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PREFACE 

I n  mid-November 1986, t h e  High Flux I s o t o p e  Reac tor  (HFIR)  Vesse l  
I n t e g r i t y  Eva lua t ion  Committee w a s  appoin ted  by Oak Ridge Na t iona l  
Labora tory  (ORNL) management t o  e v a l u a t e  t h e  e f f e c t s  of r a d i a t i o n  damage 
on t h e  i n t e g r i t y  of t h e  H F I R  v e s s e l  and t o  make recommendations r ega rd ing  
f u t u r e  o p e r a t i o n  of HFIR. S h o r t l y  t h e r e a f t e r ,  t h r e e  Department of Energy 
(DOE) commit tees were appo in ted  t o  review t h e  ORNL e f f o r t  : t h e  McSpadden 
Committee (DOE/EH/HQ),* t h e  Hendrie  Committee (DOE/ER/HQ), and t h e  
Br inkerhoff  Committee (DOE/EH/HQ). The l a t t e r  committee performed a 
d e s i g n  review t h a t  i nc luded  "all" a s p e c t s  of HFIR;  t he  o t h e r  two were 
p r i m a r i l y  concerned wi th  the  v e s s e l .  The i r  e f f o r t s  were concur ren t  wi th  
t h e  ORNL s t u d y  and, t h u s ,  provided i n p u t  t o  t h e  ORNL e v a l u a t i o n .  The 
ORNL Committee is g r a t e f u l  f o r  t hose  c o n t r i b u t i o n s .  

The nuc leus  of t h e  ORNL Committee c o n s i s t e d  of R. D. Cheverton 
(Chairman),  J. G. Merkle, and R. K. Nanstad, who were t h e  e d i t o r s  of t h i s  
r e p o r t .  Many o t h e r s ,  bo th  t e c h n i c a l  and s u p p o r t ,  r e p r e s e n t i n g  s e v e r a l  
ORNL d i v i s i o n s ,  made c o n t r i b u t i o n s  t o  t h e  e v a l u a t i o n  e f f o r t ,  and those  
making s p e c i f i c  c o n t r i b u t i o n s  t o  t h i s  r e p o r t  are l i s t e d  a s  authlors of 
t h e i r  s e c t i o n s .  

Because of the  urgency a s s o c i a t e d  wi th  t h e  ORNL s t u d y ,  c o n s i d e r a b l e  
e x t r a  e f f o r t  w a s  r e q u i r e d  and w a s  a p p l i e d  by everyone involved .  ORNL 
management a s s igned  top  p r i o r i t y  t o  t h e  HFIR i s s u e ,  and t h e  response  w a s  
such t h a t  o t h e r  programs were impacted s i g n i f i c a n t l y .  The ORNL Committee 
a p p r e c i a t e s  t h e  p a t i e n c e  and unde r s t and ing  of t he  sponsors  a f f e c t e d .  

The ORNL Committee a l s o  acknowledges t h e  suppor t  of ORNL management, 
p a r t i c u l a r l y  R. S. W i l t s h i r e ,  ORNL Execut ive D i r e c t o r ,  and A. L. L o t t s ,  
Program D i r e c t o r  f o r  H F I R  O p e r a t i o n a l  Assessment and D i r e c t o r  oE t h e  
newly c r e a t e d  Research Reac tors  Div is ion .  

*Department of Energy/Environment S a f e t y  and Heal th /Headquar te rs .  

Department of Energy/Energy Research/Headquarters .  
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EVALUATION OF H F I R  PRESSURX-VESSEL INTEGRITY 
CONSIDERING RADIATION EMBRITTLEMENT 

