ions  
of copper i n  t he  welds. Thus, a l though a  flaw may extend i n  l e n g t h  a s  
t h e  r e s u l t  of an overcool ing acc ident  (OCA), the  l e n g t h  of t he  flaw tends 
t o  be l i m i t e d  t o  t h e  l eng th  of t he  weld. For plate- type ves se l s ,  which 
have both a x i a l  and c i r cumfe ren t i a l  welds i n  t h e  b e l t - l i n e  region,  t h e  
l e n g t h  of the  a x i a l  welds i s  -2 m, which i s  equal t o  t h e  he igh t  of a  s h e l l  
course. Recent ca l cu la t ions1  i n d i c a t e  t h a t  t he  s t r e s s - i n t e n s i t y  f a c t o r  
f o r  a  deep a x i a l  flaw of t h i s  l eng th  i s  s u b s t a n t i a l l y  l e s s  t han  f o r  an 
i n f i n i t e l y  long (2-D) flaw, which i s  u sua l ly  used i n  t h e  eva lua t ion  of 
ves se l  i n t e g r i t y  during OCAs. Thus, replacement of t he  2-D a x i a l  flaw 
wi th  the  2-m a x i a l  flaw i n  the  FM model could r ep re sen t  a  b e n e f i t  i n  terms 
of p ro j ec t ed  v e s s e l  l i f e t i m e .  For t h i s  reason, a  2-m s e m i e l l i p t i c a l  a x i a l  
flaw was included a s  an  op t ion  in '  OCA-I1 (Ref. 2 ) .  

Another f i n i t e - l e n g t h  flaw of i n t e r e s t ,  p a r t i c u l a r l y  f o r  i n i t i a l  
flaws, i s  a  s e m i e l l i p t i c a l  flaw wi th  a  length-to-depth r a t i o  of 6 : l .  
There-  i s  no p a r t i c u l a r  technica l  j u s t i f i c a t i o n  f o r  using t h i s  s p e c i f i c  
i n i t i a l  flaw i n  t h e  a n a l y s i s  of OCAs except t h a t ,  presumably, i n i t i a l  
flaws a r e  muoh more l i k e l y  t o  be s h o r t  than  loug. With t h i s  i n  mind, and 
a l s o  because o the r  i n v e s t i g a t o r s  have included t h e  6 :1  -flaw i n  t h e i r  
s tud ie s ,  a  6 : l  flaw was included a s  an  op t ion  i n  OCA-11. 

To include the  6 : l  and 2-m f laws i n  OCA-I1 and s t i l l  r e t a i n  t he  
rapid-computation c a p a b i l i t y ,  i t  i s  necessary t o  use supe rpos i t i on  tech- 
niques f o r  c a l c u l a t i n g  K and t h i s  r e q u i r e s  t h e  a v a i l a b i l i t y  of in f luence  I' 
coe I I i c i enLs  f o r  these flaws. Several s e t s  of c o e f f i c i e n t s  have been pub- 
l ished,3-5 but  t h e r e  i s  some ques t ion  regard ing  t h e i r  accuracy, par t icu-  
l a r l y  because e x t r a p o l a t i o n  i s  r equ i r ed  i n  severa l  cases .  Thus, in f luence  
c o e f f i c i e n t s  were ca l cu la t ed  s p e c i f i c a l l y  f o r  the  6 : l  and 2-m f laws of 
i n t e r e s t  t o  our s tud ie s .  



Appl i c a t i o n  of t he  supe rpos i t i on  technique i s  d i scussed  i n  d e t a i l  i n  
Refs.  6.  and 7. It s u f f i c e s  t o  say here  t h a t  i t  was implemented by f i t -  
t i n g  a - t h i r d - o r d e r  polynomial t o  t he  s t r e s s  d i s t r i b u t i o n  t h a t  would e x i s t  
i n  t h e  absence of t he  flaw, a s  i nd ica t ed  i n  Eq. (4 .1 ) :  

'where a ( a ' )  i s  t h e  c i r cumfe ren t i a l  s t r e s s  a t  r a d i a l  p o s i t i o n  a ' ,  and a '  
and a  a r e  def ined  i n  Fig. 4.1. K va lues  a r e  ca l cu la t ed  f o r ,  each of the  I 
i nd iv idua l  terms ( s t r e s s  d i s t r i b u t i o n s )  i n  Eq. (4.1) and then  added t o  
o b t a i n  the  t o t a l  K va lue ,  a s  i nd ica t ed  by Eq. (4 .2) :  

I 

where 

- 
Value s  of K' . ( a )  I C !  a r e  ca l cu la t ed  us ing  a  three-dimensional (3-D) f i n i t e -  

IJ J  
element. a n a l y s i s 8  and a n  a r b i t r a r y  value of C!, such a s  uni ty.  The quan- 

J  
t i t y  K?(a) i s  r e f e r r e d  t o  a s  t he  inf luence  c o e f f i c i e n t  and, a s  i nd ica t ed  

J 
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Fig. 4.1. Ax ia l ly  o r i en t ed  s e m i e l l i p t i c a l  flaw on inner  sur face  of 
cy 1 inder.  



by Eq. (4 .3) ,  i s  dimensionless.  Once the  in f luence  c o e f f i c i e n t s  a r e  ob- 
t a ined ,  they can be used w i t h  any va lues  of C t o  o b t a i n  corresponding 
va lues  of KI(a).  j 

For 3-D f laws ,  K*(a) va lues  can be c a l c u l a t e d  f o r  s eve ra l  p o i n t s  
a long.  t h e  c rack  f r o n t ?  i n  which case Eq. (4.2) becomes 

where 4 i s  t h e  e l l i p t i c  angle  denot ing t h e  po in t  o n . t h e  c rack  f r o n t ,  and 
t h e  crack-depth n o t a t i o n  ( a )  has  been dropped. 

The inf luence  c o e f f i c i e n t s .  included i n  OCA-I1 a t  t h i s  time f o r  the  
6 : l  and 2-m a x i a l  f laws were c a l c u l a t e d  f o r  the  cond i t i ons  descr ibed  i n  
Table 4.1. A s  i nd i ca t ed ,  only a  900 segment of t he  c y l i n d e r  ( s e e  Fig.  
4.2) was used i n  t he  a n a l y s i s ,  and t h i s  corresponds t o  having f l aws  a t  00 
and 1800 (two f laws  oppos i t e  each o t h e r ) .  A s i n g l e  flaw (180° segment) 
was p re fe r r ed ,  but  from a  p r a c t i c a l  po in t  of view, the  computer requi re -  
ments were excessive.  Fo r tuna t e ly ,  f o r  t he  f laws  being considered,  the  
d i f f e r ence  between the  K va lues  i s  q u i t e  small. 

I 

Table 4.1. D e t a i l s  of c a l c u l a t i o n a l  model 
p e r t a i n i n g  t o  in f luence  c o e f f i c i e n t s  

f o r  6 : l  and 2-m a x i a l  f laws 

Flaw type 
Dimensions 

2-m 6 : l  
. ..: ... / . = ..-. ./.--. - ..-.---...-- 
Cylinder dimensions 

I D ,  mm 43 70 43 70 
OD, aim 4  800 4  800 
Length, mm 7010 46 74 
Segment, deg 90 90 . .. 

Length of flaw, mm 1828 3  2-3 21 

Depth of flaw (a/w) 0.2-0.9 0.025-0.25 

The d i f f e r e n c e  i n  KI va lues  a s soc i a t ed  w i t h  t h e  900 and 180° models 

i nc reases  w i th  t he  l eng th  and depth of the  flaw. : Refcrence 4 s t a t e s  t h a t  
t he  d i f f e r e n c e  f o r  a  two-dimensional (2-D) flaw wi th  a/w = 0.8 was only 
2%, but  t h i s  conc lus ion  appears  t o  be based on a n  a n a l y s i s  using a n  in- '  

. approp r i a t e  model. Thus, we analyzed t h e  2-D f law us ing  t h e  model i n  
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90' MODEL 180' MODEL 

Fig,  4. b 3 b  900 and 1800 model E used f o r  determining d i f f e r e n c e  in' K 
v a l u e s  f o r  s i n g l e  a x i a l  flaw and 'two oppos i te  flaws. 

, I 

Table 4.1 and a  very severe thermal-shock loading  large-break loss-of- 
coolan t  acc iden t  (LBLOCA) . The r e s u l t s  i n  Table 4.2 show t h a t  f o r  a/w = 
0.8, t he  90° model r e s u l t s  i n  a  30% higher  va lue  of K Because t h i s  

I' 
value  i s  r a t h e r  l a r g e ,  a  s i m i l a r  comparison was made f o r  the  2-m flaw 
wi th  a/w = 0.8. For t h i s  case,  t he  K value f o r  t he  900 model was (4% 

I higher .  Because t h e  d i f f e r ence  would be even l e s s  f o r  t he  shallow 6 :1  
f laws considered, t h e  inf luence  c o e f f i c i e n t s  ob ta ined  f o r  the 6: 1 and 
2-m f laws a r e  app ropr i a t e  f o r  both the  900 and 180° models. 

I n  t h e  process  of c a l c u l a t i n g  t h e  c o e f f i c i e n t s ,  c a r e f u l  a t t e n t i o n  
was pa id  t o  using converged meshes and appropr i a t e  cy l inde r  lengths .  Mesh 
convergence s t u d i e s  were conducted t o  reduce the  apparent e r r o r  i n  K t o  I 
<I%. With regard  t o  cy l inde r  lengths ,  a  minimum incremental l eng th  of 

l 'able 4.2. Comparison of  kI va lues  f'6f 
2-D f laws  i n  90° and 180° models, 

us ing  the  large-break 
LOCA t r a n s i e n t  



cy l inde r  t h a t  could be added t o .  t h e  l e n g t h  of t he  flaw t o  negate  end ef- 
f e c t s  was es t imated  from 4. (4.5) : 9 

where 

r = r ad ius  of cy l inder ,  
i 
w = wal l  th ickness ,  
v = Poissnn's r a t i o .  

For the  model descr ibed  i n  Table 4.1, 11 3300 mm. A 3-D a n a l y s i s ,  using 
the  2-m flaw and a  t y p i c a l  t r a n s i e n t ,  ' ind ica ted  t h a t  t h i s  added l e n g t h  
was not  s u f f i c i e n t  t o  reduce end e f f e c t s  below -5% and t h a t  t h e  r equ i r ed  
l eng th  t o  reduce end e f f e c t s  below 2% would be g r e a t e r  t han  t h e  l eng th  of 
a  PWR v e s s e l  between t h e  lower head and t h e  nozzle r ing .  It was decided 
t h a t  f o r  t he  2-m flaw, a  cy l inde r  l eng th  of 7510 mm would be appropr ia te .  
A s i m i l a r  a n a l y s i s  f o r  the  6 : l  flaw ind ica t ed  an  appropr i a t e  l e n g t h  of 
4670 mm. I n  both cases ,  t he  ends of t he  cy l inde r  were f r e e .  

As d iscussed  i n  Sect.  4.2, only the  K va lues  corresponding t o  $I = 
I 

90° a r e  being used i n  t h e  OCA a n a l y s i s  a t  t h e  present  time. ' Inf luence 
c o e f f i c i e n t s  f o r  $I = 90° a r e  p l o t t e d  a s  a  func t ion .o f  a/w i n  Figs.  4.3 
and 4.4 f o r  the 2-m and 6 : l  flaws, r e spec t ive ly .  

Coding has been added t o  OCA-I1 t o  permit c a l c u l a t i o n  of K va lues  
I 

along the  crack f r o n t  f o r  the  6 :  1 and 2-m flaws. The type of flaw used 
i n  an OCA-I1  a n a l y s i s  i s  s e l ec t ab le ;  t h a t  i s ,  both the  above f i n i t e  f laws  
and/or t he  i n f i n i t e  flaw can be included. For each time s t e p  and each 
crack depth of i n t e r e s t ,  a  least-squares .  f i t  i s  made t o  t h e  circumferen- 
t i a l  s t r e s s e s  from the c rack  mouth t o  t he  c rack  t i p ,  i n  accordance wi th  
E q .  (4.1) .  

OCA-I1 performs the  same type of c a l c u l a t i o n s  f o r  the  two f i n i t e  
f laws  a s  f o r  the  i n f i n i t e  flaw. These include de termina t ion  of K /K  I I c  
and KI/KIa  a t  a l l  times and f o r  a l l  c rack  depths.  Addit ional  d i g i t a l  

output  f o r  the f i n i t e  flaw i s  provided a s  we l l  a s  i n c l u s i o n  of the  f i n i t e  
f laws i n  t he  c r i t i c a l  crack-depth p l o t  ( s ee  Fig. 4 .5) .  Also, f o r  the 
6 : l  flaw as  wel l  a s  f o r  the 2-D f laws,  i t  i s  poss ib l e  t o  search f o r  the  
c r i t i c a l  value of AR'INDT on the  inner  sur face  corresponding t o  i n c i p i e n t  
i n i t i a t i o n  without  warm p res t r e s s ing .  
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Fig. 4 . 3 .  Influence coe f f i c i , en t s  f o r  2-m flaw. Fig.  4 . 4 .  Influence c o e f f i c i e n t s  for  6:l flaw. 
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Fig. 4.5. Typical  s e t  .of c r i t i ca l -c rack-depth  curves t h a t  i nc ludes  
2-D f laws  f o r  i n c i p i e n t  i n i t i a t i o n  and subsequent events ,  a 6 : l  flaw f o r  
i n c i p i e n t  i n i t i a t i o n ,  and a 2-m.flaw f o r  f i r s t  a r r e s t  and subsequent 
events .  

4.2 OCA Paramet r ic  Analvsis  Using Fini te-Length Flaws 

R. D. Cheverton D. G. B a l l  

An OCA paramet r ic  a n a l y s i s  was conducted t o  determine the  b e n e f i t  of 
using two s p e c i f i c  combinations of 2-D, 2-m, and 6 : l  f l aws  i n  place of 
2-D f l aws  only. Because a very shallow flaw does no t  have t o  be very  long 
t o  be e f f e c t i v e l y  i n f i n i t e l y  long and because t he  f law tends t o  grow i n  
l e n g t h  before  growing r a d i a l l y ,  one combination of a x i a l  f l aws  considered 
was a shallow (a/w ( 0.15) 2-D f law f o r  t he  f i r s t  i n i t i a t i o n  event  and a 
2-m flaw f u r  the  f i r s t  a r r e s t  and subsequent events .  The o t h e r  combina- 
t i o n  cons i s t ed  of a shallow ( a / w (  0.15) 6 : l  flaw f o r  t he  f i r s t  i n i t i a -  
t i o n  and a 2-m flaw f o r  subsequent events .  

For both the  6 :1 and 2-m f laws,  r a d i a l  p ropaga t ion  of t h e  f law,  i n  
terms of bo th  i n i t i a t i o n  and a r r e s t ,  was assumed t o  be governed by the  K I' 
=.I C 

and KIa va lues  a t  t h e  deepest  p o i n t  (midlength)  o f .  t h e  flaw. Th i s  i s  



a  reasonable  assumption f o r  the  2-m flaw because i t  cannot grow i n  length .  
However, t h e  assumption tends  t o  r e s u l t  i n  an underes t imat ion  of t h e  po- 
t e n t i a l  f o r  r a d i a l  p ropaga t ion  of t he  6 : l  flaw because KI/KIc t ends  t o  

be g r e a t e r  nea r  t h e  su r f ace  than a t  t he  bottom of t he  f law,  and a s  t h e  
f law grows i n  l eng th ,  K /K a t  the  deepest  po in t  increases .  The amount I I c  
of a x i a l  ex t ens ion  and t h e  change i n  c rack  shape a r e  no t  known. Thus, one 
has  a  choice of cons ider ing  one of two extremes:  a  2-D f law,  which, b a t  
r i n g  dynamic e f f e c t s ,  has  t h e  g r e a t e s t  p o t e n t i a l  f o r  r a d i a l  propagat ion,  
o r  t he  6 : l  f law,  us ing  K va lues  a t  t he  deepest  po in t .  I f  t he  maximum 
va lue  of KI/KIc were used on t h e  c rack  f r o n t  of t he  6 : l  f law, the  com- 

puted p o t e n t i a l  f o r  r a d i a l  propagat ion would be g r e a t e r  than t h a t  f o r  the  
2-D f law;  thus ,  t h e  2-D flaw should be used in s t ead .  

Fracture- toughness  da ta  (K  and K v s  T - R'INDT) were taken  from 
I c  I a  

ASME Code Sec t .  X I  (Ref. 101, and t h e  r educ t ion  i n  toughness due t o  ra- 
d i a t i o n  damage was es t imated  us ing  Eq. (4 .11,  which was r e c e n t l y  proposed 
by Randal l l1  a s  a  r e v i s i o n  t o  Regulatory Guide 1.99. Rev. 1 : 1 2  

where 

2 x  1017 ( F ( 6 x  1019 neutronslcm2, 
F  = f a s t  neu t ron  f luence  (E 2 1 MeV) a t  t i p  of fla'w, 

ARTNDT = change i n  RTNDT a t  t i p  of flaw due t o  f a s t  neu t ron  exposure,  
O'C,  

RTNDT = RTNDTo + ARmm, 
RTNDTo i n i t i a l  ( z e r o  f l u e n c e )  value of RTNDT, 

- 
Cu, N i  = copper and n i cke l  concent ra t ions ,  w t  %. 

For comparing t h e  c a l c u l a t e d  e f f e c t s  of t he  choice of flaw combina- 
t i o n  on v e s s e l  i n t e g r i t y ,  t h r e sho ld  o r  c r i t i c a l  va lues  of RTNM' corre- 
sponding t o  i n s i p i e n t  i n i t i a t i o n  of a  f law and i n c i p i e n t  f a i l u r e  of t h e  
v e s s e l  ( e x t e n s i o n  of t h e  f law through the  w a l l )  were ca l cu l a t cd .  For 
convenience, t h e  p a r t i c u l a r  va lues  of RTNDT t h a t  a r e  compared w i t h  each 
o the r  are t h e  v a l u e s  corresponding t o  t h e  inner  sur face  of t he  v e s s e l  
wa l l  and a t e  r e f  e r r e d  t o  here  a s  (RTNDT f o r  i n c i p i e n t  i n i t i a t i o n  and 
(RTNDTs)cf f o r  i n c i p i e n t  f a i l u r e .  

s c i  

h 'a i lure  of rhe v e s s e l  was judged by a p p l i c a t i o n  of two o r i t o r i a :  
(1) KI  > KIa (no a r r e s t )  and (2 )  p l a s t i c  i n s t a b i l i t y .  The l a r g e s t  mea- 

sured va lue  of dynamic f r a c t u r e  toughness included i n  t h e  ASME Code (Sect .  
X I )  (Ref. 10) Tor YWlZ pressurc v6Ssol a o t o f i a l  is 220 ~ ~ o . 6 ,  while more 
r ecen t  da t a13  i n d i c a t e  t h a t  app rop r i a t e  K va lues  could be a s  h igh  a s  

I a  
330 ma*&.  Prev ious  s tud i e s14  demonstrated t h a t  f o r  some p o s t u l a t e d  
OCAs, t h i s r a n g e  of ( K  1 v a l u e s c o u l d m a k e  a  s u b s t a n t i a l  d i f f e r e n c e  I a  max 
i n  tho  oa lou la t ed  behavior  of a f l a w ;  t h n s ,  h n t h  va lues  were ipcluded i n  
t h i s  study. With regard  t o  p l a s t i c  i n s t a b i l i t y ,  a  c r i t i c a l  c rack  depth  
corresponding t o  t h i s  f a i l u r e  cond i t i on  was s p e c i f i e d  f o r  each pressure ,  
assuming no 3-D o r  thermal -s t ress  e f f e c t s ,  a  uniform p re s su re  s t r e s s  i n  
t h e  l igament ,  and a  f a i l u r e  s t r e s s  of 550 MPa. 