R. D. Cheverton . J. G .  Merkle 
R. K. Nanstad 

ABSTRACT 

The High Flux I s o t o p e  Reactor  (dFIR) p r e s s u r e  v e s s e l  has 
been i n  s e r v i c e  f o r  20 y e a r s ,  and du r ing  t h i s  time, r a d i a t i o n  
damage was monitored w i t h  a v e s s e l - m a t e r i a l  s u r v e i l l a n c e  pro- 
gram. I n  mid-November 1986,  d a t a  from t h i s  program i n d i c a t e d  
t h a t  t h e  r ad ia t ion - induced  r e d u c t i o n  i n  f r a c t u r e  toughness  w a s  
g r e a t e r  t han  expected.  A s  a r e s u l t ,  a r e e v a l u a t i o n  of v e s s e l  
i n t e g r i t y  was  undertaken.  Updated methods of f r a c t u r e -  
mechanics a n a l y s i s  were a p p l i e d ,  and an a c c e l e r a t e d  i r r a d i a -  
t i o n s  program w a s  conducted u s i n g  t h e  Oak Ridge Research Re- 
a c t o r .  R e s u l t s  of t h e s e  e f f o r t s  i n d i c a t e  t h a t  (1) t h e  v e s s e l  
l i f e  can be extended 10 y e a r s  i f  t h e  r e a c t o r  power l e v e l  i s  
reduced 15% and i f  t h e  v e s s e l  i s  s u b j e c t e d  t o  a h y d r o s t a t i c  
proof test each  y e a r ;  ( 2 )  du r ing  t h e  10-year l i f e  e x t e n s i o n ,  
s i g n i f i c a n t  r a d i a t i o n  damage w i l l  be l i m i t e d  t o  a r a t h e r  small 
area around t h e  beam tubes ;  and ( 3 )  t h e  grea te r - than-expec ted  
damage rate is  t h e  r e s u l t  of t h e  very  low neut ron  f l u x  i n  t h e  
HFIR v e s s e l  r e l a t i v e  t o  t h a t  i n  samples of m a t e r i a l  i r r a d i a t e d  
i n  m a t e r i a l s - t e s t i n g  r e a c t o r s  (a f a c t o r  of -104 l e s s ) ,  t h a t  
i s ,  a rate e f f e c t .  

1. INTRODUCTION AND SUMMARY 

The d e s i g n  of t h e  High Flux I s o t o p e  Reactor  (HFIR)  p r e s s u r e  v e s s e l  
i nc luded  c o n s i d e r a t i o n  of r a d i a t i o n  e m b r i t t l e m e n t ,  which enhances t h e  
chances  of v e s s e l  f a i l u r e  a s  a r e s u l t  of p ropaga t ion  of c rack - l ike  
d e f e c t s  ( f l a w s ) .  The i n t e n t  w a s  t o  sur round t h e  co re  and b e r y l l i u m  
r e f l e c t o r  wi th  s u f f i c i e n t  water  and t o  use s u f f i c i e n t l y  tough beam-tube 
n o z z l e  m a t e r i a l  so t h a t  a v e s s e l  l i f e t i m e  of a t  least  20 e f f e c t i v e  f u l l -  
power yea r s  (EFPY) could  be achieved.  The c r i t e r i o n  by which v e s s e l  
i n t e g r i t y  w a s  t o  be judged w a s  t h a t  t h e  o p e r a t i n g  tempera ture  of t h e  
v e s s e l  should  always be g r e a t e r  than t h e  n i l - d u c t i l i t y  t empera tu re  (NDT) 
p l u s  60 'F . l  
b r i t t l e  manner a t  nominal stress l e v e l s  e q u a l  t o  and less than  t h e  y i e l d  
stress. For normal o p e r a t i n g  c o n d i t i o n s ,  t h e  stress level i n  t h e  s h e l l  
is main ta ined  below one-half of t h e  y i e l d  by o p e r a t i n g  procedures  and 
r e l i e f  va lves .  

r a d i a t i o n  damage i n  t h e  v e s s e l .  The t u b e s  d i s p l a c e  be ry l l i um and water, 
which c o n s t i t u t e  a v e r y  e f f e c t i v e  s h i e l d  f o r  t he  v e s s e l .  Because of 