Most of the  o the r  d e t a i l s  concerning t h e  fracture-mechanics model 
used f o r  t h i s  s tudy a r e  t he  same a s  those included i n  a  previous OCA para- 
met r ic  a n a l y s i s . ~ '  One notab le  except ion  i s  t h e  complete absence of clad- 
ding f o r  t h i s  study. (Appropriate  f  inite-length-flaw in f luence .  coef f  i- 
c i e n t s  f o r  a  c l ad  v e s s e l  were not y e t  a v a i l a b l e . )  This  has  l i t t l e  e f f e c t  
on t h e  r e s u l t s ,  however, because complete om'ission of t he  cladding y i e l d s  
about t h e  same va lues  of (RTNDT ) a s  obta ined  when cladding i s  included 

S C 
a s  a  d i s c r e t e  r eg ion  (both  thermal and s t r e s s  e f f e c t s  c ~ n s i d e r e d ) . ~ "  

R e s u l t s  of the  previous parametr ic  s tudy,  l4 which considered only 
2-D f laws,  i nd ica t ed  t h a t  changing from '2-D t o  2-m f laws f o r  c rack  a r r e s t  
would not  n e c e s s a r i l y  r e s u l t  i n  an increase  i n  (RTNM's)cf f o r  a11 postu- 

l a t o d  OCAs. It was found t h a t  f o r  primuy-system p r e s s w e s  above some 
c r i t i c a l  value p  

c' 
(RTNDTs)cf = (RTNM'S)ci, a  cond i t i on  depic ted  i n  Fig. 

4 .6 .  For p re s su res  l e s s  t han  p  , a  h igher  va lue  of RTNM'. i s  r equ i r ed  
C 

f o r  f a i l u r e  than  f o r  i n c i p i e n t  i n i t i a t i o n ;  t h a t  i s ,  t h e ' c r a c k  w i l l  a r r e s t  
fol lowing i n c i p i e n t  i n i t i a t i o n  and w i l l  not  r e i n i t i a t e ,  a s  shown i n  Fig. 
4.7. For t h i s  case,  i t  was apparent  t h a t  r ep l ac ing  the  2-D a x i a l  flaw 
wi th  a.2-m flaw ( f o r  crack a r r e s t )  would increase  p  , and t h a t  only f o r  

C p r e s su re s  l e s s  t han  p  would t h e  change i n  flaw type r e s u l t  i n  a n  inc rease  
C 

i n  (RTNDTS) c f .  A po in t  of i n t e r e s t  was whether pc would be high enough 
r e l a t i v e  t o  expected p re s su res  during OCAs f o r  t h e  change i n  flaw type 
2-D t o  2-m t o  have a  s i g n i f i c a n t  e f f e c t  on v e s s e l  i n t e g r i t y .  

ORNL-DWG 82-5857 ETD 
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Fig. 4.6. Cri t ical-crack-depth curves f o r  an OCA i l l u s t r a t i n g  in- 
c i p i e n t  i n i t i a t i o n  and f a i l u r e  (no a r r e s t  un le s s  on upper s h e l f ) .  
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Fig. 4.7 .  Crit ical-crack-depth curves f o r  OCA i l l u s t r a t i n g  i n c i p i e n t  
i n i t i a t i o n  fol lowed by a r r e s t  and no r e i n i t i a t i o n .  

A q u a n t i t a t i v e  eva lua t ion  of t h e  e f f e c t  of t he  d i f f e r e n t  assumed flaw 
types  on v e s s e l  i n t e g r i t y  was obta ined  by comparing va lues  of (K'FNLIFs)cf 
f o r  s eve ra l  pos tu l a t ed  OCAs and f o r  t he  Rancho Seco t r a n s i e n t  t h a t  oc- 
cu r r ed  i n  1978 ( s e e  Fig. 4.8).  'I'he pos tu l a t ed  t r a n s i e n t s  cons i s t ed  of a 
cons tan t  primary-system p res su re  p  and a  temperature t r a n s i e n t  def ined  by 

where 

To = downcomer coolant  temperature,  

Ti 
= i n i t i a l  temperature of ves se l  wa l l  and coolant ,  

Tf = f i n a l  (asymptot ic)  temperature of coolant .  

n  = decay cons tan t ,  
t = t ime i n  t r a n s i e n t .  

The d u r a t i o n  of t he  t r a n s i e n t  tmai was v a r i e d  t o  determine the  s e n s i t i v i t y  

of v e s s e l  i n t e g r i t y  t o  t h i s  parameter. Input da t a  f o r  the  va r ious  cases  
c a l c u l a t e d  a r e  smnmarized i n  Table 4.3 .  
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.Fig.  4.8. Rancho Seco 1978 OCA coolant '  temperatnre and p re s su re  
~ t rans ieuCs  (smuo~Lhsd). 

Calculated va lues  of (RTNDT ) f o r  the  2-D, 2-D a x i a l  flaw combina- 
s cf 

t i o n  a r e  presented i n  Fig. 4.9 and t h e  inc reases  r e s u l t i n g  from replace- 
ment of the  (2-D, 2-D) combination w i t h  the  (2-D, 2-m) and (6:1, 2-m) 
combinations a r e  i l l u s t r a t e d  i n  Figs.  4.10 and 4.11 f o r  Tf = 6 6  and 121°C, 
r e spec t ive ly .  As ind ica t ed  by Figs.  4.10 and 4.11, t h e r e  can  be a n  ad- 
vantage a s soc i a t ed  w i t h  t h e  2-m flaw, and a s  expected, it decreases  w i t h  
inc reas ing  pressure .  The c r i t i c a l  p re s su re  p  ( t h e  maximum pres su re  f o r  

C 
which the  2-m flaw has an  advantage over the  2-D f law) ranges  from -7 MPa 
f o r  t = 120 min t o  17.2 MPa f o r  -tmax = 45 min, i n d i c a t i n g  a  g r e a t e r  

max 
actuautage of the  2-m flnw f o r  a  s h o r t e r  d u t o t i o n  of the t t a n s i e n t ,  al- 
though a s  i nd ica t ed  i n  both f i g u r e s ,  t h e r e  can be a  small  r eve r sa l  of t h i s  
t r e n d  f o r  some combinations of t and (KIa)max. The r e s u l t s  a1 so show 

max 
t h a t  t h e  advantage of the  2-m flaw i s  g r e a t e r  f o r  a  (KIa)max value of 330 

than  f o r  220 MPa06,  provided tmax i s  somewhat l e s s  t han  60 min and t h e  

p re s su re  i s  g r e a t e r  than  -10 MPa. For t m o z L  60 min, t h e r e  i s  no e f f e c t  

of i nc reas ing  (Kla)max from 220 t o  990 MF'a*&. 
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Fia. 4.9 .  (RINDTs)cf v s  pressure f o r  several  va lues  of T 
and tmax. 

f '  "~a'max' 
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Fig. 4 .10 .  Increase A(RINOTs)cf i n  (RINJY.L's)cf for (2-D, 2-m) and 

( 6 : 1 ,  '2-m) flaw combinations r e l a t i v e  t o  (2-D, 2-D) combination f o r  Tf = 
66OC. 
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P i g .  4.11. Increase A(RTNlYF in (RINDTs)cf for (2-DI 2-m) and 
s cf 

(6:1 ,  2-m) flaw combinations r e l a t i v e  t o  (2-D, 2-D) combination f o r  T = 
121°C. f 



Table 4.3. Input da t a  f o r  OCA 
cases  ca l cu la t ed  

Vessel OD, mm 

Vessel I D ,  mm 

a 
Durat ion of t r a n s i e n t .  

b ~ l u i d - f i l m  hea t  t r a n s f e r  
coef f  i o i e n t .  

C 
Corresponds t o  main pmnps 

o f f .  

dlJsed f o r  both Rancho Seco 
and pos tu l a t ed  OCAs. 

From a q u a n t i t a t i v e  poin t  of view, t he  advantage i n  r ep l ac ing  t h e  
2-D, 2-D. f law combination wi th  the  2-D, 2-m combination f o r  T = 121°C 

f 
and p = 1 0  )(Y. corresponds t o  an  increase  i n  (RTNIYTs)cf of 76, 31, and 

OOC f o r  tmax = 30, 45, and 260 min, r e spec t ive ly ,  and t h e  increase  i s  in- 

dependent of the  value of (KIa)max (220-330 MPa-6 ) .  A t  a  p re s su re  of 

17.2 MPu, Lhere i s  no advantage except f o r  tmax = 30 min and (K ) = 
I a  max 

330 m a * &  and f o r  t h i s  case the  inc rease  i n  (RTNDT ) i s  -34OC. 
s  cf 

As shown i n  Figs.  4.10 and 4.11, replaoemcnt of t he  2-D i n i t i a l  flaw 
wi th  the  6 : l  flaw increases  (R'INDTs)cf f o r  p re s su re s  t h a t  a r e  g r e a t e r  

than a  value t h a t  i s  a  l i t t l e  l e s s  than  pc. This  i nc rease  i s  nea r ly  
independent of pressure  and i s  g r e a t e r  f o r  l a r g e r  va lues  of t max' For 

tmax = 30 min, the  increase  i n  (RRJDTs) cf i s  -60C, and f o r  tmax = 120 min, 

i t  i s  -120C. 
A comparison of Figs.  4.10 and 4.11 i n d i c a t e s  t h a t  t he  advantage of 

t he  2-D, 2-m and 6:1, 2-m flaw combinations over t he  2-D, 2-D combina- 
t i o n  i s  about the  same f o r  T = 66 and 1210C, although t h e r e  a r e  some 

f  
s i g n i f i c a n t  d i f f e r e n c e s  f o r  tmax = 30 min. 

Es t imates  of the ex tens ion  i n  ca l cu la t ed  l i f e t i m e  of a  PWR p re s su re  
ves se l  due t o  i nc reases  i n  (R'INDT can he obtained us ing  Eq. (4.6) and 

6 of 



t y p i c a l  PWR f luence  r a t e s  (k 1 .  As an  example, e s t ima te s  corresponding t o  
0 

a  change i n  f law combination from 2-D, 2-D t o  2-D, 2-m were made f o r  a  
case  i n  which Tf = 1210C, n  = 0.15 min-l, p  = 1 0  MPa, RMDTo = -18OC. Cn = 
0.3%, N i  = 0.8%, and (K = 220 ~ ~ a . 6 .  The r e s u l t s  a r e  presen ted  i n  

I a  max 
Table  4.4 f o r  tmax = 30,  45, and 260 min and f o r  t he  approximate extremes 

i n  f luence  r a t e s  among t h e  e x i s t i n g  PWRs f o r  t he  e f f e c t i v e  f u l l  power 
y e a r s  (EFPY) (0.3 and 1.5 x  1018 nent rons-~m-~*EFPY-l ) .  As shown i n  t he  
t a b l e ,  t h e r e  i s  no ex t ens ion  of the  l i f e t i m e  f o r  tmax 2 60 min. However, 

i f  t h e  2-D i n i t i a l  flaw were rep laced  w i t h  a  6 : l  f law, t h e r e  would be an 

ex t ens ion  f o r  t > 60 min of 9 and 2  EFPY f o r  % = 0.3 and 1.5 x 1018 
max - 

n e u t r o n s - ~ m - ~ * E F P Y - ~ .  

Table  4 . 4 ,  Estimfltes nf t.hs extens ion  i n  c a l c w  
l a t s d  vosso l  l i f c t i m o  duo t o  ohanging t h e  

assumed flaw combination from 
2-D, 2-D t o  2-D, 2-m 

(Sample case d e ~ c r i b e d  i n  t e x t )  

n 
Values t o r  2-v. 2-m f i aw combination. 

b 
Inner-surf ace f  luence t o  achieve i nd i ca t ed  

(RrnrnS) c f .  
C 

Extension i n  v e s s e l  l i f e  due t o  change i n  
f law combination. 

d 
Blucnee r a t 0  a t  innor  curfnoe (neut rons*  

cm- EPYY'l) . 

Analysis  of t he  Rancho Seco t r a n s i e n t  descr ibed  i n  Fig.  4.8 i nd i ca t ed  
no inc rease  i n  (Rl'NDTs)cf a s  a  r e s u l t  of changing t h e  f law combination 

from 2-D, 2-D t o  2-D, 2-m. However, changing t h e  combination from 2-D, 
2 D t o  6:1,  2-m inoronsod (RTNDTsIcf by - 1 l o C .  

C i rcumferen t ia l  f laws were analyzed i n  a  s i m i l a r  f a sh ion  t o  t h e  ex- 
t e n t  of determining whether t he  c i r cumfe ren t i a l  flaw might have a  lower 
va lue  of (RTNDTs) cf t han  the  a x i a l  flaw. The comparison was made between 



t h e  2-D, 2-D c i rcumferen t ia l - f law combination and t h e  2-D, 2-m axial-flaw 
combination; f o r  none of t he  ca se s  considered was t h e  c i r cumfe ren t i a l  flaw 
1 imit ing.  

4.3 Thermal-Shock Ma te r i a l s  Cha rac t e r i za t i on  

W. J. Stelzman R. K. Nanstad 
R. L. Swain 

Cha rac t e r i za t i on  of p ro longat ion  TSP-4 from t e s t  c y l i n d e r  TSC-4 was 
cont inued i n  support  of TSE-7 wi th  emphasis on f r a c t u r e  toughness. Drnp- 
weight and Charpy V-notch impact r e s u l t s  have been r epo r t ed  p r e v i o ~ s l y . ~ ~  
Tes t  r e s u l t s  from 1T compact specimens (1TCS) from a  segment tempered f o r  
4  h  a t  6760C followed by cool ing i n  a i r i 6  a r e  l i s t e d  i n  Table 4.5. A 
t o t a l  of t e n  CT-orientedi7 1TCS were t e s t e d .  A l l  specimens were machined 
so  t h a t  t h e  f a t i g u e  c rack  would be l oca t ed  a t  t h e  0.23 and 0.58t  depth 
l o c a t i o n s  from the  inner  sur face  of t h e  203-mm-thick wa l l .  The specimens 
were precracked t o  an  average c r ack  length- tcrwidth r a t i o  (alw) of 0.560 
and t e s t e d  i n  t he  s t roke  con t ro l  mode. The c rack  opening displacement 

Table 4.5. S t a t i c  f rac ture- toughness  
p r o p e r t i e s  from a - o r i e n t e d  1T com- 

pac t  specimens from p ro longa t ion  
TSP-4 (SA508) a f t e r  tempering 

a t  6760C f o r  4  h, cool ing  i n  
a i r ,  and t e s t i n g  a t  21°C 

S t a t i c  f r a c t u r e  Average 
t oughne s  s 
( M P ~  dm') d u c t i l e  

J i n t e g r a l  
c rack  

(KJ / m a )  ex t ens ion  

PI  c  
K~ ad jus t ed  

(mm) 

a 
Lowest measured toughness.  

b ~ i g h e s t  measured toughness. 



(COD) was measured a t  t h e  specimen load  l i n e ,  and t h e  ca lcu la t i ,on  of t he  
J i n t e g r a l  was made us ing  t h e  area-to-maximum load  and t h e  Merkle-Corten 
c o r r e c t i o n  f o r  t he  t e n s i l e  component.18 The s t a t i c  f r a c t u r e  toughness K 
was c a l c u l a t e d  from t h e  r e l a t i o n s h i p  K 2  = EJ, where E  = 201 GPa (29.2 x  

3 
J l o 6  p s i ) .  The BIc adjustment  was made using t h e  Merkle method. l9 Values 

of KJ a t  21°C ranged from 114 t o  270 M P ~ * &  and from 77 t o  110 ~ ~ a . 6  

a f t e r  t he  PIC ad j  ustment. A l l  specimens experienced some s t a b l e  d u c t i l e  

c r ack  ex t ens ion  p r i o r  t o  f a i l u r e  by cleavage, and a l l  speoimens f a i l e d  
p r i o r  t o  a t t a inmen t  of l i m i t  load. Duc t i l e  c rack  ex t ens ion  was measured 
on each specimen f r a c t u r e  su r f ace  using a  t h r e e p o i n t  average. The re- 
s u l t s  a r e  given i n  Table  4.5 and show a wide range of s t a b l e  c r ack  growths 
from 0.07 t o  0.64 mm. 

We a r e  p r e s e n t l y  (1)  f a t i g u e  precracking  lTCS from TSP-4 ma te r i a l  
tempered f o r  4  h  a t  7020C fol lowed by cool ing  i n  air16 and (2 )  machining 
t e n s i l e  specimeiks ffm t h e  675 and 702OC tempered TSP-4 ma te r i a l .  

4.4 TSE-7 Thermal-Hvdraul i c  E x ~ e r  iment 

R. D. C lever ton  

P r i o r  t o  conducting each thermal-shock experiment,  a  p r e l  iminary 
thermal-shock experiment i s  conducted wi th  the  a c t u a l  t e s t  cy l inde r  t o  be 
s u r e  t h a t  t h e  d e s i r e d  thermal shock can be achieved. The t e s t  i s  con- 
ducted wi thout  t h e  intended i n i t i a l  flaw p re sen t  and w i t h  t he  cy l inde r  i n  
a  quench-only condi t ion .  The l a t t e r  cond i t i on  i s  s p e c i f i e d  t o  minimize 
y i e l d i n g  a t  t h e  i nne r  snr face .  

P r i o r  t o  t h e  thermal-hydraulic t e s t ,  the  t e s t  cy l inde r  i s  equipped 
w i t h  180 thermocouples t h a t  a r e  used f o r  measuring the  temperature  dis- 
t r i b u t i o n  i n  t h e  w a l l  a t  15  d i f f e r e n t  l o c a t i o n s ,  and then  the  i nne r  sur- 
f ace  of the oy l indc r  i o  ooatod w i t h  the  app rop r i a t e  l a y e r  of rubber  ce- 
ment. Th i s  i n n e t s u r f a c e  coa t ing  suppresses  f i l m  b o i l i n g  and promotes 
t r a n s i t i o n a l  nuc l ea t e  b o i l i n g  during t h e  thermal-shock quench i n  1 iqu id  
n i t rogen .  P r e p a r a t i o n  of t h i s  coa t ing  t o  achieve t he  des i r ed  h e a t  removal 
r a t e  f o r  each experiment i s  somewhat of a  b l ack  a r t ;  thus ,  t he  thermal- 
hyd rau l i c  experiment i s  needed. 

Far  t h i s  p a r t i o u l a r  ogporimont, 24 ooa t s  of rubber  oement were ap- 
p l i e d  t o  ach ieve  a  t o t a l  su r f ace  d e n s i t y  Of 273 g/m2. The f i r s t  f i v e  
c o a t s  were sprayed w i t h  3M Company type 3M-34 ma te r i a l  ( t o t a l  sur face  
d e n s i t y  -20 g/m2), and the  remaining c o a t s  were sprayed w i t h  3M-NF34. 

The thermal-shock experiment cons i s t ed  of f i r s t  hea t ing  t h e  appro- 
p r i a t e l y  i n s u l a t e d  t e s t  c y l i n d e r  t o  930C and then  e f f e c t i v e l y  dunking t h e  
t e s t  c y l i n d e r  assembly i n  l i q u i d  n i t r o g e n  t o  achieve the  d e s i r e d  thermal 
shock. R e s u l t s  of t he  experiment (TSF-7-11 i n  terms of t he  temperature  
c l o s e  t o  t h e  i nne r  sn r f ace  ( r a d i a l  depth = 1.3 nun) a s  a  f u n c t i o n  of time 
a r e  shown i n  Fig. 4.12 along w i t h  s i m i l a r  curves  f o r  thermal-shock ex- 
per iments  TSE-5 and -5A. The d e s i r e d  quench r a t e  f o r  TSE-7 i s  t h e  one 
achieved f o r  TSE-5A o r  somewhat more severe.  As i n d i c a t e d  i n  Fig. 4.12, 
t h e  t r a n s i e n t  achieved during TSF-7-1 f i t s  t h e  l a t t e r  ca tegory  and pro- 
v ides  some margin f o r  a  pos s ib ly  l e s s  severe  t r a n s i e n t  a s  a  r e s u l t  of 
having t o  r e sp ray  the  t e s t  c y l i n d e r  f o r  TSE-7. 
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Fig.  4.12. Compartisbii d f  TSE-5, TSE-SA, and TSP-7-1 temper tiillre 

t r a n s i e n t s  f o r  p o s i t i o n  i n  w a l l  of t e s t  c y l i n d e r s  l o c a t e d  1.3 mm from 
inner s u r f  ace ,  

The c u r v e s  i n  Fig .  4.12 r e p r e s e n t  averages  of 15 thermocouples  a t  t h e  
same dep th  i n  t h e  w a l l  b u t  a t  d i f f e r e n t  l o c a t i o n s  s o  t h a t  t h e  degree  of 
u n i f o r m i t y  of t h e  quench over  t h e  e n t i r e  i n n e r  s u r f a c e  can be e s t a b l i s h e d .  
For  TSF-7-1, t h e  s c a t t e r  i n  t h e  15 r e a d i n g s  was ( 5 O C ,  and t h e r e  was no . 

s p e c i f i c  s i g n i f i c a n t  t r e n d  i n  t h e  a x i a l  o r  c i r c u m f e r e n t i a l  d i r e c t i o n .  
T h i s  i s  a  v e r y  a c o e p t a b l e  s i t u a t i o n .  
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5. PRESSURE VESSEL INVESTIGATIONS 

R. H. Bryan 

P o s t t e s t  e v a l u a t i o n  of in te rmedia te  t e s t  v e s s e l  (ITV) V-8A cont inued 
w i t h  measurement of p r o p e r t i e s  of t h e  low-upper shelf weld seam and de t e t  
mina t ion  of flaw geometry. P repa ra t i ons  a r e  being made f o r  the  f i r s t  pres- 
surized-thermal-shock experiment (PTSE-1). Two t e s t  ve s se l  s a r e  being 
f a b r i c a t e d ,  one t o  be used f o r  t e s t i n g  of t he  PTS experimental f a c i l i t y  
and t h e  o t h e r  f o r  the  f i r s t  experiment PTSE-1. Fracture-mechanics (FM) 
ana lyses  were made w i t h  candida te  t r a n s i e n t s  f o r  t he  PTSE-1 and w i t h  u p p e r  
s h e l f  behavior  being considered e x p l i c i t l y  f o r  the  f i r s t  time. Fu r the r  

. developmental t e s t s  of s e a l s ,  tliermocouples, and o t h e r  appara tus  were con- 
ducted; and t e s t  f a c i l i t y  c o n s t r u c t i o n  was nea r ly  completed. Mater ia l  
p rope r ty  s t u d i e s  were cont inued t o  de f ine  t he  des i r ed  h e a t  t rea tment  of 
t he  v e s s e l  f o r  I'T3I1-1. 

5.1 P o s t t e s t  Studv of ITV V-8A 

R. H. Bryan 

Vessel  V-SA was t e s t e d  w i t h  a  f law i n  a  spec i a l  seam weld having 
low-uppet  s h e l f  toughness s i m i l a r  t o  t h a t  of i r r a d i a t e d  high-copper weld 

A f t e r  t he  t e s t ,  t h e  e n t i r e  seam weld was removed and sec t ioned  
t o  s epa ra t e  t h e  flawed r eg ion  from the  unbroken segments. The f law ge- 
ometry i s  being determined p r e c i s e l y ,  and t h e  unbroken p i e c e s  of the  weld 
seam a r e  being used i n  s t u d i e s  r e l a t e d  t o  bo th  the V-8A t e s t  and prepara- 
t i o n s  f o r  a  PTS tes . t  w i t h  low-uppershe l f  m a t e r i a l ,  pos s ib ly  i n  PTSE-2. 

P r o p e r t i e s  of t he  V-8A seam were i n v e s t i g a t e d  because t h e  f o u r  c h a r  
a c t e r i z a t i o n  welds, which were prepared w i t h  the  same m a t e r i a l s  and grQce- 
dnres  a s  t h e  V-8A seam, exh ib i t ed  a  remarkable s c a t t e r  i n  u p p e t s h e l f  
toughness. * 

5.1.1 F r a c t u r e  s u r f a c e s  of V-8A flaw 

A block O f  ma te r i a l  conta in ing  t h e  V-8A flaw was removed from the  
t e s t  v e s s e l ,  c h i l l e d  i n  l i q u i d  n i t rogen ,  and s p l i t  along t h e  f r a c t u r e  
plane by Wedge-16ading t h e  machine opening of the  flaw. As ind i ca t ed  by 
photographs p rev ious ly  pub1 ished,  t h i s  s p l i t t i n g  d i d  n o t  uncover t h e  f  rac- 
t l l fe  su r f aces  a t  t h e  two ends of the  flaw. Therefore ,  i t  was necessary  
t o  r e s e o t i o n  t h e  two ha lves  of t he  s p l i t  block, c h i l l  t he  p i e c e s  i n  l i q u i d  
n i t rogen ,  and wedge a p a r t  the  unopened p o r t i o n s  of t he  f r a c t u r e  sur faces .  
Th i s  process  produced about 20 fragments conta in ing  some p o r t i o n  o f  t he  
f r a c t u r e  s u r f a c e s  developed during t h e  V-8A t e s t .  

The two complete f r a c t u r e  su r f aces  were r econs t ruc t ed  so  t h a t  p r e c i s e  
measurements of t he  flaw could be made. Photographs of t he  su r f aces  a r e  
shown i n  F igs .  5.1 and 5.2. The wid ths  of saw c u t s  were measured and ac- 
counted f o r  i n  reassembly of t he  sur faces .  The V-8A flaw a t t a i n e d  a  depth 
of 102 mm and a  l eng th  of 456 mm. Th i s  l e n g t h  i s  about 30 mm g r e a t e r  than  
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Fig. 5.2. Fracture surface B of V-8A flaw. The arrca points tarrard 
closure flange of t e s t  vesse l .  Pieoes reattached t o  central part of flaw 
block were spaced t o  account for  width of cuts. 



t h a t  r epo r t ed  e a r l i e r  on t h e  b a s i s  of an u l t r a s o n i c  scan of t he  flaw 
block. 5 

5.1.2 Tearing r e s i s t a n c e  of l ~ ~ - ~ ~ ~ e t ~ h e l f  seam weld 
i n  v e s s e l  V-8A 

A p o r t i o n  of the  seam weld from v e s s e l  V-8A (p i ece  V8A-CA) was s en t  
t o  t h e  Babcock & Wilcox Company (B&W) Al l i ance  Research Center f o r .  d e t e r  
minat ion of the  t e a r i n g  r e s i s t a n c e  JR of t he  m a t e r i a l .  B&W had measured 
JR of four  c h a r a c t e r i z a t i o n  seam welds made of t he  same welding w i r e  and 
f l u x  and wi th  the  same welding procedure a s  t h e  V-8A seam weld. 3 9 6  The 
four  c h a r a c t e r i z a t i o n  welds,  a1 though nominally i d e n t i c a l ,  i nd i ca t ed  con- 
s i d e r a b l e  s c a t t e r ,  a s  shown by t h e i r  average JR p r o p e r t i e s 4  (Fig.  5 .3) .  

B&W t e s t e d  t e n  nominally 25-mnrthick side-grooved compact specimens 
a t  1490C. Eight  specimens were of the  WL o r i e n t a t i o n  and two of WT o r i -  
en t a t i on .  The r e s u l t s  r epo r t ed  by Domian and Fa ta t07  a r e  summarized i n  
Fig. 5.3 and Table  5.1. The WT da t a  f a l l  w i t h i n  t he  s c a t t e r  band of WL 
da ta .  

Table  5 .l. J - in t eg ra l  average p r o p e r  
t i e s  of V-8A c h a r a c t e r i z a t i o n  and 

v e s s e l  welds a t  1490C 

Weld Number of J IC  

specimens (kJ/m2) 

Vessel V-8A 

WT o r i e n t a t i o n  2  41.2 
WL o r i e n t a t i o n  8  47.9 

5.2 Pressurized-Thermal-Shock Stud ie s  

R. H. Bryan R. W. McCulloch 

The p r i n c i p a l  e f f o r t  i n  t he  experimental pressurized-thermal-shock 
(PTS) s t u d i e s  i s  toward performance of a  t e s t  (PTSE-1) of an ITV.8 Two 
t e s t  v e s s e l s  a r e  being fabr . icated from nsed Ins.  One of t h e  two v e s s e l s  
i s  t o  be used f o r  PTS t e s t  f a c i l i t y  checks and pre l iminary  thermal-hy- 
d r a u l i c  t e s t s  (PTSE-0). and the  second f o r  t h e  f r a c t n r e  t e s t  PTSE-1. The 
PTSE-0 vesse l  w i l l  even tua l ly  be nsed f o r  a  f r a c t n r e  t e s t .  
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Fig. 5 . 3 .  J cur7es f o r  arerage power law parameters f o r  each of 
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fcur V-8A c h n r a c t e r i z a t i o n  welds  a t  14g°C. Addit ional  data p o i n t s  are  
from p o s t t e s t  J measurenents by B&W of v e s s e l  V-8A seam weld. R 



Some i n v e s t i g a t i o n s  p e r t a i n i n g  t o  PTSE-2, which i s  t e n t a t i v e l y  
planned a s  a  t e s t  of l o w - u p p e r s h e l f  m a t e r i a l ,  a r e  a l s o  be ing  conducted.  
M a t e r i a l s  a v a i l a b l e  from t h e  v e s s e l  V-8A t e s t  program a r e  be ing  s t u d i e d .  
A p i e c e  of t h e  V-8A seam weld w i l l  be used f o r  c r a c k - a r r e s t  toughness  mea- 
surements  i n  p r e p a r a t i o n  f o r  PTSE-2 and, perhaps ,  ESSO t e s t s .  

C o n s t r u c t i o n  of t h e  PTS t e s t  f a c i l i t y  was a lmost  completed d u r i n g  t h e  / 

q u a r t e r .  Conceptual  d e s i g n s  were adopted f o r  e s s e n t i a l  t e s t i n g  a p p a r a t u s :  
t h e  p r e s s u r i z a t i o n  system, t h e  d a t a  a c q u i s i t i o n  system (DAS) , and s e a l s .  
Some f e a t u r e s  of t h e  t e s t i n g  system were abandoned because of c o s t  o r  
schedule  c o n s t r a i n t s  : p r i n c i p a l l y  au tomat ic  p r e s s u r e  c o n t r o l  s ,  r ea l - t ime  
f r a c t u r e  a n a l y s i s  from t e s t  d a t a ,  and u l  t r a s o n i c  crack-depth measurements. 

Development and a p p l i c a t i o n  of methods of f r a c t u r e  a n a l y s i s  f o r  in- 
vestigating pressure - tempera tu re  t r a n s i e n t s  i n  t e s t  v e s s e l s  were  pursued 
i n  two d i r e c t i o n s .  I n  t h e  f i r s t ,  a  computer code (PTSUSA) was developed 
t o  determine J - i n t e g r a l - c o n t r o l l e d  f  r a c t u r e  behav ior  on t h e  upper s h e l f .  
A s e r i e s  of upper-shelf  a r r e s t  a n a l y s e s  h a s  been performed u s i n g  PTSUSA t o  
demons t ra te  t h e  i n f l u e n c e  of t e s t  c o n d i t i o n s  on t h e  outcome of a  PTS t e s t .  
I n  t h e  second d i r e c t i o n ,  3-D ADINA-ORVIRT s t u d i e s  were  performed a s  a  
b a s i s  f o r  developing a  v e r s i o n  of t h e  OCA code t h a t  w i l l  account  f o r  t h e  
e f f e c t s  of f i n i t e  f l aw,  f i n i t e  c y l i n d e r ,  and uncooled heads  on t h e  PTS 
t e s t  v e s s e l .  T h i s  modi f i ed  OCA a n a l y s i s  c a p a b i l i t y  i s  be ing  used t o  c a r r y  
o u t  p a r a m e t r i c  a n a l y s e s  cover ing  p o t e n t i a l  r anges  of PTSE v a r i a b l e s .  

A s tudy  of t h e  e f f e c t s  of v a r i o u s  temper t r e a t m e n t s  on toughness  i s  
be ing  conducted t o  determine t h e  h e a t  t r e a t m e n t  t o  be a p p l i e d  t o  t h e  
v e s s e l s /  f o r  PTSE-0 and -1, i n  which t h e  s e l e c t e d  t e s t  m a t e r i a l  h a s  been 
p lug  welded. 

5.2.1 E l a s t i c - i d e a l l v - p l a s t i c  PTS a n a l v s i s  f o r  a  deep 
con t inuous  e x t e r n a l  l o n a i t u d i n a l  c r a c k  i n  a  
c v l i n d e r  ( J .  G. Merkle) 

I n  p r e v i o u s  p r o g r e s s  r e p o r t s ,  closed-form s o l u t i o n s  were  p r e s e n t e d  
f o r  a n a l y z i n g  t h e  e f f e c t s  of thermal-shock load ing ,  under e l a s t i c  condi- 
t i o n s ,  on deep con t inuous  i n t e r n a l  l o n g i t u d i n a l g  and c i r c u m f e r e n t i a l 1 °  
s u r f a c e  c r a c k s  i n  p r e s s u r e  v e s s e l s ,  and t h e  e f f e c t s  of complete l igament  
y i e l d i n g  w i t h o u t  s t r a i n  ha rden ing  i n  t h e  case  of i n t e r n a l  l o n g i t u d i n a l  
c racks .  l1 More r e c e n t l y  i t  h a s  become necessa ry  t o  c o n s i d e r  t h e  e f f e c t s  
of v e s s e l  i n t e r n a l  p r e s s u r e  a s  w e l l  a s  those  of thermal-shock l o a d i n g ,  
w i t h  s p e c i f i c  a t t e n t i o n  be ing  g iven  t o  t h e  d e s i g n  of ITV exper iments  u s i n g  
i n t e r n a l  p r e s s u r e ,  e x t o r n a l  f l aws ,  and e x t e r h a l  thermal-shock load ing .  
The o b j e c t i v e  of t h e  a n a l y s i s  t o  be p r e s e n t e d  h e r e  i s  t o  ex tend  t h e  pre- 
v i o u s  a n a l y s e s  t o  cover  deep, con t inuous ,  e x t e r n a l ,  l o n g i t u d i n a l  s u r f a c e  
c r a c k s  s u b j e c t e d  t o  p r e s s u r e  a s  w e l l  a s  thermal  load ing ,  w i t h  complete 
1 igamont y i c l d i n g ,  bu t  w i t h o u t  s L r a i n  hardening.  

Because t h e  c r a c k  i s  assumed t o  be deep, i t  i s  r e a s o n a b l e  t o  adopt  
t h e  s t r i p y i e l d - m o d e l  phi losophy by assuming t h a t  y i e l d i n g  o c c u r s  o n l y  
on t h e  p lane  ahead of t h e  c r a c k  t i p .  When t h e  l igament  i s  comple te ly  
y i e l d e d ,  t h e  s t r e s s  d i s t r i b u t i o n  d i r e c t l y  ahead of t h e  c r a c k  i s  a n  i d e a l l y  
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 ,  and t h e  crack-plane d i s p l a c e m e n t s  a r e  t h e  
e l a s t i c  r i n g  bending d i sp lacements  cor responding  t o  t h e  a p p l i e d  l o a d i n g  
and t h e  crack-plane t r a c t i o n s . l l  



To c a l c u l a t e  the  e l a s t i c a l l y  induced displacements  of t he  c rack  
f aces ,  a  s e c t i o n  of t he  cy l inde r  i s  modeled a s  a  cu t  r i ng ,  w i th  one end 
f i x e d  and t h e  o t h e r  end f r e e  (Fig. 5 .4) .  For I#,,, = 2n and r a d i a l l y  sym- 
m e t r i c  loading,  Xa = 0,  and the  t o t a l  r e l a t i v e  displacements  of t he  c rack  
f a c e s  a r e  equal t o  t he  e l a s t i c a l l y  ca l cu la t ed  displacements  of t he  f r e e  
end, given by 

where p o s i t i v e  displacements  and r o t a t i o n s  a r e  def ined  a s  those occurr ing  
i n  t he  d i r e c t i o n s  of t he  p o s i t i v e  t r a c t i o n s .  

Refer r ing  t o  Fig. 5 .5 ,  the  moment causing bending d e f l e c t i o n s  t h a t  
a c t  on t h e  c rack  plane i s  given by 

where Mg i s  the moment of the  t o t a l  s t r e s s  d i s t r i b u t i o n  a c t i n g  i n  t he  
uncracked r ing .  The moment n$ can be r ep re sen ted .by  

ETU 

Fig. 5.4. Cut r i n g  model of oy l inde r  conta in ing  continuous longi-  
t ud ina l  sur f  ace crack. 



105 

ORNL-DWG 83-4782A ETD 

Fig. 5 . 5 .  I d e a l l y  p l a s t i c  model of uncracked 1 igament i n  . cy l inder  
conta in ing  continuous ex te rna l  l ong i tud ina l  sur face  crack. 

where ug i s  the  l i n e a r i z e d  in s ide  surface thermal s t r e s s .  'Ehe fo rce  caus- 
ing bending d e f l e c t i o n s  t h a t  a c t s  on the  c rack  plane i s  given by 

Y = -uy (2d - b )  - a w , (5.4) 
a  P 

whoro 

Ref e r r i n g  aga in  t o  Fig. 5 . 5 ,  the  crack-plane d i  splacement-rotat ion 
r e l a t i o n s  a r e  given by 

and 

Note t h a t  the  s ign  convention adopted he re  r e s u l t s  i n  t he  crack-tip- 
opening displacement '(COD) 6 being p o s i t i v e  when ' the ' crack-opening angle 
8 i s  p o s i t i v e  f o r  an e x t e r n a l ,  snrface o r ~ c k .  



The problem s o l u t i o n  i s  obtained by using Eq. (5.6) t o  e l imina t e  Ay 
i n  Eq. (5.11, then  e l imina t ing  8 and so lv ing  Eq. (5.1) f o r  ( d l b ) .  Th i s  
l o c a t e s  t h e  hinge po in t ,  which i s  t h e  po in t  of s t r e s s  r e v e r s a l  i n  t h e  
f u l l y  y i e lded  remaining ligament.  The r e s u l t i n g  equa t ion  f o r  ( d l b )  i s  

where 

and 

For t he  case of ( d l b )  > 0 ,  corresponding t o  t he  hinge po in t  l o c a t e d  
i n s i d e  t h e  remaining l igament ,  Eq. ( 5 . 8 )  can be su lycd  by i t e r a t i o n ,  using 
t h e  rear ranged  form 

The crack-plane moment can be obtained by not ing  t h a t  

and then combining Eqs. (5..2) and (5.3) t o  read  

M 
a  

6  
- 
~ g = - l +  (a,/ a,) 



The crack plane bend angle  and c e n t e r l i n e  v e r t i c a l  displacement a r e  given 
by 

and 

F i n a l l y ,  t he  COD i s  c a l c u l a t e d  by rear ranging  Eq. (5.7) t o  read  

Refer r ing  t o  Fig.  5.5, when t h e  d i s t ance  d  i s  reduced t o  zero,  t he  
remaining ligament becomes completely y i e lded  i n  t ens ion ,  even though a  
s t r a i n  g rad i en t  s t i l l  e x i s t s  i n  t h e  l igament.  For t h i s  condi t ion ,  
Eq. (5.8) reduces t o  

Consequently, using Eq. (5.91, the  l igament s i z e  f o r  a  given loading  a t  
which the  l igament becomes completely y i e lded  i n  t e n s i o n  i s  given by 

(t) 3 t - 1) I = 0 . (5.19) 

(: - f) 
Also, by rear ranging  Eq. (5.191, the  p re s su re  a t  t h e  onse t  of complete 
t e n s i l e  y i e l d i n g  i n  t he  remaining 1 igament, f o r  a  given ligament s i z e  and 
t h o m a l  loading,  i s  given by 



For t he  case  of ( d l b )  = 0 ,  t he  c rack  plane moment, bend angle ,  c en t e r1  ine 
v e r t i c a l  displacement ,  and t h e  COD can a l l  be ob ta ined  from Eqs. (5.14)- 
(5.17) by s e t t i n g  ( d l b )  = 0 .  