This would p reven t  very  l a r g e  flaws from p ropaga t ing  i n  a 

The e x i s t e n c e  of t h e  beam t u b e s  i s  r e s p o n s i b l e  for t h e  s i g n i f i c a n t  
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t h i s ,  t h e  e m b r i t t l e d  p o r t i o n  of t he  v e s s e l  i s  r e s t r i c t e d  t o  s m a l l  areas 
around t h e  beam tubes .  Cont rary  t o  the  s i t u a t i o n  i n  a l i g h t  water reac-  
t o r  (LWR), t h e r e  is not a l a r g e ,  cont inuous ,  c i r c u m f e r e n t i a l  band of 
h i g h l y  i r r a d i a t e d  material i n  the  v e s s e l .  

of t h e  primary-system p r e s s u r e  boundary. Because they extend i n t o  t h e  
be ry l l i um r e f l e c t o r  c l o s e  t o  t h e  c o r e ,  they  are s u b j e c t e d  t o  r a t h e r  h igh  
neu t ron  f l u x e s ,  t h u s ,  i n t r o d u c i n g  the  p o s s i b i l i t y  of r a d i a t i o n  e f f e c t s .  
Rased on a c o n s i d e r a t i o n  of c o r r o s i o n  and lo s s  of d u c t i l i . t y ,  t h e  accept- 
a b l e  l i f e  of t he  beam tubes  was e s t ima ted  t o  be -10 EFPY, and they  were 
des igned  t o  be r e a d i l y  r ep laceab le .  

A s  a check on the  p r e d i c t e d  r a d i a t i o n  damage rates f o r  t h e  HFIR 
v e s s e l  and beam-tube m a t e r i a l s  and on the  beam-tube c o r r o s i o n  ra te ,  a 
s u r v e i l l a n c e  program was e s t a b l i s h e d .  Before i n i t i a l  o p e r a t i o n  of W F I R ,  
Charpy V-notch (CWN) specimens r e p r e s e n t i n g  the  v e s s e l  s h e l l  and n o z z l e  
materials were i n s t a l l e d  a d j a c e n t  t o  the  i n n e r  s u r f a c e  of the  vessel .  w a l l  
a t  l o c a t i o n s  of maximum fas t -neu t ron  € l u x ,  and beam-tube-material t e n s i l e  
and c o r r o s i o n  specimens were inc luded  i n  t h e  be ry l l i um ref  l e c t o r .  Speci-  
mens of weld material f o r  the  v e s s e l  seam weld and the  nozz le  welds were 
in t ended  t o  be inc luded  i n  the  s u r v e i l l a n c e  program but were not .  

specimens f o r  t h e  v e s s e l  were removed f o r  t e s t i n g  i n  1969 (2.3 EFPY), 
1974 (6.4 EFPY), 1983 (15.0 EFPY), and 1986 (17.5 EFPY). R e s u l t s  of 
t h e s e  t es t s  i n d i c a t e  t h a t  i n  1983 NDT .t- 60°F f o r  a p o r t i o n  of t he  s h e l l  
and € o r  one nozz le  exceeded the  minimum temperature f o r  p r e s s u r i z a t i o n  
( 7 0 ° F )  by 45 and 15"F, r e s p e c t i v e l y . *  The results f o r  1983 were not  
a v a i l a b l e  u n t i l  November 1986, and r e a c t o r  o p e r a t i o n  was cont inued  u n t i l  
t h a t  t i m e .  S ince  t h a t  time, the  1986 s u r v e i l l a n c e  d a t a  were ob ta ined ,  
and they  i n d i c a t e  t h a t  NDT + 60°F €or the  s h e l l  exceeds the  normal oper-  
a t i n g  tempera ture  of 120°F by 15°F. 

i s  u n n e c e s s a r i l y  c o n s e r v a t i v e  and t h a t  t he  l i f e  of the v e s s e l  can be 
extended s e v e r a l  years .  Because it is  impor tan t  t o  ORNL and o t h e r  u s e r s  
of the HFIR expe r imen ta l  f a c i l i t i e s  t h a t  the  r e a c t o r  be o p e r a t i o n a l  f o r  
a t  least  ten  more y e a r s ,  a r e e v a l u a t i o n  of v e s s e l  i n t e g r i t y  was conducted 
us ing  no re - soph i s t i ca t ed  methods of a n a l y s i s .  These methods were devel -  
oped s i n c e  the  IIPIK v e s s e l  became o p e r a t i o n a l  and have been accepted  by 
the  nuc lea r  i n d u s t r y  and by the  Nuclear Regula tory  Commission (NRC) f o r  
a p p l i c a t i o n  t o  commercial nuc lea r - r eac to r  v e s s e l s .  