For t h e  case of t he  remaining ligament f u l l y  y i e lded  i n  tens ion ,  w i th  
t h e  hinge p l o t  l o c a t e d  o u t s i d e  t he  l igament,  t he  s t r e s s  d i s t r i b u t i o n  i n  
t h e  l igament i s  independent of the  hinge p o i n t  l o c a t i o n ,  being t h e  same a s  
f o r  d  = 0 .  Therefore ,  nsing Eq. (5.141, t he  crack-plane bending movement 
i s  given by - 

The crack-plane bend angle  and v e r t i c a l  c e n t e r l i n e  displacement a r e  given 

by 

and 

P i n ~ l , l y ,  n s i n g  F i g .  5 .5 ,  t h e  O D  6 i s  given bv 

These equa t ions  were i n i t i a l l y  used t o  i n v e s t i g a t e  t h e  e f f e c t s  of 
l igament y i e l d i n g  on t h e  COD f o r  a  deep ex t e rna l  thermally loaded sur face  
c r ack  i n  an ITV. A comparison, based on e l a s t i c  a n a l y s i s ,  had prev ious ly  
been made between t h e  e f f e c t s  of t he  same thermal-shock loading  on out  s ide  
v s  i n s i d e  sur face  cracks i n  a n  TTV.12 Frnm those s t u d i e s ,  i t  was colr  
cluded t h a t  f o r  flaw depths  l e s s  t han  h a l f  t he  v e s s e l  wal l  thickness, 
t h e r e  i s  1 i t t l e  d i f f e r e n c e  between the  s t r e s s - i n t e n s i  t y  f a c t o r s  f o r  the  
two flaw loca t ions .12  Using a  y i e l d  s t r e s s  of 517 MPa (75 k s i )  and a  l i n -  
ea r i zed  thermal s t r e s s  load ing  of. aB/ay = -1, c a l c u l a t i o n s  were made t o  
determine the  e f f e c t s  of l igament y i e l d i n g  f o r  t he  ex t e rna l  flaw. The 
r e s u l t s ,  shown i n  Fig.  5.6, i n d i c a t e  t h a t  f o r  thermal loading only,  the 
e f f e c t s  of y i e l d i n g  a r e  n e g l i g i b l e  u n t i l  t he  l igament becomes f u l l y  
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Fig. 5 . 6 .  E f f e c t s  of y i e ld ing ,  without  s t r a i n  hardening, on c rack  
d r i v i n g  fo rce  f o r  continuous ex te rna l  l ong i tud ina l  sur face  crack i n  t h e r  
mally shocked cy 1 inder.  

I I 

y ie lded  i n  tens ion ,  a f t e r  which the  s t r e t c h i n g  of the  1 igament causes 
l a r g e  inc reases  i n  the  COD. For purposes of comparison wi th  e l a s t i c  
ana lys i s ,  the  ca l cu la t ed  CODs a r e  expressed i n  terms of equiva len t  s t r e s s -  
i n t e n s i  t y  f a c t o r s ,  by using the  conversions 

9 - 
I 
I 
I 
I - 
I 
I 
I - l- 
I 
I 
I 

- I- 

f - - 
I 
I 
I- 

- p = o  I 
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A T =  -310 K I 
I - - h = 6000 ~ . r n - ~ - ~ - l  

KI I 
I 

t = 5 min K - ---- 0 ----- I - J I - 
I 
I 

- 

- 

and 

The r e s u l t s  shown.in Fig. 5 .6  i l l u s t r a t e  some fundamental d i f f e r e n c e s  be- 
tween the  behavior of very deep f laws  subj e c t  t o  thermal . loading only, 
because of y i e l d i n g  and flaw loca t ion .  Whereas e l a s t i c  a n a l y s i s  i n d i c a t e s  
t h a t  t he  s t r e s s - i n t e n s i t y  f a c t o r s  f o r  both deep ex te rna l  and i n t e r n a l  



cracks  approach z e r o  a s  a/w approaches un i ty ,  uniform t e n s i l e  y i e l d i n g  
even tua l ly  causes  the  remaining l igament  ahead of a  very .deep ex t e rna l  
su r f ace  c r ack  to. s t r e t c h ,  producing l a r g e  c rack  openings. As pointed out 
i n  Ref. 11, the  oppos i t e  happens i n  t he  case of a  very deep i n t e r n a l  sur- 
f ace  crack; t h a t  i s ,  t h e '  1 igament eventual  l y  y i e l d s  i n  uniform compression 
and t h e  COD becomes zero.  However, f o r  thermal .  loading only, these ef- 
f e c t s  d o , n o t  occur  u n t i l  the  c rack  has  pene t r a t ed  more than 90% of the  
v e s s e l  wal l .  

A second a p p l i c a t i o n  of t he  a n a l y s i s  was made t o  determine the  ef- 
f e c t s  of l igament  y i e l d i n g  i n  an ITV conta in ing  a  continuous e x t e r n a l  
su r f ace  c r ack  and subjec ted  t o  i n t e r n a l  p r e s su re  a s  we l l  a s  e x t e r n a l  
thermal shock. The a n a l y s i s  was based on a  l i n e a r  f i t  t o  t h e  s t r e s s  dis- 
t r i b u t i o n  determined by the  OCA code, f o r  p  = 82.7 MPa, AT = 213.9 K, h  = 
5675 W*m-2*K-1, and t = 6 min. The t o t a l  s t r e s s  d i s t r i b u t i o n  was f i t  
w i th  a  s t r a i g h t  l i n e ,  and t h e  r e s u l t s  were separa ted  t o  give a  bending 
s t r e s s  r ep re sen t ed  by uB/uy = -0 .430 and a  uniform s t r e s s  r ep re sen t ed  by 
up/uy = 0.266. The y i e l d  s t r e s s  uy was assumed t o  be 700 MPa. Based on 
Eq. (5.191, i t  was determined t h a t  t he  r e l a t i v e  c rack  depth a/w a t  which 
the  remaining l igament  would become f u l l y  y i e lded  i n  t e n s i o n  would be 
0.694. F igu re  5.7 shows a  comparison between t h e  i d e a l l y  p l a s t i c  l i ga -  
ment a n a l y s i s  and a  completely e l a s t i c  ana lys i s .  The lower i n t e r s e c t i o n  

a t h = 5675 W. 173-2. K-1 
E 1000 
Y' t = 6 min 
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Fig. 5.7'. E f f e c t s  of y i e l d i n g ,  without  s t r a i n  hardening, on c rack  
d r i v i n g  f o r c e  f o r  cont inuous e x t e r n a l  l ong i  t ud ina l  sur f  ace c rack  i n  cy l- 
inde r  subjec ted  t o  i n t e r n a l  p r e s su re  and e x t e r n a l  thermal shock. 

1800 

I I I 
0 ELASTIC ANALYSIS (OCA) 

- A IDEALLY PLASTIC LIGAMENT ANALYSIS - 

I 1 I 



of t h e  two curves  i d e n t i f i e s  t h e  c r a c k  dep th  below which t h e  i d e a l l y  p las -  
t i c  a n a l y s i s  should  be d i s r e g a r d e d  because  t h e  remaining 1 igament i s  n o t  
y e t  comple te ly  y i e l d e d .  A t  a/w = 0.694, t h e  l igament  becomes comple te ly  
y i e l d e d  i n  t e n s i o n ,  caus ing  l a r g e  i n c r e a s e s  i n  t h e  COD. By comparing 
F igs .  5.6 and 5.7,  t h e  e f f e c t  of v e s s e l  i n t e r n a l  p r e s s u r e  i s  t o  reduce t h e  
v a l u e  of a/w a t  which t h e  remaining l igament  becomes comple te ly  y i e l d e d  
i.n t e n s i o n .  I n  a d d i t i o n ,  u n l i k e  t h e  oase of thermal l o a d i n g  on ly ,  l i g a -  
ment y i e l d  c a u s e s  KJ t o  s i g n i f i c a n t l y  exceed KI p r i o r  t o  t h e  development 
of complete t e n s i l e  y i e l d i n g  i n  t h e  remaining l igament .  Thus, a t  l e a s t  a  
p l a s t i c . z o n e  s i z e  c o r r e c t i o n  i s  d e s i r a b l e  f o r  a  PTS a n a l y s i s .  

It i s  expected t h a t  a n  e l a s t i c - p l a s t i c  a n a l y s i s  c o n s i d e r i n g  s t r a i n  
ha rden ing  would produce KJ v a l u e s  l y i n g  between t h e  two c u r v e s  shown i n  
Fig, 5.7.  The resi11t.s nf snnh sn ~ n w l y o i o ,  using tho ORGMEN-ADINA ORVIRT 

- codes,  a r e  p r e s e n t e d  i n  Sec t .  5.2.2 of t h i s  r e p o r t .  

5.2.2 F u l l y  ~ l a s t i c  l igament  s t u d v  o f  an ;ITV f o r  combined 
p ressure - the rmal  load in^ usinit ADINA-ORVIRT 
(J. W. Bryson, J. G. Merkle, B. R. Bass )  

A f u l l y  p l a s t i c  l igament  s tudy .  of an ITV under combined p r e s s u r e -  
thermal load ing  was conducted u s i n g  t h e  ADINA-ORVIRT f i n i t e - e l e m e n t  sys- 
t em.13sf4  The thermal load ing  r e p r e s e n t s  a  thermal shock on  t h e  o u t s i d e  
s u r f a c e  of an I'IV. The v e s s e l  i s  i n i t i a l l y  a t  a  &form tempera tu re  of 
190.60C and i s  suddenly .exposed t o  a  f l u i d  a t  -23.3OC w i t h  a  h e a t  t r a n s f e r  
c o e f f i c i e n t  of 5675 w ~ m - ~ * K - l .  An i n t e r n a l  p r e s s u r e  l o a d i n g ,  p  = 82.7 
MPa, was a p p l i e d .  Outs ide  s u r f a c e  l o n g i t u d i n a l  c r a c k s  were  cons idered  
w i t h  a orock-depth-to-wall-tliickness r a t i o  i n  t h e  range 0.5 ( a/w ( 0.8. 
The ADINA-ORVIRT a n a l y s i s  r e p r e s e n t s  a  2-D, p l a n e - s t r a i n  a n a l y s i s  us ing  a  
de format ion  t h e o r y  p l a s t i c i t y  m a t e r i a l  model. A von Mises y i e l d  c o n d i t i o n  
and i s o t r o p i c  s t r a i n  hardening.  a r e  employed. 

F i g u r e  5.8 shows t h e  r e s u l t s  of t h e  s tudy  a t  t = 6  min i n t o  t h e  t h e r  
' ma1 t r a n s i e n t  i n  t h e  form of a  pseudo K v a l u e  v s  a/w. I n  a d d i t i o n ,  an 

e l a s t i c - o n l y  a n a l y s i s  u s i n g  OCA i s  shown. a s  w e l l  a s  t h e  s i m p l i f i e d  cl.osed- 
f o i n  a n a l y s i s  d i s c u s s e d  i n  Sec t .  5 .2 .1 ,  which does n o t  account  f o r  s t r a i n  
hardening.  The r e s u l t s  i n d i c a t e  t h a t  y i e l d i n g  i n  t h e  1.igament ahead of a  
deep con t inuous  l o n g i t u d i n a l  c r a c k  i n  a  c y l i n d e r  s u b j e c t e d  t o  PTS l o a d i n g  
c a u s e s  t h e  COD t o  exceed e l a s t i c a l l y  c a l c u l a t e d  v a l u e s .  I n  a d d i t i o n ,  t h e  
ADINA-ORVIRT c a l c u l a t e d  c r a c k - t i p  dep th  a t  which l a r g e  i n c r e a s e s  i n  COD 
b e g i n  t o  occur  because of y i e l d i n g  of t h e  remaining l igament  i n  uniform 
t e n s i o n  a g r e e s  w i t h  t h e  i d e a l l y  p l a s t i c  closed-form a n a l y s i s .  These s tud-  
i e s  sugges t  t h a t  c o n s i d e r a t i o n  of p l a s t i c  i n s t a b i l i t y  i n  PTSE a n a l y s e s  i s  
n e c e s s a r y  because e l a s t i c  a n a l y s e s  become unconserva t ive  f o r  deep c racks .  

5.2.3 U p p e r  s h e l f  a r r e s t  a n a l y s i s  based on J R - c o n t r o l l e d  
t e a r i n .  (R. B. Bryan and J .  G. Merkle) 

5.213.1 ~ e v e l o m e n t  of method. One of t h e  o b j e c t i v e s  of t h e  s e r i e s  
of PTS t e s t s  i s  t o  i n v e s t i g a t e  t h e  mechanisms of c r a c k  a r r e s t '  i n i t i a t e d  
i n  c leavage  and p ropaga ted  i n t o  a  r e g i o n  i n  which t empera tu res  a r e  h i g h  . .  

enough f o r  t h e  m a t e r i a l  t o  be c o n s i d e r e d  'completely d u c t i l e .  One model 
f o r  d e s c r i b i n g  t h i s  type  of u p p e r s h e l f  a r r e s t  presumes t h a t  t h e r e  i s  a  
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. . Fig. 5.8. A comparison of t h r e e  methods of analyzing long i tud ina l  
ou t s ide  c racks  of uniform depth i n  t e s t  cy l inde r  under combined pressure-  
t h i r ~ a l l ~ a d i h ~ .  The % Values determined by i d e a l l y  p l a s t i c  l igament  

a n a l y s i s  and ADINA-ORVIRT a n a l y s i s  i n d i c a t e  c rack  depth a t  which p l a s t i c  
i n s t a b i l i t y  i o  opprsached. 

temperature  TD above which d u c t i l e  f r a c t u r e  (even though f a s t )  w i l l  pre- 
v a i l  and below which f r a c t u r e  w i l l  be e n t i r e l y  by a  cleavage mode. This  
assumption i s  made i n  t he  p re sen t  s tudy,  because t h e r e  i s  some empir ica l  
evidence t h a t  t h e r e  i s  a  pure ly  d u c t i l e  regime, even though the  t r a n s i t i o n  
admits  mixed-mode f r a c t u r e s .  T r a n s i t i o n a l  behavior  involving simultaneous 
dleavagc a n d . d u c t i l e  f r a c t u r e  during a  small  increment of c rack  ex tens ion  
i s  ignored. 

I n  PTS t r a n s i e n t  of p r a c t i c a l  i n t e r e s t ,  a  growing c rack  runs  i n t o  a 
monotonical ly  i nc reas ing  temperature  f i e l d .  Thus, one should a sk  what 
mechanism of f r a c t u r e  w i l l  con t ro l  c rack  growth a f t e r  t h e  c rack  e n t e r s  
t h e  d u c t i l e  u p p e r s h e l f  regime (T > TD). As ind i ca t ed  by dynamic t e s t s  
ul l a rge  specimens, TU i s  i n  tho neighborhood of -108 K h ighe r  than 
RTm; lS* and a t  such temperatures,  c rack-ar res t  toughness d a t a  a r e  
r a r e .  Under t he se  circumstances,  t he  ex t r apo la t ed  KI, curve from Sect.  X I  
of t he  ASME Code does no t  appear  t o  be the  most r e1  i a b l e  b a s i s  f o r  plan- 
ning an u p p e r s h e l f  a r r e s t  experiment. On the  o t h e r  hand, one can, w i th  
JR da ta ,  i n v e s t i g a t e  whether a  c rack  i n  a  r eg ion  where T > TD would be 
s t a b l e  i n  a  q u a s i - s t a t i c  sense.  ORNL has developed t h e  computer program 
PTSUSA t o  analyze t h i s  s t a b i l i t y  quest ion.  



The procedure f o r  determining u p p e r s h e l f  s t a b i l i t y  p o i n t s  i s  i l l u s -  
t r a t e d  i n  Fig.  5.9. Temperatures i n  t he  wa l l  of a  v e s s e l  during a  tran- 
s i e n t  can be represen ted  a s  contours  i n  a  c rack  depth v s  time (a v s  t )  
graph [Fig. 5 . 9 ( a ) l .  A t  any given time t '  ( l e s s  t han  some tmax), t h e r e  
i s  a  c rack  depth a '  a t  which the temperature  T = TD. Suppose t h a t ,  i f  a  
c rack  has  a  depth a ' ,  i t s  continued growth w i l l  be c o n t r o l l e d  by a  t e a r  
ing r e s i s t a n c e  JR, which gene ra l l y  i s  a  f u n c t i o n  of an increment i n  c rack  
growth Aa = a - a' and t h e  temperature of t he  m a t e r i a l  a t  t he  c rack  t i p .  
The cond i t i on  f o r  c rack  growth i s  

JI ( a )  > JR [a - a ' ,  T ( a l l  . ( 5  .27 

A crack  of depth a  w i l l  be s t a b l e  when 

JI ( a )  ( JR [a - a ' ,  T ( a ) ]  . (5.28) 

These condi t ions  a r e  i l l u s t r a t e d  i n  Fig.  5 .9(b)  f o r  t = t ' .  

ORNL-DWG 83-4784 ETD 

Fig. 5.9. Fac to r s  determining c r ack  s t a b i l i t y  on upper she l f  during 
pressurized-thermal-shock t r a n s i e n t  : ( a )  temperature  contours  i n  a-t  
plane;  ( b )  JI and JR a t  t = t ' .  



The PTSUSA code u se s  t empera ture  and KI v s  a  and t c a l c u l a t e d  by t he  
OCA-I code. The PTSUSA code makes a  p l a s t i c  zone s i z e  c o r r e c t i o n  t o  t h e  
K1 v a l u e s  i npu t  from OCA, conve r t s  KI t o  JI, performs t h e  computat ions  of 
s t a b l e  and u n s t a b l e  u p p e r s h e l f  p o i n t s ,  and p l o t s  r e s u l t s  on an  a/w-vs-t 
p l o t  s i m i l a r  t o  an  OCA c r i t i c a l - c r ack -dep th  p l o t .  The p o i n t  of i n c i p i e n t  
i n s t a b i l i t y  i s  de f i ned  a s  t h e  l a s t  s t a b l e  JR-con t ro l l ed  c r ack  depth w i t h  
a/w < (alw),, where (a/wIm i s  t h e  g r e a t e s t  va lue  of a/w f o r  which KI i s  
de f i ned  by OCA. I n  OCA-I, v a l u e s  of KI a r e  no t  de f i ned  f o r  a/w > 0.9, 
p r i n c i p a l l y  because t h e r e  i s  l i t t l e  p r a c t i c a l  i n t e r e s t  i n  deep c r ack  be- 
h a v i o r  i n  a  r e a l  v e s s e l .  The d i s c u s s i o n  of Fig .  5.6 i n  Sec t .  5.2.1 iden- 
t i f i e s  some of t h e  d i f f i c u l t i e s  of ana lyz ing  o u t s i d e  su r f ace  f l aws  w i t h  
a/w > 0.9. 

5.2.3.2 B ~ ~ l i . c a t i o n  t o  PTSE-I. A t  t h i s  s t age  i n  t h e  development of 
p l a n s  f o r  PTSE-1, t he  m a t e r i a l  p rope r ty  d a t a  used f o r  inpu t  t o  OCA o r  
PTSUSA a r e  e i t h e r  assumed on t h e  b a s i s  of p a s t  thermal-shock exper iments  
( a s  i n  e a r l i e r  OCA s t u d i e s  of PTSE-1) o r  i n f e r r e d  from Charpy-V impact 
t e s t  d a t a  f o r  m a t e r i a l  be ing  cons idered  f o r  PTSE-1. 

The f i r s t  PTSUSA case  i l l u s t r a t e d  h e r e  u se s  t h e  samc PTS t r a n s i e n t  a s  
used i n  t h e  p l a s t i c  i n s t a b i l i t y  ana ly se s  d i s cus sed  i n  Sec t s .  5.2.1 and 
5.2.2. The paramete rs  f o r  t h i s  t r a n s i e n t  a r e  g iven  i n  Tab le  5.2. The 
u p p e t s h e l f  a r r e s t  r e s u l t s  a r e  shown i n  Fig .  5.10 f o r  two v a l u e s  of TD. 

Table  5.2.  PTS paramete rs  used i n  PTSUSA, OCA, and 
p l a s t i c  i n s t a b i l i t y  ana ly se s  

Parameter  Value 

Cons tan t s  

l n i  t i a l '  t empera ture ,  T  ( O C )  
0 

RTNDT ( " C )  

D u c t i l i t y  temperature ,  'ED ( O C )  

J parametersa  R 
C 
n  

V a r i a b l e s  ( l i n e a r  between t ime ~ o i n t s )  

Time (min) 
. - ---. 

0  3 . 4  5  6 '  2  0  

Coolant t empera ture ,  Tc ( O C )  -23 1 2  

P r e s s u r e , .  P (MPa) .27.6 27.6 20.7 48.3 82.7 82.7 

a~ = c ( A ~ ) ' ;  JR i n  M J l m 2 ,  Aa i n  m. 
R 
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g. 5.10. Upper-shelf a r r e s t  c u r v e s  from PTSUSA ana l  
o r  which p l a s t i c  i n s t a b i l i t y  was analyzed.  