A s  a p a r t  of t h e  HFIR v e s s e l - i n t e g r i t y  r e e v a l u a t i o n  s tudy ,  an i r r a -  
d i a t i o n s  program f o r  t h e  v e s s e l  weld and shel l .  materials w a s  conducted i n  
the Oak Ridge Research Reac tor  (ORR). Nozzle weld mater ia l  w a s  ob ta ined  
E roin a nozz le  q u a l i f i c a t i o n  weld,  and seam-weld m a t e r i a l  w a s  ob ta ined  
from a r e c e n t l y  made weld t h a t  d u p l i c a t e d  the  chemistry of t h e  seam weld. 
The chemis t ry  of t h e  seam weld was determined from t h e  a n a l y s i s  of d r i l l  
ch ips  removed from the  o u t e r  s u r f a c e  of t he  v e s s e l .  

S h e l l  material was inc luded  i n  t h e  ORR i r r a d i a t i o n s  program t o  index 
t h e  OKR d a t a  t o  HFIR and t o  o b t a i n  d a t a  f o r  f l aw  o r i e n t a t i o n s  r e l a t i v e  t o  
t h e  r o l l i n g ,  c r o s s  r o l l i n g ,  and t h i c k n e s s  d i r e c t i o n s  of t he  s h e l l  p l a t e  
o t h e r  than  t h a t  inc luded  i n  the  s u r v e i l l a n c e  program. 

A comparison of d a t a  from the  r ecen t  ORR i r r a d i a t i - o n s  program wi th  
t h a t  from much ea r l i e r  t e s t - r e a c t o r  materials programs and from the  HFTR 

The beam t u b e s ,  which are made of an aluminum a l l o y ,  are a l s o  a p a r t  

The HFIR commenced ful l -power o p e r a t i o n  i n  1966, and s u r v e i l l a n c e  

X t  is  be l i eved  t h a t  t he  NDT c r i t e r i o n  a p p l i e d  t o  the HFIR vessel 
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s u r v e i l l a n c e  program i n d i c a t e s  t h a t  t h e  grea te r - than-expec ted  rate of 
r a d i a t i o n  damage i n  t h e  HFIR v e s s e l  w a s  t h e  r e s u l t  of a I O 4  lower f l u e n c e  
rate i n  HFIR than  i n  ORR and o t h e r  materials t e s t i n g  r e a c t o r s  from which 
R F I R  d e s i g n  d a t a  were obta ined .  

The HE'LR s u r v e i l l a n c e  program and t h e  ORR i r r a d i a t i o n  program pro- 
vided t h e  b a s i c  materials d a t a  r e q u i r e d  f o r  t h e  more s o p h i s t i c a t e d  evalua-  
t i o n  of v e s s e l  i n t e g r i t y .  To t r a n s p o s e  t h e  d a t a  from t h e  s u r v e i l l a n e e -  
specimen l o c a t i o n s  t o  p o i n t s  of i n t e r e s t  i n  t h e  w a l l  of t h e  v e s s e l ,  two- 
and three-dimensional  (2- and 3-D) neut ron  t r a n s p o r t  c a l c u l a t i o n s  were 
made t o  o b t a i n  r a t i o s  of f l u x e s  i n  t h e  w a l l  t o  those i n  t h e  s u r v e i l l a n c e  
speciinens. By comparing t h e  c a l c u l a t e d  and "measiired" f l u x e s  f o r  t h e  
f l u x  monitors  i n  t h e  s u r v e i l l a n c e  c a p s u l e s ,  t h e  accuracy  of t h e  ca lcu-  
l a t e d  f l u x  r a t i o s  w a s  deterruined t o  be s a t i s f a c t o r y  ( a  = ; t l O Z > .  