. y s i s  of t r an-  

I n  t h i s  example, it can be seen t h a t  c r a c k s  i n i t i a t i n g  a f t e r  -4.9 min 
would be u n s t a b l e  on t h e  upper s h e l f ,  i f  TD = 1200C; f o r  t h i s  case ,  t h e  
d e e p e s t  c r a c k  t h a t  would be s t a b l e  w i t h  r e s p e c t  t o  t e a r i n g  would have a  
f r a c t i o n a l  c r a c k  d e p t h  a/w = 0.55. I f  TD = 1300C, t h e  d e e p e s t  s t a b l e  
c r a c k  h a s  a  dep th  a/w = 0.64. There fore ,  i n  t h i s  case  a  t e a r i n g  . i n s t a -  
b i l i t y  would p robab ly  precede a  p l a s t i c  i n s t a b i l i t y ,  which would n o t  occur  
f o x  a/w l e s s  t h a n  -0.7 a t  t = 6  min, a s  i n d i c a t e d  by Fig .  5 .7 .  

The p h y s i c a l  s i g n i f i c a n c e  of an upper-shelf '  a r r e s t  curve  i n  a  PTS 
t r a n s i e n t  must be i n t e r p r e t e d  on t h e  b a s i s  of t h e  n a t u r e  of t h e  t r a n s i e n t  
a t  t h e  t ime of an u p p e t s h e l f  a r r e s t  ( s e e  Fig .  5 .11) .  I n  t h i s  example, 
a  c r a c k  i n i t i a t i n g  a t  t 2 TI would n o t , . a r r e s t .  I f  a  c r a c k  i s  i n i t i a t e d  a t  
some e a r l i e r  t ime t, .and a r r e s t s  on t h e  upper s h e l f  a t  a = a, (po in t  1.1, 
i t  w i l l  o r  w i l l  n o t  con t inue  t o  t e a r  depending on  whether  JI c o n t i n u e s  t o  
i n c r e a s e  o r  d e c r e a s e  w i t h  t ime f o r  c r a c k  dep th  a,. I f  J I  i n c r e a s e s ,  a s  i n  
t h e  PTS c a s e s  under d i s c u s s i o n  h e r e ,  t h e  c r a c k  would t e a r  i n  a s t a b l e  man- 
n e r  t o  p o i n t .  2  and . t h e r e a f t e r  t e a r  u n s t a b l y .  The secondary t e a r i n g  i n s t a -  
b i l i t y  ( a t  p o i n t  2 )  w i l l  occur a t  a  l a t e r  t ime t h a n  t h e  pr imary i n s t a -  
b i l i t y  a t  t ~ ;  t h a t  i s ,  t,. ) t1. The . secondary  i n s t a b i l i t y  would be pre- 
ven ted  by changing t h e  t r a n s i e n t  i n  such a  way t h a t  JI  d e c r e a s e s  a f t e r  t h e  
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a1 
(USA) 

Fie.  5.11. Upper-shelf a r r e s t  and s t a b l e  t e a r i n g  t r a j  e c t o r i e s  f o r  
pressurized-thermal-shock t r a n s i e n t  w i t h  monotonicaliy '  i nc reas ing  pres- 
sure .  

u p p e r s h e l f  a r r e s t ,  f o r  example, by s topping p re s su re  i nc reases  a f t e r  time 
t,. This  a spec t  of t he  u p p e r s h e l f - a r r e s t  phase of PTSE-1 w i l l  be inves- 
t i g a t e d  f u r t h e r  t o  determine the  con t ro l  measures t h a t  must be used during 
t h e  t e s t .  

A s e r i e s  of PTSUSA and OCA ana lyses  was s tud i ed  t o  i n d i c a t e  t he  sen- 
s i t i v i t y  of the  r e s u l t s  t o  v a r i a t i o n s  of the  fol lowing parameters :  maxi- 
mum p re s su re  (pma,), To, TD, C, and n. Base case va lues  of t he  parameters 
a r e  given i n  Table  5.3,  and v a r i a t i o n  ca se s  a r e  def ined  i n  Table 5.4. 

U n t i l  K I ~ ,  K I ~ ,  and JR d a t a  a r e  measured i n  FM specimen t e s t s  of t he  
m a t e r i a l  used i n  t h e  PTSE-1 v e s s e l ,  e s t ima te s  of these  p r o p e r t i e s  a r e  be- 
ing based on t h e  b e s t  a v a i l a b l e  da t a .  Curren t ly ,  these  p r o p e r t i e s  a r e  
being i n f e r r e d  from Charpy-V impact t e s t  da t a  of mater ia l  being inves t i -  
ga ted  f o r  determining t h e  h e a t  t rea tment  process  f o r  t h e  PTSE-1 ves se l  
( s e e  Sect.  5.2.5).  The t e n t a t i v e l y  chosen m a t e r i a l  has an u p p e r s h e l f  
Charpy energy of -110 J and a  TcVroj  = 40°C. T,,,,J i s  a  reasonable  def i -  
n i t i o n  of RTNDT f o r  purposes of de f in ing  KI, and K I ~  a s  fnnctions o f  tem- 
p e r a t u r e  by use of t he  equa t ions  of Sect .  X I  of t he  ASME Code. This  def i -  
n i t i o n  of an e f f e c t i v e  RThm produces e x c e l l e n t  agreement of OCA ca lcu la -  
t i o n s  and a c t u a l  obse rva t ions  of fou r  f r a c t u r e  i n i t i a t i o n s  i n  TSE-SA (Ref. 
1 7 ) .  The JR power law parameters  were determined by t h e  Naval Research 



Table 5.3. PTS parameters' f o r  b a s e  
c a s e  PTSUSA-OCA a n a l y s i s  (Case C) 

Parameter Value - 

Constants  

V a r i a b l e s  ( l i n e a r  between 
t ime ~ o i n t s  

Time (min) 

Table 5.4. D e f i n i t i o n  o f  parameter v a r i a t i o n s  
f o r  PTSUSA-OCA study 

(Parameter v a l u e s  i n  u n i t s  o f  'l'able 5 . 3 )  

Parameter 
Case - - 

C 70 200 150 1 1 
. D 70 , 200 130, 140, 150 1 1 
E 70 200 150, 160, 170 1 1 
F 70 200 150 0.8, 1.0, 1.2 1 -r 

G 70 200 150 1 0.8, 1.0, 1.2 
H 60 200 150 1 1 
I 80 200 150 1 1 
J 70 240 150 1 1 
K 70 280 150 1 1 

a Cc, nc = v a l u e s  f o r  c a s e  C. 



Laboratory and r epo r t ed  i n  Ref. 18 f o r  m a t e r i a l  wi th  a  Charpy u p p e r s h e l f  
impact energy of 110 J. 

Cases E, F, and G show the  e f f e c t s  of varying the  va lues  of the  upper- 
s h e l f  parameters :  TD, C, and n, where C and n  a r e  the  cons t an t s  i n  t he  
powe t l aw  exp re s s ion  f o r  JR, 

Figure  5.12 shows t h a t  a  v a r i a t i o n  of t h e  cleavage-duct i le  t r a n s i t i o n  
temperture  makes a  s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  ex t en t  of s t a b l e  t e a r i n g  

Fig. 5.12. Upper-shelf a r r e s t ,  and i n s t a b i l i t y  r e s u l t s  from PTSUSA 
case  E. E f f e c t s  of d i f f e r e n t  T  va lues  a r e  shown. 
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t h a t  i s  pos s ib l e  and a  s l i g h t  d i f f e r e n c e  i n  t h e  t imes of i n s t a b i l i t y .  
S imi l a r ly ,  Figs .  5.13 and 5.14 show t h e  e f f e c t s  of t2090 v a r i a t i o n s  i n  t h e  
JR parameters C and n. These cases  i n d i c a t e  t h a t ,  i n  PTSE-1, i t  may be 
e a s i e r  t o  t o l e r a t e  u n c e r t a i n t i e s  i n  u p p e t s h e l f  toughness than  an u n d e r  
e s t ima te  of TD. 

Figures  5.15 and 5.16 show the  r e s u l t s  of PTSUSA and OCA c a l c u l a t i o n s  
f o r  ca se s  H and C, r e spec t ive ly ,  i n  which only p,,, i s  d i f f e r e n t .  Cleav- 
age i n i t i a t i o n  ( f o r  small f laws)  and a r r e s t  cond i t i ons  a r e  p r a c t i c a l l y  
unaf fec ted  by the  change i n  pressure.  There i s  a  time window, 2 m i n 5  t 

I " ~ ' I ' ' ' l l ' ~ ' . ~ l ' ~ ~ ' I ' ' ' ~ l l ' l ' I ' ~ " ~ ' ' ' ~ I ' ~ ' ~  
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Fig. 5.13. Upper-shelf a r r e s t  and i n s t a b i l i t y  r e s u l t s  f o r  PTSUSA 
case F. E f f e c t s  of d i f f e r e n t  va lues  of parameter C i n  J = C ( ~ a ) ~  a r e  
shown. 

R 



< t1, dur ing  which u p p e t s h e l f  cond i t i ons  would con t ro l  t he  a r r e s t  of a  
c r ack  i n i t i a t e d  i n  cleavage. It i s  important t o  recognize  t h a t  t h e  KI = 
K r a  a r r e s t  p o i n t s  above a/w 2: 0.2 may be f i c t i t i o u s ,  because they a r e  
based on a  KI,(T) r e l a t i o n s h i p  a t  temperatures  f o r  which t h e r e  a r e  no 
c rack-ar res t  da ta .  These ca se s  a1 so i n d i c a t e  t h a t  an  upper-she1 f a r r e s t  
could be achieved a t  a/w va lues  from -0.4 t o  0.7 without  i n t e r f e r e n c e  from 
a  n e t  l igament i n s t a b i l i t y ,  because the  p re s su re  f o r  t < t~ i s  l e s s  t han  
-42 MPa and a t  an a/w = 0.7 the  p re s su re  f o r  l igament i n s t a b i l i t y  by 
Eq. (5.20) would be >80 MPa. 
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Fig. 5.14. Upper-shelf a r r e s t  and i n s t a b i l i t y  r e s u l t s  f o r  PTSUSA 
case  G. E f f e c t s  df d i f f e r e n t  v a l u e s  of parameter n  i n  J = C (8aIn  a r e  R 
shown. 
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To = 200°C 
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Fig. 5.15. PTSUSA-OCA case H (Table 5.5) .  Cleavage i n i t i a t i o n  and 
a r r e s t  and u p p e t s h e l f  a r r e s t  and i n s t a b i l i t y  t r a j e c t o r i e s  a r e  shown. 
Resu l t s  of t h i s  case and case C (Fig. 5.161, which d i f f e r  only i n  pmax, 
a r e  nea r ly  the same. 

Z 

The e f f e c t s  of v a r i a t i o n  of the  i n i t i a l  temperature To a r e  shown i n  
Figs.  5.16-5.18. S t a r t i n g  wi th  a  hkgher ' t emper ta re  makes the  thermal 
s t r e s s  con t r ibu t ion  t o  KI and JI g r e a t e r  and s h i f t s  t he  p o i n t s  a t  which 
T  = TD toward smal le r  a/w values.  The l a t t e r  e f f e c t  w i l l  have an i m p o t  
t a n t  r o l e  i n  t he  f i n a l  s e l e c t i o n  of t e s t  condi t ions ,  because i t  has a  
s t rong  inf luence  oq the  depth of upper-shelf a r r e s t .  U p p e t s h e l f  a r r e s t  
i n s t a b i l i t y  occurs  a t  a/w va lues  of -0.60, 0.46, and 0.36 f o r  To = 200, 
240, and 2800C, r e spec t ive ly .  
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i 3 . 6 .  PI'SU'SA-OCA case C. Cleavage iniLin1iu11 UIIJ arrest. aliJ 
u p p e t s h e l  f  a r r e s t  and i n s t a b i l i t y  t r a j  e c t o r i e s  a r e  shown f o r  comparison 
w i t h  Fig. 5.15  ( f a r  pmax v a r i a t i o n s )  and Figs.  5.17 and 5.18 ( f o r  To 
v a r i a t i o n s ) .  
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5.2.3.3 Current  develomnents. The PTSUSA coda and an  improvod ver- 
s i o n  of t h e  OCA code w i l l  be used f o r  planning YI'SE-1 and de f in ing  spe- 
c i f i c  t e s t  condi t ions .  OCA has  a l ready  been modified t o  handle the  t e s t  
v e s s e l  geometry by use of in f luence  func t ions  r a t h e r  than uni t - load K* 
va lues  f o r  c a l c u l a t i n g  KI. These a d d i t i o n a l  improvements a r e  necessary 
f o r  PTSE s t u d i e s :  

. . . .  I . . . . I . . . , I . . . : . l . . . . I . , . . I , . . . l . . . . l . . . . I . . . .  

- x 

Q 
x I P,,, = 70 MPa 

I 
I To = 200°C - x I 
I 

0 

I 
I 

XI - x l 

; ,/ 
I j' 
I ,i 

X I ,: 

x I :. 0 - 1 .: 
1 ..' 

I ,; 0 
I ;' 

X I ..' 
/ .;' 

/ = A/ :. - 
1 : 

x 1 :' 
1:' 
/i 

1.: 0 

- ?? 
P; 

/ " 

KI = KI, 

e X K, = KI, 
- ;x .......... . { o T = TD = 150°C 

t I . i 0 ------ 
t x  UPPER-SHELF ARREST 

: i x  " 0 TEARING INSTABILITY POINT 

i x  ,g 

-p 0 

'ix 0 
I m 

j B . a q a a a ~ a a F u a u u ~ ~ ~  " . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 2 4 6 8 10 12 14 16 18 20 

1. introduce a  more general  warm p r e s t r e s s i n g  a lgo r i t*  capable ok .  han- 
d l ing  PTSE t r a n s i e n t s ,  . . 

2.  make p l a s t i c  zone s i z e  c o r r e c t i o n s  i n  OCA, 

TIME (min) 



ORNL-DWG 83-4991 ETD 

1.0 

0.0 
0 2 4 6 8 10 12 14 16 18 20 

TIME (min) 

l ~ ~ ' ' l ~ ~ ' ~ ~ ' ' ~ ' l - ' ~ ~ ' ; l ' ' ~ ~ l ~ ' ' ~ l ~ ~ ' ~ l  I " ' . :  

- X 
- 

C 
0 

- 1 0 
- 

0 I o P,,, = 70 MPa 

a To = 240°C 
7 k - 

I 

i x  
- : x 

0 X 

- 

7 
0 

:: 
0 

- * :' 0 
4 : 
I : 

x; ,:' 

, . 
: - 

;: 0 K, = K,, 

X KI = K,, 

......,... T = TD = 1 5 0 ' ~  

-. p S ------ UPPER-SHELF ARREST 
C 

- 
. .k 

;x 0 
0 TEARING INSTABILITY POINT . 

. !  
-:x - 
. :x" e 
i x  

~ ? ~ , R , y ~ Q R R ~ ~ . .  ,.... . -. R W R R R ~ R R R  . . ,  
I . . . .F-T'!.. . I . .  . . 1 . .  . . .  

F i g .  5.17. PTSUSA-OCA case  J. Cleavage i n i t i a t i o n  and a r r e s t  and 
u p p e r s h e l f  a r r e s t  and i n s t a b i l i t y  t r a j e c t o r i e s  a r e  shown f o r  comparison 
w i t h  F igs .  5.16 and 5.18 f o r  d i f f e r e n t  v a l u e s  of To. 

3 .  l i n k  OCA and PTSUSA f o r  p l o t t i n g  r e s u l t s  t o g e t h e r ,  
4 .  r e s t r u c t u r e  i n p u t  and o u t p u t  f o r  e f f i c i e n t  pa ramete r  s t u d i e s ,  and 
5 .  add l igament  t e n s i l e  i n s t a b i l i t y  c a l c u l a t i o n s .  

PTSUSA and OCA a n a l y s e s  d e s c r i b e d  p r e v i o u s l y  have a l l  been based on 
t h e  v e r s i o n  of OCA t h a t  t r e a t s  t h e  t e s t  v e s s e l  and f l aw a s  i n f i n i t e l y  
long. F u r t h e r  PTSE s t u d i e s  w i l l  use t h e  3-D v e r s i o n  of OCA t h a t  accounts  
f o r  t h e  f i n i t e  f l aw,  t h e  f i n i t e  c y l i n d e r ,  and t h e  c l o s e d  uncooled ends  of 
t h e  v e s s e l .  K I ~ ,  K l a ,  and J R  p r o p e r ' t i e s  w i l l  con t inue  t o  be i n f e r r e d  
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Fig. 5.18. PTSUSA-OCA case K. Cleavage i n i t i a t i o n  and a r r e s t  and 
u p p e t  she1 f a r r e s t  and in s t a ' b i l  i t y  t r a j  e o t o r i e s  are shown f u r  utnupailsan 
w i t h  Figs .  5.16 and 5.17 f o r  d i f f e r e n t  v a l u e s  of T . 

0 

0.0 

p r i n c i p a l l y  from Charpy impact t e s t  da t a  u n t i l  ex tens ive  c h a r a c t e r i z a t i o n  
t e s t s  a r e  completed. 

The emphasis of t he  n e a r t e r m  ana lyses  w i l l  be t o  eva lua t e  t he  impact 
on t e s t  p l ans  of the  new f a c t o r s  being introduoed,  namely u p p e r s h e l f  
a r r e s t  o r  i n s t a b i l i t y  and f i n i t e  geometry. A t  p r e sen t ,  i t  appears  t h a t  
u p p e r s h e l f  behavior  w i l l  l i m i t  maximum t e s t  p r e s su re s  more than  had been 
recognized prev ious ly .  However, t he  c a p a b i l i t y  of invoking a wide v a r i e t y  
of p r e s su re  t r a n s i e n t s  i s  s t i l l  t he  b e s t  assurance of meeting t h e  o r i g i n a l  
PTSE-1 ob j ec t i v e  s. 

0 2 4 6 8 10 12 14 16 1 8- 20 
TIME (rnin) 



5.2.4 T e s t  v e s s e l  f a b r i c a t i o n  (K. R. Thoms) 

Babcock & W?.lcox i s  r e p a i r i n g  two ITVs, V-7 and V-8, f o r  use  i n  . 

shakedown t e s t s ,  PTSE-0, and t h e  f i r s t  FM exper iment ,  PTSE-1 (Ref. 1 9 ) .  
The r e p a i r  i s  being accomplished by welding a  1320-mm-long p lug  f a b r i c a t e d  
from TSC-6 i n t o  each of t he  v e s s e l s .  

Ea r ly  i n  t h i s  r e p o r t  pe r i od  t h e  c a v i t i e s  i n  each of t h e  v e s s e l s  were 
p repared  f o r  welding. During t h e  i n s p e c t i o n  of t h e  machined c a v i t i e s ,  a  
p o t e n t i a l  problem was uncovered when h igh  magnet ic  f i e l d s  were d i scovered  
i n  bo th  v e s s e l s .  Magnetic f l u x  d e n s i t i e s  a s  h igh  a s  0.0026 T (26 G)  were 
observed i n  V-8 and a s  h igh  a s  0.0013 T (13 G) i n  V-7. Th i s  made magnet ic  
p a r t i . c l e  i n s p e c t i o n  of t he  c a v i t y  su r f ace  imposs ib le  and sugges ted  t h e r e  
may be a  problem wi th  t h e  dc  manual metal-arc ( M U )  welding technique 
s p e c i f i e d  t o  weld t h e  p l ags  i n t o  t he  v e s s e l s .  Because B&W determined t h a t  
t h e  p o t e n t i a l  succe s s  of e l e c t r i c a l  degaussing of t h e  v e s s e l s  was ques- 
t i o n a b l e ,  i t  was decided t o  s u b s t i t u t e  dye p e n e t r a n t  i n s p e c t i o n  f o r  t h e  
s p e c i f i e d  magnet ic  p a r t i c l e  inspeer i6 r i  throughout  t h e  r e p a i r  p rocess .  
Also, should t h e  magnetism i n t e r f e r e  w i t h  t he  dc MMA welding, B&W would 
a t t empt  a c  MMA welding p r i o r  t o  a t t emp t ing  schemes t o  degauss  t h e  v e s s e l s .  

The TSC-6 c y l i n d e r  was sub j ec t ed  t o  a  temper of 5230C f o r  9.5 h  p r i o r  
t o  flame c u t t i n g  a  s e c t i o n  from the  c y l i n d e r  t o  f a b r i c a t e  t h e  p lags .  
A f t e r  machining t h e  p lngs ,  they were a1 so  found t o  be s i g n i f i c a n t l y  mag- 
ne t i z ed ;  however, t he  use of an e l e c t r i c a l  c o i l  t o  degauss  t h e  p lngs  
proved succe s s fu l .  

Both p lugs  have been welded i n t o  t h e i r  r e s p e c t i v e  v e s s e l s  u t i l ' i z i n g  
dc MMA welding w i t h  no problems encountered due t o  magnetism. During 
t h e  nex t  q u a r t e r ,  they w i l l  undergo i n spec t i on ,  postweld h e a t  t r ea tment  
(PWRT), f u r t h e r  i n spec t i on ,  and machining of t h e  o u t s i d e  d iamete r .  The 
work remains  on schedule  f o r  shipment of v e s s e l  V-8 approximately  May 20 
and V-7 approximately  June 20 ,  1983. 

Because of funding c o n s t r a i n t s ,  t h e  awarding of a  c o n t r a c t  f o r  t h e  
i n s t a l l a t i o n  of ,  a  l ow-uppe t she l f  seam weld i n t o  v e s s e l  V-5 w i l l  be de- 
layed -1 year .  

5.2.5 PTS m a t e r i a l  s  c h a r a c t e r i z a t i o n s  (W. J. Stelzman, 
R. K. Nanstad, and T. D. Owings, Jr.) 

S t u d i e s  cont inued t o  determine t h e  e f f e c t  of tempering on t h e  Charpy 
V-notch impact and d r o r w e i g h t  p r o p e r t i e s  of t h e  p r o l o n g a t i o n  (TSP-4) from 
t e s t  c y l i n d e r  TSC-4 a f t e r  s t r e s s  r e l i e v i n g  f o r  8  h  a t  5230C and coo l i ng  i n  
a i r .  C h a r a c t e r i z a t i o n  of t h e  CV toughness p r o p e r t i e s  of t h e  as-quenched 
p ro longa t i on  TSP-6 was a l s o  begun t o  determine t h e  v a r i a b i l i t y  of tough- 
n e s s  through t h e  th ickness .  

The c y l i n d e r s  (TSC) and p ro longa t i ons  (TSP) a r e  f o r g i n g s  w i t h  t he  
composi t ion of SA508 c l a s s  2  s t e e l  procured i n  t h e  quenched bu t  untempered 
s t a t e .  The t e s t  s e c t i o n s  of t h e  t e a t  v e s s e l s  f o r  PTSE-0 and -1 have been 
f a b r i c a t e d  w i t h  segments of TSC-6. P r e l  iminary tempering s t u d i e s  used 
TSP-4 m a t e r i a l .  The f i n a l  de t e rmina t i on  of t he  h e a t  t r e a tmen t  of t h e  PTSE 
t e s t  v e s s e l s  w i l l  be based on t h e  s t u d i e s  of TSP-6. 

Charpy V-notch and drop-weight t e s t  r e s u l t s  from TSP-4 m a t e r i a l  t h a t  
had been tempered have been reported.=O Excess m a t e r i a l  from TSP-4, which 



had been s t r e s s  r e l i e v e d  f o r  8  h  a t  523OC and tempered f o r  6  h  a t  5530C, 
was given an  a d d i t i o n a l  10  h  a t  553OC (16 h  t o t a l ) .  The cool ing r a t e  
a f t e r  the  6-h temper ranged from 1.1 t o  0.55 Klmin a n d . a f t e r  t he  10-h tem- 
pe r  from 0.44 t o  0.16 Klmin. The l a t t e r  cool ing  r a t e  was chosen t o  ap- 
proximate t h e  cool ing  r a t e  a n t i c i p a t e d  f o r  t h e  PTSE-0 and -1 t e s t  v e s s e l s .  
Excess m a t e r i a l  from TSP-4, a l s o  prev ious ly  s t r e s s  r e l i e v e d  f o r  8  h  a t  
5230C, tempered , for  17  h  a t  563OC, and cooled a t  0.92 t o  0.68 Klmin, was 
g iven  an a d d i t i o n a l  1 0  h  (27 h  t o t a l )  a t  5630C, followed by cool ing 0.43 
t o  0.16 Klmin. 

The Charpy V-notch and drop-weight r e s u l t s  from both extended tempers 
a r e  l i s t e d  i n  Table  5.5 and presen ted  i n  Figs .  5.19 and 5.20. Ind iv idua l  
d a t a  a r e  p re sen t ed  i n  Table  5.6. The Charpy V-notch f r a c t u r e  energy and 
l a t e r a l  expansion r e s u l t s  a r e  a l s o  presen ted  i n  Fig. 5.21, toge ther  w i t h  
r e s u l t s  p r ev ious ly  r epo r t ed .20  Extending t h e  ho ld  time a t  5520C f o r  an 

Table 5.5. Charpy V-notch impact (CT-oriented specimens) and 
drop-weight (Type P-3 specimens) r e s u l t s  from 2 0 3 - w t h i c k  

p ro longa t ions  TSP-4 and -6 a s  quenched and a f t e r  
s t r e s s  r e1  ieving and tempering 

T r a n s i t i o n  temperature  

Temper 
temperature  

( O C )  

~ e ~ t h '  
l o c a t i o n  

(alw) 
0.89-mm Estimated 

68-J La t e r a l  100% d u c t i l e  Energy 
expansion f r a c t u r e  

'JPP~ l- 
she1 f  
energy 
(J) 

Drop- 
weight 

NDT 
( O C )  

a 
F r a c t i o n  of depth from in s ide  diameter  of 203-mm-wall th ickness .  

b ~ t r e s s  r e l i e v e d  f o r  8  h  a t  523OC; cooled i n  a i r .  
C Tempered 16 h  a t  553OC; cooled 0.44 t o  0.16 Klmin. 

d~empered  27 h  a t  563OC; cooled 0.43 t o  0.16 Klmin. 
e As quenched. 

f~inimum. 
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Fig .  5 . 1 9 .  Charpy V-notch impact p r o p e r t i e s  o f  203-mm-thick pro- 
l o n g a t i o n  TSP-4 a f t e r  s t r e s s  r e l i e v i n g  f o r  8 h a t  523OC and tempering f o r  
16 h a t  5520C: ( a )  d u c t i l e  f r a c t u r e  and l a t e r a l  expansion and (b)  ab- 
sorbed energy.  
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Fig .  5 . 2 0 .  Charpy V-notch impact p r o p e r t i e s  o f  ,203-mnrthick prolonga- 
t i o n  T S P 4  a f t e r  s t r e s s  r e l i e v i n g  f o r  8 h a t  523OC and tempering f o r  27 h 
a t  5630C: (a) d u c t i l e  f r a c t u r e  and l a t e r a l  expansion and ( b )  absorbed 



T a b l e  5 . 6 .  Charpy V-notch impact  r e s u l t s  
(CT-or ien ted  s p e c i m e n s )  from p r o l o n g a t i o n  

TSP-4 a f t e r  a d d i t i o n a l  t e m p e r i n g  a t  
552  and 5640C 

T e s t  Absorbed L a t e r a l  
t e m p e r a t u r e  e n e r g y  e x p a n s i o n  S h e a r  

(OC) ( J )  (mm) 
(%) 

Tempered a t  552OC f o r  a d d i t i o n a l  1 0  ha 

-1 gb 5.4 0  0  
-4 8 . 8  0 . 0 8  0  

l o b  
3 2 . 0  0 . 4 1  5  

::b 
27.2 0 . 3 0  . 1 3  
38 .6  0 . 5 1  5  

:,"b 
38.9 U .46 11 
42.2 0.53 1 6  

52b 
51.3 0 . 7 6  2 4  

66 53 .O 0 . 7 5  3  0  
6  6  60 .5  0 .86  3  5  

::b 
78.9 1 . O Y  5 5 
57 .8  0 . 7 9  4 4  

. 93b 103 .8  1 . 3 7  7  8  
1 0 7  63.9 0 . 9 1  4 5  
1 0 7 b  103 .8  1 .50 7  9  
1 1 6 b  75  - 3  ' 1.14  6 6 
1 2 1  112.2 1 . 3 5  80 
1 2 1  1 0 6 . 8  1 . 7 3  ,100 
13Sb 1 0 8 . 1  . 1 . 6 5  1 0 0  
14gb 1 0 4 . 4  1 . 5 2  1 0 0  
260  1 0 2 . 7  1 .50 1 0 0  
260 108 .4  1 . 5 5  1 0 0  

Tcmpcred a t  564OC.fof a d d i t i o n a l  10  hC 

-- - - - - - - 

a s t r e s s  r e l i e v e d  8 h a t  5230C, tem- 
pered 6 h a t  553OC. and r e t e m p e r e d  1 0  h 
a t  552OC. 

b 0 . 2 0 t  d e p t h  i n  2 0 3 - m m t h i c k  w a l l  . . 
( i n s i d e  d i a m e t e r  = O t ) ;  r e m a i n d e r  0 . 2 8 t .  :, 

- ' s t r e s s  r e l i e v e d  8 h  a t  523OC.. tem- 
p e r e d  17  h  a t  563OC. and r e t e m p e r e d  1 0  h  
a t  564OC. 
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Fig. 5.21. V a r i a t i o n  of Charpy V-notch t r a n s i t i o n  temperature  a f t e r  
s t r e s s  r e l i e v i n g  p ro longa t ion  TSP-4 f o r  8  h  a t  523OC and tempering. 

add i t i ona l  1 0  h  increased  t h e  t r a n s i t i o n  temperature  (reduced toughness) 
a t  t h e  68-J energy l e v e l  from 68 t o  820C. Af t e r  an add i t i ona l  1 0  h a t  
5630C, Lhc L~t tns i  Liun Lemyernture decreased ( i nc reased  toughness) f r o m  82 
t o  630C a t  t he  68-J energy l e v e l .  The ex t en t  of in f luence  of t he  extended 
hold  time o r  the  slower cool ing  r a t e  i s  n o t  c l e a r ,  A l a n  nnc lea r  a r e  t he  
r e s u l t s  from the  drop-weight t e s t s .  A s ingle-pass  a p p l i c a t i o n  of t he  weld 
bead was used i n s t e a d  of the  two-pass bead. E i t h e r  procedure i s  allowed 
i n  t h e  ASTM E208 method f o r  conducting drop-weight t e s t s . = =  We a l s o  p a t  
t i a l l y  submerged t h e  specimen i n  water  during t h e  a p p l i c a t i o n  of the  weld. 
Roth procedures  a r e  intended t o  reduce t he  bu lk  temperature  i n  t he  speci- 
men during welding, thereby minimiz ing t h e  p o s s i b i l  i t y  of r e  tempering i n  
t h e  r eg ion  near  t h e  hea t -a f fec ted  zone ( H A Z ) .  The t e s t  method assumes 
t h a t  t he  c r ack  w i l l  advance from the  b r i t t l e  weld t o  t h e  edges of t he  
specimen w i t h i n  -30°C of t he  n i l - d u c t i l i t y  temperature.  I n  t h e  p re sen t  
s e r i e s  of t e s t s ,  t he  t o t a l  c rack  ex t ens ion  occurs  w i t h i n  30C of t he  n i l -  
d u c t i l i t y  temperature.  The Japanese have a l s a  experienced s i m i l a r  prob- 
lems wi th  A508 c l a s s e s  2  and 3  (Refs. 22 and 23 ) .  We a r e  cont inuing t o  
i n v e s t i g a t e  t he  a p p l i c a t i o n  of t he  E208 t e s t  method t o  t e s t i n g  of A508 
s t e e l .  

We a l s o  examined tho  v a r i a b i l i t y  of as-quenched Charpy V-notch tongh- 
n e s s  p r o p e r t i e s  through the  t h i cknes s  of the  203-mr t h i c k  pro longat ion  
TSP-6 us ing  CT-oriented specimens. The r e s u l t s  from seven depth l o c a t i o n s  
from the  i nne r  su r f ace  (0.20, 0.26, 0.28, 0.40, 0.54, 0.68, and 0 .82 t )  a r e  
l i s t e d  i n  Table  5.5. The r e s u l t s  i n d i c a t e  t h a t  t he  minimum Charpy V-notch 
toughness occurs  near  t h e  qua r t e r - t h i cknes s  depth from the  i nne r  sur face .  



A segment from TSP-6 was a l s o  s t r e s s  re l ieved f o r  9 h at5210C, tem- 
pered f o r  10 h a t  566OC, and cooled 0.62 t o  0.12 K/min. Charpy V-notch, 
drop-weight, t ens i l e ,  and IT compact specimens were then machined from 
t h i s  material .  Testing of these specimens i s  under way. 

5.2.6 PTS t e s t  f a c i l i t v  (R. W. McCulloch and 6 .  C. Robinson) 

Design and construction of the Pressurized-Thermal-Shock Test Fa- 
c i l i t y  (PTSTF) a r e  being accomplished under DOE Direct ive  CL-523. Union 
Carbide Corporation-Nuclear Division i s  furnishing T i t l e s  I, 11, and I11 
enginseripg; procuring the  ITV shroud o r  outer  t e s t  vesse l  (OW); provid- 
ing instrumentation and controls  ( I & C )  design, component p r o c u r ~ e n t ,  and 
fabr ica t ion;  performing u t i l i t y  tie-ins, instrument ca l ib ra t ion ,  and pre- 
operat ional  tes t ing;  and providing support t o  the  construction contractor .  
Mechanical components procurement and construction a r e  being performed by 
Rust Engineering Company, the DOE construotion contractor .  

I n  addi t ion  t o  direct ive-control led design and const ruct ion tasks,  
several peripheral  f ac i l i ty - re la ted  t a sks  a r e  i n  progress t o  enable PTS 
experimental tes t ing .  These include upgrading the  data acquis i  t i o n  and 
p ressur iza t ion  systems, determining .and i n s t a l l i n g  needed t e s t  instrumen- 
t a t ion ,  and providing r e l i a b l e  high-pressure high-temperature s e a l s  f o r  
instrumentation and p ressur iza t ion  penet ra t ion  of the  ITV. 

5.2.6.1 Test f a c i l i t v  construction. S i t e  const ruct ion i s  -95% com- 
ple ted  and remains wi th in  projected costs .  The ITV shroud o r  0TV was suc- 
cess fu l ly  modified t o  accept ITVs of s l i g h t l y  smaller diameter and was 
received on s i t e  1 d ahead of the projected date of February 1, 1983. 
Receipt of the OlV completed the four th  of the planned s i x  DOE Level I1 
milestones and concluded procurement of major items f o r  the f a c i l i t y .  
Figure 5.22 shows the  completed OTV i n s t a l l e d  i n  the  reinforced concrete 

J r  c e l l .  E l e c t r i c a l  heaters  beneath the insu la t ion  w i l l  be used t o  preheat  
%- the ITV p r i o r  t o  i n i t i a t i o n  of the thermal shock. 

After  i n s t a l l a t i o n  of the OTV and completion of process piping, sys- 
tem hydros ta t ic  t e s t s  were conducted. The i n i t i a l  hydros ta t ic  t e s t s  re- 
veal ed extensive piping gasket leaks. Inves t igat ions  determined t h a t  the  
surface roughness of system flanges was too coarse f o r  the f l e x i t a l l i c -  
type gasket t o  seal .  Asbestos gaskets  were subst i tu ted ,  and the  hydro- 
s t a t i c  t e s t s  were successfully performed on the  OW, system piping, and 
the  coolant storage tank. B e l l v i l l e  washers w i l l  be r e t r o f i t t e d  t o  the  
f lange b o l t s  p r i o r  t o  f a c i l i t y  operat ion t o  preclude thermally induced 
seepage of the flanges. && 

Figure 5.23 shows the  coolant s torage tank and associa ted  system p i p  
ing. The l a rge  (20-cm-dim) pipes supply the  coolant f tom the tank t o  the  
OW housing the  t e s t  vesse l .  The 15-om-dim pipes provide bypass flow 
around the  OW, and the small l i n e s  a r e  routed t o  the c h i l l e r  f o r  coolant 
ref  r ige ra t ion ,  

I n s t a l l a t i o n  of f a c i l i t y  instrumentat ion and e l e c t r i c a l  systems i s  
e s s e n t i a l l y  complete; f i n a l  insula t ion,  paint ing,  and cleanup a r e  i n  
progress. 

UCGND, Rust Engineering, and DOE have agreed t h a t  Rust Engineering 
w i l l  complete f a c i l i t y  constact ion p r i o r  t o  the  scheduled benef ic ia l  oc- 
cupancy da te  of April 15. This change, i n  response t o  the  b e t t e r t h a n -  
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Fig.  5.22, Outer t e s t  v e s s e l  with assoc iated  heaters  and insulat ion .  





expected const ruct ion process, should r e s u l t  i n  f a c i l i t y  completion by 
approximately mid-May, one month ea r l  i e r  than o r ig ina l ly  planned. 

5.2.6.2 Data a c a u i s i t i o n  svstem. Def in i t ion  of the de ta i l ed  soft-  
ware and hardware requirements f o r  the HSST DAS, and the  PTSE needs i n  
p a r t i c u l a r ,  have been proceeding. A completion date  of J u l y  1, 1983, has 
been agreed on f o r  del ivery  of an assembled and checked DAS t o  the  PTSTF. 
The t r a i l e r  t h a t  w i l l  house the  new DAS i s  being prepared, and a l l  hard- 
ware components a r e  on order. 

Primary displays  w i l l  cons is t  of two p l o t s :  pressure v s  time and 
average temperature v s  time. Pressure i s  a s ingle  parameter and tempera- 
t u r e  i s  an average of up t o  seven thermocouple inputs  from thimbles o r  
surface thermoconples located  a t  var ious  pos i t ions  on the  I&V (see  PTSE 
Instrumentat ion sec t ion) .  Each of the d isplays  w i l l  a l so  p l o t  a calcu- 
l a t e d  or  predicted curve f o r  comparison with the real-time generated t e s t  
data. Thimble thermoconples, which a re  averaged, w i l l  be from a common 
a/w loca t ion  wi th in  the  vesse l  wall. 

Additional graphic d isplays  of t e s t  data or  important va r iab les  cal- 
cula ted  from t e s t  da ta  were considered, but they were r e j  ected f or  one or  
more reasons: (1) the  cost  of addit ional  graphics terminals  exceeded po- 
t e n t i a l  benef i t s ;  (2) data processing o r  computations conld not be made 
quickly enough t o  influence control  of the t e s t ;  and (3) the  displayed in- 
formation conld not  be evaluated r e l i a b l y  by t e s t i n g  personnel i n  the  
shor t  time ava i l ab le  during the  t e s t .  

Inc lus ion of a t e s t - spec i f i c  vers ion of the OCA-I code w i l l  not be 
attempted f o r  PTSE-1. However, a t e s t - spec i f i c  vers ion of OCA-I w i l l  be 
prepared f o r  poss ib le  p o s t t e s t  processing of PTSE-1 or  use i n  subsequent 
PTS experiments, No attempt w i l l  be made t o  provide IIAS control  of the  
p ressur iza t ion  sequence during t e s t ing .  

5.2.6,3 P r e p , s ~ _ i g ~ n ~  416 ' inve%titin&. nnring the qnnl i f  icn tinn 
of s e a l s  f o r  the  V-8A tes t , "  i t  was observed t h a t  the ethylene glycol i n  
the  p ressur iza t ion  f l u i d  suf f ered chemical breakdown. Because of the de- 
composition of ethylene glycol under the  even more severe PTS t e s t i n g  c o w  
d i t ions ,  i t s  use was considered inadvisable. Two ser ious  problems would 
l i k e l y  ensue i f  used: (1) the  plugging of c a p i l l a r i e s  and/or low G ori- 
f i c e d  valves used f o r  control  letdown and (2) the  formation of a f reeze  
plug i n  the  small-diameter pressur iz ing tubing. Consequently, dimethyl 
polysiloxane f l u i d ,  Dow Corning 210H, was t e n t a t i v e l y  se lec ted  a s  an 
a1 terna t i v e  pressur iz ing medium. 