l i n e a r  e l a s t i c  f r a c t u r e  mechanics (LEFM) in  accordance w i t h  t h e  American 
S o c i e t y  o f  Mechanical Engineers  (ASME) Code and a p r o b a b i l i s t i c  f r a c t u r e  
mechanics a n a l y s i s  i n  accordance w i t h  methods developed € o r  NRC. The 
" a p p l i c a b l e "  s e c t i o n  of t h e  ASME Code was  w r i t t e n  f o r  commercial Lms and 
is cons idered  t o  be u n n e c e s s a r i l y  c o n s e r v a t i v e  f o r  t h e  r e l a t i v e l y  small ,  
low-temperature WFZR. [Because of t h e  low c o o l a n t  tempera tures  (120  t o  
160°F), HFIR cannot  e x p e r i e n c e  a steam e x p l o s i o n  i n  t h e  event  of v e s s e l  
r u p t u r e  nor could t h e  c o o l a n t  be l o s t  because t h e  v e s s e l  is l o c a t e d  i n  a 
pool . ]  Thus, i f  n e c e s s a r y ,  s o w  e x c e p t i o n  might be taken  t o  t h e  Code t o  
ex tend  t h e  l i f e  of the  HFLR v e s s e l  provided t h a t  t h e  e x t e n t  of t h e  excep- 
t i o n  could be j u s t i f i e d .  

Two a n a l y t i c a l  approaches w e r e  t a k e n  t o  j u s t i f y  t a k i n g  sone excep- 
t i o n  t o  t h e  Code: a p r o b a b i l i s t i c  f racture-mechanics  a n a l y s i s  and an 
e v a l u a t i o n  of t h e  consequences of v e s s e l  f a i l u r e .  For a l i f e  e x t e n s i o n  
of 10 EFPY, t h e  c a l c u l a t e d  chance of f a i l u r e  f o r  normal o p e r a t i o n  was 
(2 x lo-*, and t h e  c a l c u l a t e d  frequency of f a i l u r e  f o r  i n f r e q u e n t  abnor- 
m a l  o p e r a t i n g  c o n d i t i o n s  was ( 4  x lo-* f a i l u r e s  p e r  y e a r ,  bo th  cons idered  
t o  be very  l o w  and, t h u s ,  a c c e p t a b l e .  I n  a d d i t i o n ,  t h e  r i s k  t o  t h e  pub- 
l i c  i n  t h e  e v e n t  of v e s s e l  f a i l u r e  was determined t o  be n e g l i g i b l e .  
Thus, it w a s  concluded t h a t  some r e d u c t i o n  i n  t h e  conserva t i sm i n  t h e  
Code w a s  j u s t i f i e d .  

s a f e t y  f a c t o r  f o r  p r e s s u r e  stress ( f a c t o r  of two f o r  normal/upset  condi-  
t i o n s ) ,  t h e  c o n s i d e r a t i o n  of l a r g e  Elaws (1-in.-deep, 6 /  1 , s e m i e l l i p t i c a l  
su r f  ace f l a w s  f o r  t h e  s h e l l  r e g i o n s )  , and t h e  use of lower-bound f r a c t u r e -  
toughness  da ta .  Vessel  stresses cons idered  inc luded  tne nonina l  p r e s s u r e  
stresses, stress c o n c e n t r a t i o n s ,  r e s i d u a l  stresses a s s o c i a t e d  wi th  weld- 
i n g ,  bending stresses a s s o c i a t e d  with geooietr ic  d i s c o n t i n u i t i e s ,  and 
thermal  stresses. 