As shown on P ig .  5.24, t h i s  f l u i d  has a favorable compressibi l i ty 
(lower po ten t i a l  energy) compared with water a t  2880C i f  it  i s  assumed 
t h a t  the s i l i c o n e  o i l  ' s compressibi l i ty i s  r e l a t i v e l y  insens i t ive  t o  tem- 
perature.  Although no data a r e  knmn t o  e x i s t  f o r  the compressibi l i ty of 
s i l i cone  o i l  a t  elevated temperatures, the l o w  v o l t i l i t y  a t  elevated tem- 
pera tures  of s i l i cone  o i l  implies a low s e n s i t i v i t y  of compressibi l i ty t o  
temperature. Other f avotable p roper t i e s  a r e  high-flash-point t m p e r a t u r e  
of 2990C, low-poutpoint temperature of -500C, and no es tabl ished t o x i c i t y  
l i m i t s .  

A change from the current ly  used 509b by weight ethylene glycol/water 
mixture t o  si lcone o i l  could r e s u l t  i n  a minimal contamination due t o  
residues. The a b i l i t y  of the  Dm Corning 210H f l u i d  t o  sus ta in  prolonged 
heating and then c h i l l i n g  corresponding t o  PTS condit ions was v e r i f i e d  by 
autoclaving a sample i n  a vesse l  having a residue of ethylene ~ l v c o l / w a t e r  
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mixture a s  a  f i l m  on t h e  ves se l  wal l  f o r  22 d  a t  288OC and 20.7 MPa and 
then  sub jec t ing  t h e  f l u i d  t o  p re s su re  cyc l ing  a s  shown on Fig. 5.25. Dur- 
ing t h e  p re s su re  cycl  ing, the  sample v e s s e l  ' s  p re s su re  i n d i c a t o r  responsed 
i n  phase w i t h  the  p re s su r i z  ing-1 ine p re s su re  i nd ica to r ,  thereby ind ica t ing  
no s i g n i f i c a n t  change i n  v i s c o s i t y .  Also a s  shown, on Fig. 5.25, the  sam- 
p l e  v e s s e l  was then  cooled down t o  +O°C i n  an e thylene  glycol-water CO, 
i ce  ba th  wh i l e  being p re s su re  cycled. Again, the  pressure  i n d i c a t o r  on 
the  sample v e s s e l  responded i n  phase wi th  the  p re s su r i z ing  l i n e  p re s su re  
i nd ica to r .  This  s imula t ion  of PTS cool ing  ve r i ' f i ed  t h a t  t h e  v i s c o s i t y  
changes were i n s i g n i f i c a n t  and t h a t  no f r eeze :  plug would form under PTS 
opera t ing  condi t ions .  

5.2.6.4 Seal  deve loment .  As previous ly  r epo r t edn25  instrument lead- 
through f i t t i n g s  having the  conf i g u r a t i o n  shown i n  Fig. 5.26 wi th  both. six- 
and t h r e e h o l e  des igns  of soapstone packing were subjec ted  t o  severe si.mu- 
l a t i o n s  of PT3 temperture and pfesstire Conditions without  leaking.  I n  
t h i s  design, the  s l eeves  t h a t  a r e  brazed t o  t he  instrument  l eads  a s  shown 
i n  Fig. 5.26 r e s t r a i n  t he  l eads  from expulsion and e l imina te  any shear  
s t r e s s e s  between the  l e a d s  and packing. The i n s t a l l a t i o n  of these  s l eeves  
i s  a  c r i t i c a l  and pa ins tak ing  ope ra t ion  t h a t  immediate1y.precedes the  in- 
s t a l l a t i o n  of the  f i t t i n g  on the  ves se l  cover f l ange  and r e q u i r e s  both a  
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c o i l i n g  of the  l e a d s  i n t e r n a l l y  f o r  takeup a t  i n s t a l l a t i o n  and an in- 
c reased  v o i d  volume i n  t he  g r a p h i t e  b a l l a s t  t o  accommodate t h e  r equ i r ed  
motion. The l e a d s  f o r  t he  thermocouple thimbles  i n  t h e  PTS v e s s e l s  a r e  
0.32 cm i n  diameter  and a r e  very  s t i f f  compared w i t h  t he  prev ious  des igns  
i nco rpo ra t i ng  0.15-cm-dim leads .  Consequently, i t  was a n t i c i p a t e d  t h a t  
i n s t a l l a t i o n  would be exceedingly d i f f i c u l t .  

As an  ,a1 t e r n a t i v e  approach, packing a s  shown i n  Fig.  5.26 was made 
from soapstone wi thout  the  r eces se s  t o  accommodate t h e  s leeves ;  v e r i f i c a -  
t i o n  t e s t s  of t h e  f i t t i n g s  have been made under severe  s imulated PTS con- 
d i t i o n s .  While main ta in ing  t h e  f i t t i n g  a t  2880C (5500F1, a  six-hole v e t  
s i o n  of t h e  packing w i t h  s o l i d  s t a i n l e s s  s imula t ing  t h e  l e a d s  was cycled 
25 times from 1 0  t o  69 MPa and 25 times from 10  t o  138 MPa without  leak- 
age. On t h e  f i r s t  cyc le  of p r e s s u r i z a t i o n  t o  207 MPa, t h e  packing f a i l e d  
and a  l ead  was expe l led .  A r e t e s t  of t h i s  packing con f igu ra t i on  was made 
except  t h a t  t he  l e a d s  cons i s t ed  of s t a i n l e s s s h e a t h e d  mg0-insulated 0.16- 
cm-diam thermocouple l e a d s  t o  improve the  s imula t ion  of PTS se rv i ce  condi- 
t i o n s .  With t he  temperature  he ld  a t  288OC, p re s su re  was cycled i n  s t a g e s  
25 times from 1 0  t o  69 MPa, 2 5  times t o  138 MPa, 75 times t.n 17? MPe, end 
25 times t o  207 MPa w i t h  no leakage. A three-hole v e r s i o n  of t he  packing 
wi thout  t h e  s l eeve  r e c e s s e s  and equipped wi th  0.32-cm-diarn thermoconple 
thimble l e a d s  was t e s t e d  a t  288OC wi th  p re s su re  cyc l e s  i n  s t a g e s  25 times 
from 10 t o  69 MPa, 25 times t o  138 MPa, 75 times t o  172 MPa, and 1 time t o  
200 MPa. A t  t h i s  po in t ,  f a i l u r e  occurred wi th  one l e a d  being expe l led  
v i o l e n t l y .  F igure  5.27 shows a  composite view of t he  backups, packing, 
r e t a i n e d  l eads ,  and t h e  expe l led  lead.  Three a d d i t i o n a l  t e s t s  of t he  
t h r e e h o l e  v e r s i o n  packing w i t h  t he  same t e s t i n g  cond i t i ons  were p e t  
formed. F a i l u r e  ensued a t  p r e s su re  l e v e l s  of 131, 152, and 200 MPa. 

It was t hen  hypothesized t h a t  by c a r e f u l  rou t ing  of tho thermoconple 
l eads ,  s u f f i c i e n t  r e s t r a i n t  could be obtained from the  spot-welded s t a in -  
l e s s  f o i l  suppor t s  f o r  the  l e a d s  t o  se rve  a s  anchors and l i m i t  t he  t o t a l  
s l ippage  p o s s i b l e  t o  -0.5 cm. Two a d d i t i o n a l  t e s t s  of t he  three-hole vex- 
s i o n  packing were performed wi th  a  mechanical s t o p  incorpora ted  t o  l i m i t  
t h e  amount of movement of the  leads .  f n  t he  f i r s t  t e s t  w i t h  the  s t o p  po- 
s i t i o n e d  t o  permit  a  maximum of 1.5-cm movement and w i t h  t he  temperature 
maintained a t  2880C, p re s su re  cyc l e s  i n  s t a g e s  25 times from 1 0  MPa t o  
69 MPa, 25 t imes t o  103 MPa, 25 times t o  138 MPa, and 25 t imes t o  207 MPa 
were performed wi thont  leakage. However, a f t e r  completion of t he  cyc l ing  
and fo l lowing  a  l apse  of 1 5  min, sudden f a i l u r e  occ&red. Two of t he  
l e a d s  moved 1.5 cm, one v i o l e n t l y ,  and al though t h e  t h i r d  l e a d  only  moved 
0.24 cm, leakage through the  packing occurred nea r  t h i s  l e ad  a s  determined 
by a  room-temperature r e p r e s s u r i z a t i o n .  I n  t h e  second t e s t ,  t he  mechani- 
c a l  s t op  was pos i t i oned  t o  prevent  l e a d  movement >0.69 cm. I n  add i t i on ,  a  
prolonged soak pe r iod  a t  2880C and 138 MPa of 115 h  was maintained p r i o r  
t o  pressure cyc l  l a g .  Tweitty-f i ve  p re s su re  cyc l e s  were then  performed from 
1 6  t o  138 MPa and from 10  t o  207 MPa. Af t e r  r e s t o r a t i o n  t o  room tempera- 
t u r e ,  t he  u n i t  was p re s su r i zed  t o  207 MPa t o  v e r i f y  i t s  l e a k t i g h t n e s s .  A t  
d isassembly i t  was found t h a t  a l l  t h r e e  l e a d s  had moved 0.11 cm without  
leakage occurr ing.  These t e s t s  v e r i f i e d  t h a t  i f  t h e  l e a d s  a r e  r e s t r a i n e d  
t o  permit  no more than  -0 .l-cm movement, t he  p e n e t r a t i o n  assemblies  can 
f u n c t i o n  s a t i s f a c t o r i l y  withont  t h e  i nco rpo ra t i on  of brazed s l e e v e s  on t h e  
l eads .  



Fig.  5 .27.  Failed three-hole packing assembly without brazed s leeve  
t o  serve as  anchor. 



5.2.6.5 E laa taue t io  . s e a l s  for . o w s r  . f l a n m  .of .ITV f a r  .PTS .cnndi- 
t inns.  A demonstration t e s t  of the  a b i l i t y  of Viton t o  funct ion accept- 
ably i n  a n  ITV under PTS condit ions was performed. The t e s t  f i x t u r e  was 
heated slowly from room temperature t o  260°C over a time in te rva l  of 
144 h. The t e s t  f i x t u r e  was then pressure cycled 25 times f o r  6.9 t o  
69 MPa, 25 times from 6.9 t o  103 MPa, and 25 times from 6.9 t o  138 MPa, 
while maintaining t h e  temperature a t  260°C. No leakage occured. The 
temperature was then increased t o  288OC. While maintaining the  tempera- 
t u r e  a t  2880C, t h e  t e s t  f i x t u r e  was cycled 25 times from 6.9 t o  69 MPa, 
25 times from 6.9 t o  103 MPa, and 25 times from 6.9 t o  138 MPa. After 
soaking a t  2880C f o r  24 h, temperature was then reduced t o  roam tempera- 
t u r e  and t h e  f i x t u r e  was repressur ized t o  138 MPa t o  v e r i f y  leaktightness.  
It was concluded t h a t  Viton can serve s a t i s f a c t o r i l y  fo r  t h i s  sea l  f o r  PTS 
conditions. 
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6. STAINLESS STEE CLADDING INVESTIGATIONS 

W. R. Corwin R. K. Nanstad 
G. M. Goodwin W. J. Stelzman 

6.1 Clad P l a t e  Experiments 

Further t e s t i n g  of one-wire clad p l a t e  specimens has been deferred  
u n t i l  data on the e f f e c t s  of i r r a d i a t i o n  have been obtained. The previ- 
ously machined specimens w i l l  be held i n  inventory u n t i l  such time a s  
t e s t  fief i n i  ti  nno @ r e  nl e a r .  

A purchase spec i f i ca t ion  was w r i t t e n  and submitted t o  the  Purchasing 
Department of Union Carbide Corporation-Nuclear Division f o r  procurement 
of the  machining, welding, and hea t  treatment necessary t o  provide c lad  
p l a t e  specimens and material-characteriz a t i o n  blocks of three-wire series-  
a rc  cladding overlay on a p l a t e  of A533 grade B s t e e l  (HSST 12) .  The 
spec i f i ca t ion  c a l l s  f o r  chemically and mechanically uniform cladding with 
a minimom Charpy V-notch impact energy of 54.2 J a t  a temperature a t  l e a s t  
l l O C  lower than the drop-weight n i l - d u c t i l i t y  temperature of the base 
p la te .  This w i l l  allow the evaluation of the e f f e c t s  of r e l a t i v e l y  tough 
cladding, representa t ive  of commercially fabr ica ted  unir radia ted  mater ia l ,  
on the i n i t i a t i o n  and a r r e s t  behavior of pressure vesse l  s t e e l  t o  comple- 
ment the work already done with a moderately l o w  toughness cladding. l I n  
addit ion,  the cladding i s  proposed f o r  use i n  the  i r r a d i a t e d  s t a i n l e s s  
s t e e l  cladding task. 

Discussions with the po ten t i a l  vendor have indicated  t h a t  the re- 
quirements of the spec i f i ca t ion  can be met. The schedules f o r  contrac t  
placement and work performance are  expected t o  lead t o  del ivery  i n  the  
four th  quar ter  of FY 1983. 

-. -- , 6.2 M e t a l l o a r a ~ h i c  Cladding Examinations 

The reac to r  pressure vesse l  (RPV) nozzle dropout received from Com- 
bus t ion Engineering was seotioned and cxaminod mctallographical ly. The 
weld overlay cladding on the  dropout was applied, using the  three-wire 
series-arc procedure. I n  t h i s  method, an a r c  i s  drawn between the  two 
outside electrodes,  typ ica l ly  of types 308 and 309 s t a i n l e s s  s t e e l  welding 
wire, and the  t h i r d  wire of type 312 s t a i n l e s s  s t e e l  i s  fed  cold i n t o  the  
weld puddle. The dropout, consis t ing  of a s ingle  l ayer  of cladding ap- 
p l i ed  onto A533 grade B base metal, had received -2 h of postweld hea t  
treatment (PWHT) a t  6210C when it was received. 

A macroscopic sec t ion  of the cladding i n  the as-received condition, 
taken perpendicular t o  the welding d i r e c t i o n  (Fig. 6.11, shows the  degsee 
of overlap between successive passes. The fus ion l i n e  [Fig. 6.2(a) 1 i s  
already s l i g h t l y  decorated with carbide p r e c i p i t a t e s  from the l imi ted  
PWHT. The balk  of the cladding [Fig. 6.2(b)l  e x h i b i t s  a typica l  d is t r ibu-  
t i o n  of d e l t a - f e r r i t e  i n  an aus ten i t e  matrix. 

To examine the e f f e c t  of the longer PWHT typ ica l  of a f in i shed  RPV, a 
small piece of the dropout was given an addi t ional  PWHT of 38 h a t  6210C 
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Fig. 6.1. Section through reactor  pressure vesse l  nozzle dropout 
c lad  wi th  three-wire series-arc weld over1 ay i n  as-received condit ion rep- 
resent ing -2 h of s t r e s s  r e l i e f  a t  6310C. 

f o r  a  t o t a l  of 40 h. A macroscopic sec t ion  through the 40-h heat- treated 
mater ia l  (Fig. 6.3) shows l i t t l e  not iceable  e f fec t  on the  cladding, al- 
though tempering and decarburizat ion of the base metal along the  fas ion  
l i n e  i g  evident.  Closer examination [Fig .  6.4(aJ 1 conf inns t h a t  the aus- 
t e n i t e l d e l t a - f e r r i t e  composition of the bulk of the cladding i s  v i r t u a l l y  
unchanged. However, the carbide p r e c i p i t a t i o n  a t  the  fns ion l i n e  and i n  
t h e  aus ten i t e  gra in  boundaries near the fas ion  l i n e  i s  enhanced by the 
longer PWBT. 

To inves t iga te  poss ib le  v a r i a t i o n s  i n  the  microstructure of weld over- 
lay  cladding, a  small piece of 50--wide s t r i p  cladding, which had been 
procured from a commercial nuclear  vesse l  f abr ica to r ,  was examined. The 
s t r i p  cladding of type 308 weld metal was deposited on A533 grade B base 
p l a t e ,  and the  weldment was given a 2-h PWHT a t  6210C, s imi la r  t o  the heat  
treatment received by the three-wire series-arc cladding. By comparison 
wi th  the series-arc cladding i n  a s imi la r  condition, the fas ion  l i n e  [Fig. 
6 .5(a) l  i s  s t i l l  clean a f t e r  the l imi ted  heat  treatment, showing only a 
mar tens i te /aus teni te  mixture i n  the  r e l a t i v e l y  unmixed boundary layer  of 
the  cladding. The bulk of the cladding [Fig. 6 .5(b)I  i s  s imi la r  t o  the  
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Fig. 6.3. Section through reactor  pressure vesse l  nozzle dropout 
:lad with three-wire series-arc weld overlay a f t e r  40-h PWET a t  6210C. 

ser ies-arc  weldment, with s l i g h t l y  more del  t a - f e r r i t e  i n  an aus ten i t e  ma- 
t r i x .  A PWHT of 40 h t o t a l  a t  621oC produced a fus ion l i n e  and nearby 
aus ten i t e  g ra in  boundaries highly decorated with carbide p r e c i p i t a t e s  
[Fig. 6.6(a) 1 and v i r t u a l l y  no change i n  the  bulk of the cladding [Fig. 
6 .6 (b ) l ,  again very s imi la r  t o  the three-wire series-arc-deposited clad- 
ding. 

The p r e c i p i t a t i o n  of carbides i s  i l l u s t r a t e d  wel l  i n  the  side-by-side 
comparison of the fus ion  l i n e  regions of both the three-wire series-arc 
and the  str ip-cladding weldments (Figs. 6.7 and 6.8, respect ively)  a f t e r  2 
and 40 h of PWHT a t  621°C. 

The Oak Ridge National Laboratory (ORNL) single-wire cladding with a 
PWET of 40 h a t  6210C, which has been ased f o r  the c lad  p l a t e  tes ts1  and 
i s  scheduled f o r  i r r a d i a t i o n  experiments, was a l s o  examined metallographi- 
ca l ly .  A macroscopic sec t ion  taken perpendicular t o  the  f r a c t u r e  surface 
and p a r a l l e l  t o  the  welding d i r e c t i o n  of c lad  p l a t e  specimen CP.3 (Fig. 
6.9) indica tes  a s t r u c t u r e  q u i t e  d i f f e r e n t  from those of the single-layer 
s t r i p  or  three-wire weldments. The single-wire weldment f o r  the c lad  
p l a t e s  was deposited i n  two layers ,  using the  o s c i l l a t i n g  submerged-arc 
technique. The welding wires used were types 309 and 308 s t a i n l e s s  s t e e l  
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Fig. 6.7. Co~parisoii"of fusion l ine  of s tr ip  cladding on A533 gra 
B s tee l  with (a) 2-h and ( b )  40-h PWET a t  6210C. 
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f o r  the  f i r s t  and second layers,  respectively. The surface of the  clad- 
ding was then machined t o  provide a f l a t  surface on t he  t e s t  specimen. It 
can read i ly  be seen from Fig. 6.9 t ha t  the  resu l t ing  c lad p l a t e  specimen 
i s  composed primarily of the base metal and the  f i r s t  weld overlay pass, 
with only a small amount of the second weld overlay pass remaining. In 
looking a t  the  microstructures of the f i r s t  and second passes (Fig. 6.101, 
it can be seen t h a t  the  second pass i s  composed of del t a - fe r r i t e  i n  an 
aus ten i te  matrix, very much l i k e  both the t h r e b w i r e  series-arc and s t r i p  
cladding, but the f i r s t  pass, with i t s  three  d i s t i n c t  regions, i s  notice- 
ably d i f fe ren t .  The l i g h t e s t  regions appear t o  be austeni t ic ,  with the 
light-gray regions martensite, and the  darkest regions upper ba in i t e  deco- 
ra ted  with addit ional  carbides p rec ip i ta ted  during the  PWET. This m i c r e  
s t r ac tu r e  was the r e s u l t  of excessive d i l u t i on  of the f i r s t  welding pass, 
which i s  estimated t o  be i n  the range of 50 to  55%. The metallurgical  
s t ruc ture  of weld cladding deposited on A302 grade B pla te ,  with type 309 
weld wire and base metal d i l u t i on  of 38 t o  615, i s  predicted t o  be a m i x -  
t u r e  of aus ten i te  and martensite.% Dilution greater  than 61% should pro- 
dace: a l l  martenrd t a .  I n  the  ease of the clad p l a t e s  and cladding l a a t e  
r ia l -character iz  a t ion  block, the combination of welding both before and 

Pig. 6.9. Section perpendicular t o  f rac ture  surface and pa ra l l e l  t o  
welding d i r ec t i on  of two-pass single-wire weld deposit on clad p l a t e  -3. 



Fig. 6 .10.  Microstructures of types 309 and 308 s t a i n l e s s  s t e e l  
single-wire weld depos i t s  typica l  of f i r s t  and second passes  used t o  clad 
beam t e s t  specimen CP-8. (a) Type 309, f i r s t  pass; ( b )  type 308, second 
pass. 



a f t e r  heat  treatment, PWJ3T, and microsegregation during s o l d i f i c a t i o n  pro- 
duced upper b a i n i t e  a s  well.  The e f f e c t s  of microsegregation during so- 
l i d i f  i c a t i o n  a r e  p a r t i c u l a r l y  evident near the  fus ion l i n e  (Fig. 6.11). 
Moving away from the low-dilution boundary layer,  the beginning of m a r  
t e n s i t e  and b a i n i t e  can be seen where the  concentrat ion of se lec ted  alloy- 
ing elements i n  the  weld puddle was increased by r e j e c t i o n  from the s o l i d  
phases of metal a t  the moving sol  i d i f  i ca t ion  boundary. 

It wonld be expected t h a t  the d i f f e r e n t  microstructures of the f i r s t  
and second l ayers  comprising the  weld overlay cladding of the clad p l a t e  
specimens wonld e x h i b i t  d i f f e r e n t  mechanical proper t ies .  Because the ef- 
f e c t s  of neutron i r r a d i a t i o n  on t h i s  mater ia l  w i l l  be examined wi th in  the 
i r r a d i a t e d  s t a i n l e s s  s t e e l  cladding por t ion of the Heavy-Section S tee l  
Technology (HSST) I r r a d i a t i o n  Program, the proper t ies  of t h i s  mater ia l  in  
the  - i r radia ted  condit ion a r e  being examined a s  well.  Results  of t h a t  
work t o  da te  a re  discussed i n  dhap. 5 of t h i s  report .  The c lad  p l a l e  
t e s t s  were conducted a t  --400C t o  acoommodate the  need f o r  a  f rang ib le  con- 
d i t i o n  i n  the  base metal. Although there  i s  a s p a r s i t y  of data  f o r  f i r s t -  
l aye r  cladding and much s c a t t e r  i n  the  data s e t ,  the toughness of the 
f i r s t  l aye r  a t  -400C appears t o  be somewhat lower than t h a t  of the  second 
and t h i r d  layers .  A t  t h a t  temperature, however, a l l  three  cladding l ayers  
exh ib i t  very low toughnesses r e l a t i v e  t o  those i n  the upper-shelf rcgion. 
Thus, the s igni f icance  of the  high-dilution f  i r s t - l ayer  cladding t o  the  
c lad  p l a t e  t e s t  r e s u l t s  i s  considered t o  be small. 

Although the  inves t iga t ion  of high-dilution cladding was not the ini-  
t i a l  aim of the cladding s tudies ,  i t  may well be highly germane t o  the  
ques t ion of the e f f e c t s  of cladding on RPV in tegr i ty .  High base metal 
d i l u t i o n  of cladding, caused by inadequate control  of welding procedures, 
and the  r e s u l t i n g  itlicrosrructure has teeu Jucuen tcda ,*  i n  oomnsr~ial 
W s .  Typically, the resu l t ing  mater ia l  has poorer mechanical andlor c o t  
ros ion p roper t i e s  i n  the  an i r rad ia ted  condition; no information i s  avail- 
able on t h e  i r r a d i a t i o n  damage of such mater ia l .  The f a c t  t h a t  such mate- 
r i a l  is  included i n  the  c lad  p l a t e  and i r r a d i a t e d  s t a i n l e s s  s t e e l  cladding 
inves t iga t ions  may provide ins igh t  i n t o  the behavior of substandard weld 
overlay cladding representa t ive  of material  ac tua l ly  i n  the f i e l d .  



Fig. 6 .11 .  Fusion l i n e  of two-pass single-wire type 3091308 stain- 
l e s s  s t e e l  cladding deposit ion on A533 base pla te  (HSST 0 7 ) .  (a) 100x, 
( b )  Soox. 
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7.1 In t roduc t ion  

The ob jec t ive  of t h i s  t a s k  i s  t o  c h a r a c t e r i z e  t he  crack-growth r a t e  
i n  1 i g h t - w a t e t r e a c t o r  m a t e r i a l s  exposed t o  primary coolant  environments. 
The work now being conducted f a l l s  i n t o  four  major a r e a s :  (1) c o r r o s i o r r  
f a t i g u e  crack-growth t e s t s  i n  a simulated p r e s s u r i z e d ~ w a t e r r e a c t o r  (PWR) 
e n v i r o m s n l ,  ( 2 )  d e a t i 0  load  K I ~ C C  t e a t s  i n  A simulated PWR environment, 
(3)  f r ac tog raph ic  examination of specimen f r a c t u r e  su r f aces ,  and (4)  c h a t  
a c t e r i z a t i o n  of the  environment by measurement of i t s  electro-chemical 
p o t e n t i a l .  The progress  made i n  each of these  a r eas  i s  d i scussed  i n  the  
fol lowing sec t ions .  

7.2 Fa t igue  Crack-Growth Tes t  Resu l t s  

S tud ie s  continued on cha rac t e r i z ing  the  e f f e c t  of ma te r i a l  chemistry 
on the  environmental a c c e l e r a t i o n  of f a t i g u e  c rack  growth. This  work i s  
being c a r r i e d  out through the d e t a i l e d  study of four  h e a t s  of r e a c t o r  pres- 
su re  ves se l  (RPV) s t e e l  p l a t e .  The chemistry chemical content  of each of 
these specimens i s  given i n  Table 7.1, where i t  can be seen t h a t  the  only 
important d i f f e r ence  i s  t he  s u l f u r  content .  It has been demonstrated i n  
e a r l i e r  work1 t h a t  the environmental a c c e l e r a t i o n  of c rack  growth i s  pro- 
po r t iona l  t o  the  l e v e l  of s u l f u r  i n  the  s t e e l  p l a t e .  

The four  h e a t s  of s t e e l  p l a t e  a r e  being s tud ied  through the  ma t r ix  of 
t e s t s  shown i n  Table 7.2. During t h i s  r e p o r t  per iod,  two a d d i t i o n a l  t e s t s  
were completed on the  h e a t  PN, which has an in te rmedia te  s u l f u r  content .  
The t e s t s  were done under a s ine  loading a t  one cyc le  per  minute w i th  
R = 0.7. Only two more t e s t s  a r e  necessary t o  complete t he  ma t r ix  a t  t h i s  
po in t ,  a s  can be seen from the tab le .  The r e s u l t s  of t he  two t e s t s  a r e  
shown i n  Figs.  7.1 and 7.2; a s  expected, a r e l a t i v e l y  high l e v e l  of sus- 
o o p t i b i l i t y  t o  environmental  enhancement i s  seen i n  t he  f igu res .  It i s  in- 
t e r e s t i n g  t h a t  t he  enhancement i s  e s s e n t i a l l y  the  same f o r  both specimens, 
a s  seen i n  Fig. 7.3, s ince  one specimen i s  from the  TL o r i e n t a t i o n  and t h e  
o the r ,  PN-8, i s  from the TS, or through-thickness,  o r i e n t a t i o n .  

This  behavior i s  somewhat d i f f e r e n t  from t h a t  observed i n  t e s t s  a t  
t h i s  same hea t  wi th  R = 0.2. Resu l t s  of these t e s t s  were previous ly  r e  
por ted  i n  the annual progress  r e p o r t  f o r  FY 1981 (Ref. 3 )  and a r e  shown 
here  i n  Fig. 7.4. The d i f f e r ence  l i e s  i n  t he  behavior of the  TS-oriented 
specimens. The r e s u l t s  obtained f o r  specimens a t  R = 0.2 were much lower 
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Tabls 7.1. Chemical mntent  of four heats  of RW s t e e l  
p la t e  - matrix study of su l fur  e f f e c t s  

Elements 
Spe cimen 

C Mn P 3 S i N i Cr Mo Cu V Co 

A533B Class  1 
CI 

Heat IN 0.21 1.26 0.012 0.026 0.25 0.47 
Heat lW 0.21 1.38 0.008 0.004 0.21 0.67 
Heat W7 0.23 1.40 0,005 0.004 0.25 0.70 
Heat PN 0.21 1.33 0.012 0.616 0.22 0.56 
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F i g .  7.1. Fatigue-crack-growth rate r e s u l t s  t o  specimen PN-2, t e s t ed  
i n  PWR environment a t  R = 0 . 7 .  
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Fig .  7 . 3 .  E f f e c t  of specimen o r i e n t a t i o n  o n  crack growth, ..medium 
s u l f u r  p l a t e  PN, R = 0.7. 
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F i g .  7 . 4 .  E f f e c t  of specimen o r i e n t a t i o n  on crack growth, medium 
-sn3&ur p l a t e .  R = 0.2.3 



Table 7.2. Tests completed i n  study of A533B c l a s s  1 pla tea  

Test conditions 

R = 0.2 R = 0.7 Sulfur cantent  
of p l a t e  b 

Specimen or ien ta t ion  Specimen or ien ta t ion  b 

- 

8 = n.nnn TW-1 , TW-I m-7 m-7. 'IW-5 n - 8  
W7-2C7 W7-3C6 

S = 0.016 PN-1 PN-4 PN-7 PN-2 PN- 8' 
S = 0.026 IN-1 IN-4 IN-7 IN-2 IN-5 

'~11 t e s t s  were ca r r i ed  out i n  a simulated PWR environment 
a t  2880C. A l l  specimens were 2TCT, and the applied loadings 
were iden t ica l  f o r  a l l  specimens a t  a given R r a t i o .  Load form 
was a one-cycle-petminote s ine  wave. 

b~pecimen or ien ta t ions  a r e  described i n  Pig. 7 1 of 
Ref. 2. 

C Completed t h i s  repor t  period. 

than the r e s u l t s  obtained f o r  the other hvo in-plane or ienta t ions ,  TL and 
LT, a s  shown i n  Fig. 7.4. It appears t h a t  a t  high R r a t i o  specimens from 
the TS o r i en t a t i on  a r e  no d i f f e r en t  i n  behavior than those from the other 
or ienta t ions .  

It i s  a l so  worthy of note t h a t  the  crack-growth behavior observed f o r  
t h i s  material  a t  e i t h e r  high or low R r a t i o  i s  bounded by the ASME Sect. X I  
reference crack-growth-rate curves f o r  the water env ironment. 

During the  next repor t  period, the t e s t  matrix w i l l  be completed and 
the  r e s u l t s  summarized i n  the  progress repor t  f o r  t h a t  period. 

7.3 Craok-Gronth Behavior i n  S t a t i c  Tests  

The behavior of cracks i n  the  s t e e l s  and welds of i n t e r e s t  i n  a water  
environment has been under investigation,  using bol t-loaded specimens, 
since 1974. The specimens a r e  of the wedge-opening-loading (WOL) type, 
2.54 cm thick, and loaded t o  a f ixed displacement by a b o l t  of the same 
material .  The specimens a r e  posit ioned i n  the  bot tw  of tno of the ope- 
a t ing  corrosion-fatigue autoolaves. 

Crack propagation under s t a t i c  load has been observed i n  several of 
the 19 specimens t h a t  have been t e s t ed  thus f a r .  Thirteen remain i n  t e s t -  
ing, including specimens of A508 c l a s s  2, A533B c l a s s  1, a Linde 124 weld, 
and two heat-affected zones (HAZs) . No fu r t he r  crack propagation was ob- 
served i n  t h i s  repor t  period. 



7.4 Examination of S~ecimen Fracture Surfaces 

Examination of the  f rac ture  surfaces of the t e s t  specimens, using the  
scanning e lec t ron  microscope (SEMI, has long been a par t  of t h i s  program. 
Recent work has been ca r r ied  out t o  compare the  f rac ture  surfaces of the 
s t a t i c a l l y  loaded specimens wi th  those t es ted  i n  fat igue.  

Ea r l i e r  s tud ies  have shown t h a t  the  f rac ture  surf ace of the t es ted  
specimens i s  more a r e f l ec t i on  of the material  microstructure than e i t h e r  
the  imposed loading o r  the environment of the crack t i p .  Several d i f f e r  
ent  fea tu res  of f r ac tu r e  surfaces have been found, including s t r i a t i o n  
formaton, which i s  most common, and void coalescence, which i s  observed 
only on the  weld materials .  The welds show a combination of s t r i a t i o n  and 
void coalescence (Fig. 7.5). 

Fig. 7.5. Spe*cimen C-2 WLD showing (a )  t r a n s i t i o n  from dimpled t o  
s t r i a t e d  growth, ( b )  high magnification of dimples, and ( 0 )  s t r i a t e d  
growth. 
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Another fea tu re  of f rac tu re  surfaces t h a t  i s  o f t en  observed i n  the  
base metal specimens i s  the  occurrence of elongated regions pa r a l l e l  t o  
the  d i r ec t i on  of crack growth, formed by the 1 inking up of two cracks 
propagating a t  d i f f e r en t  e levat ions  (Fig. 7.6). The density of such 
linked-up regions can be corre la ted t o  the roughness of f rac tu re  surf ace 
observed a t  l o w  magnification. This can c lea r ly  be seen i n  the control led  
s e r i e s  of specimens containing various su l  fu r  levels .  where the roughness 
of the f r a c tu r e  surf ace increased wi th  su l fu r  content (Fig. 7.7). I n  t he  
low-sulfur s e r i e s  (heat  W) , the f r a c tu r e  surfaces were smooth and con- 
tained only s t r i a t i o n s ,  but i n  the high-sulfur s e r i e s  (heat  I N ) ,  the sur- 
f aces contained a considerable number of elongated 1 inked-up regions. 

The fea tu res  of the f r a c tu r e  surfaces of s t a t i c a l l y  Inadnil specimens 
t ha t  have cracked a r e  d i f f i c u l t  t o  discern, because the oxidation t h a t  
takes place over long time periods tends t o  erode them. It i s  i n t e r e s t i ng  
t o  note t ha t  the fea tu res  t ha t  can be discerned a r e  s imi lar  t o  those found 
in base metal specimens with accelerated crack growth - bri t t le-appearing 
linked-up regions. An example of these fea tu res  on a s t a t i c a l l y  loaded 
specimen i s  shown i n  Fig. 7.8. 

7.5 Characterizat ion of Water Environment Through 
Measurement of i t s  Electrochemical Po ten t ia l  

dl - 
' 8  - 

Recent work5.6 has demonstrated t h a t  s ign i f i can t  differences-in ac- 
ce le ra t ion  of crack-growth r a t e  i n  water environments can occur. One ex- 
planation f o r  these di f ferences  i s  the differenoe i n  the microstructure of 
the material ,  a s  re f l ec ted  i n  the  sul fur  content o r  the nmnber of manga- 
nese sul f ide  inclusions. This topic  has already been discussed i n  t h i s  
report .  Another f a c to r  t ha t  appears t o  have an important impact i s  the 
enivronment i t  se l  f .  

A l imi ted s e r i e s  of t e s t s  were performed on the  same specimens i n  two 
d i f f e r en t  autoclave systems, the second operated under the supervision of 
P. M. Scot t  of the U.K. Atomic Energy Authority. The r e s u l t s  of these 
comparative t e s t s  showed large  di f ferences  i n  fa t igue  crack growth; they 
were reported i n  Ref. 1 and a r e  shown here i n  Fig, 7.9. The major cause 
of the di f ferences  i n  crack-growth r a t e  was postulated t o  be the di f fer-  
once i n  en-v izonment. Although the two autoclave systems had nominally the 
same water chemistry, the r a t e  of water flow past  the specimen was an or- 
der of magnitude higher i n  Sco t t ' s  autoclave. 

The bes t  way t o  character ize  the difference i n  water environments. a s  
i t  might a f f ec t  corrosion-fatigue processes, has been found t o  be the 
electrochemical potent ia l .  The Internat ional  Cooperative Crack Growth 
Rate Committee (ICWR) have discussed t h i s  subject a t  length, and several  
of the members have developed systems f o r  measuring the  f r e e  corrosion 
potent ia l  of an autoclave system. 

A omparison of the various systems f o r  measuring electrochemical 
potent ia l  has revealed t h a t  the two most r e l i a b l e  systems a r e  the s i l v e r  
s i l v e r  chloride (Ag-AgC1) system developed by Andresen' and the hydrogen 
referenoe electrode. Both of these systems a r e  being developed f o r  in- 
s t a l l a t i o n  on the Westinghouse E l ec t r i c  corporation autoclaves. 
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Fig. 7.6. e ; ~ i e r l  reginaa of fru3l;we swxf aae af speoben PN-4 con- 
taiaing areas elongated parallel to grarth dlrsctiun.. 
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Pig.  7+7, h c z o p h o t o g r ~ ~ s  of swohens (a) -7, {b? FH-7, @nd 
(a3 IAl-7. 
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VARIABLES: WtSTlNOHOUSE UKAEA 1 

A W E  I C f .  XI WET 

Pig. 9 Crack-growth rat& Bnaa obtaised on pressure vessel s t e e l s  
iti water erhrircomeat, asf n8 L w e d i f  ferent antoolave qsteas. 

The Anbrsrrsa blg-A8C1 bleetnads illi rbaatrsa rrtarrnally on the snlrrfron- 
rsratrl ~ B m b a ~  ( s e t  8f $ r  f t r k O )  A pbao  ~f a croggieted b l e ~ t Z ~ d %  i s  shola 
in Pig, 'f'.if. fie d@ui@e saasiieo p~rtrariig of a 0 . 3 3 - e d i s m  sf lver rod 
bn a soiotlsfi of 6 * 1  Ed patarrim eblllsrftb, whish acts as a bridge. Porous 
xircdnia it aged as a rega~nkbr btrsea the l i p a i d  bridge and the snviron- 
@eat, 'Igu eef &rearit& &i%&t*o& m w k  be b l ? t  crw1 and prersntiaaal, and 
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Fig, 7 . I1  , Phntogmjab sE Anbresan electrode. (a) Prgssurixed Ag/AgC1 
reference electrode assemBly; (blj component par ts :  (1) external  pressure 
tube with f i t t i h g s ;  (2) alor idized s i l v e r  rod; (3 )  micarta .+if e t y  holder 
f o r  rod; (4) he& shrink TFE. tubing f i l l e d  with g lass  f ibclis; 0.1 # KC1 
solut  f on end poebat zf r;c"ania 

1 

horizontal  i n s t a l l a t i o n  i s  preferred. Experience with t h i s  apparatus a t  
o ther  l abora tor ies  has been f e l a t i ve ly  good, with some report ing long s e t  
vice t i m e s  before the  e lec t ro ly te  was dispersed through the porous plug 
and the operab i l i ty  impaired. A second problem associated with the f a i l  
a r e  of t h i s  electrode i s  contaminaiion of tho environment with chlorides, 
For t h i s  reason and t o  extend i t  service l i f e ,  t h i s  electrode w i l l  f i r s t  
be i n s t a l l ed  i n  a separate small chamber, which may be isola ted,  a t  the 
eri t of the environment chamhar. 

A hydrogen electrode w i l l  be i n s t a l l ed  i n  t h i s  small chamber a s  well 
as  i n  the  autoclave i t s e l f  near the specimen. A cross-sectional sketch of 
t h i s  electrode i s  shown i n  Fig. 7.12. The electrode i s  formed from a 
closed-end tube of pa l - l ad iws i lver  a1 lay, pressurized on the  inside w i  tb 
puro hydrogen. Ths alloy tube i s  encased i n  a perforated sleeve, which 
allows water t o  be trapped between the tube and t he  sleeve, where i t  i s  
saturated k i t h  hydrogen permeating through the wall  of the tube. The 
electrode a c t s  a s  a hydrogen reference electrode. The advantage of t h i s  
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F i g .  7 . 1 2 .  Sketch of hydrogen reference e lectrode .  



system i s  t h a t  i t s  f a i l u r e  does no t  r e s u l t  i n  any contaminat ion of t h e  
au toc lave  environment, s ince  a hydrogen overpressure  e x i s t s  a t  a l l  times. 

F a b r i c a t i o n  of both of these  e l e c t r o d e s  was begun during t h i s  r e p o r t  
per iod ,  and i n s t a l l a t i o n  i s  expected t o  be accomplished during t h e  next 
per iod.  
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