The c a l c u l a t e d  p e r i u i s s i b l e  v e s s e l  l i f e  e x t e n s i o n ,  as determined f rom 
t h e  LEFM a n a l y s i s ,  is a f u n c t i o n  of r e a c t o r  power ( r a d i a t i o n  damage r a t e )  
and primary-sys tea p r e s s u r e  and c o o l a n t  temperature  , and t h e s e  t h r e e  
parameters  are i n t e r r e l a t e d  i n  t h e  c o r e  h e a t  removal a n a l y s i s .  Core 
heat-removal c a l c u l a t i o n s  were made t o  o b t a i n  a p p r o p r i a t e  combinat ions o€ 
v a l u e s  o f  t h e s e  parameters, and t h e s e  combinat ions were used i n  a para- 
metric fracture-mechanics  a n a l y s i s  t o  o b t a i n  cor responding  values of l i f e  
e x t e n s i o n .  C r i t e r i a  f o r  t h e  c o r e  h e a t  removal a n a l y s i s  inc luded  a spec i -  
f i c a t i o n  of no b o i l i n g  i n  t h e  c o r e  d u r i n g  normal o p e r a t i o n .  Th-ws meant 

The r e c e n t  e v a l u a t i o n  of t h e  HFLR v e s s e l  i n c l u d e d  t h e  a p p l i c a t i o n  of 

The Code a n a l y s i s  f o r  t h e  HFIK v e s s e l  inc luded  the  s p e c i f i e d  la rge  
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t h a t  t he  p r e s s u r e  s e l e c t e d  f o r  t h e  low-pressure scram s e t t i n g  had t o  be 
s u f f i c i e n t  t o  p reven t  hot-spot  b o i l i n g  wi th  t h e  power and t h e  c o o l a n t  
i n l e t  t empera ture  a t  t h e i  c high- leve l  scram s e t p o i n t s .  

Vessel l o a d i n g s  were d iv ided  i n t o . n o r m a l / u p s e t  and emergency/ fau l ted  
c a t e g o r i e s .  The h i g h e s t  c r e d i b l e  p r e s s u r e  w a s  de f ined  as t h a t  s p e c i f i e d  
f o r  t h e  r u p t u r e  d i s c  ( s a f e t y  v a l v e s ) ,  and t h i s  p r e s s u r e  was p laced  i n  t h e  
emergency/Eaul ted ca t egory  f o r  which the  ASME Code requi rements  are less  
s t r i n g e n t .  The h i g h e s t  normal/upset  p r e s s u r e  was taken  as t h e  p re s su r -  
i z e r -pu rnp high- p r e s s u r e t r i p se t p o i n t . F ra c t u re -me c ha n i c s ca 1 c u 1 a t i o n s 
were made f o r  bo th  c a t e g o r i e s ,  cons ide r ing  tile two a p p l i c a b l e  Code 
requi rements .  

f o r  t h e  normal coo lan t  i n l e t  t empera ture  of 120'F and a nominal power 
l e v e l  of 85 PIW, t h e  p e r m i s s i b l e  l i f e  e x t e n s i o n  of t h e  v e s s e l  is  -9 EFPY. 
This  i s  based on an u n c e r t a i n t y  f a c t o r  of 1.0 f o r  the  embr i t t l emen t  ra te  
of t h e  weld m a t e r i a l ,  which was i r r a d i a t e d  i n  ORR, and on t h e  use  of 
s h e l l  material p r o p e r t i e s  p e r t a i n i n g  t o  an a x i a l l y  o r i e n t e d  . E l a w  propa- 
g a t i n g  i n  a r a d i a l  d i r e c t i o n .  The l a t t e r  r e p r e s e n t s  an excep t ion  t o  t h e  
Code, and the  former r e p r e s e n t s  an excep t ion  t o  a recommendation of a 
DOE/E11* review committee. I f  t h e s e  excep t ions  were not  taken ,  t h e  ca lcu-  
l a t e d  p e r m i s s i b l e  l i f e  e x t e n s i o n  f o r  t h e  FIFIR v e s s e l  would be ( 3  EPPY, 
which i s  about  t h e  minimum time requ i r ed  t o  make p r e p a r a t i o n s  f o r  r ep lace -  
ment of t he  v e s s e l .  

a b l e  and has  been accepted  by the DOE/EII commit tees ,  and the  u n c e r t a i n t y  
f a c t o r  of u n i t y  €or  t h e  weld-metal damage ra te  might be j u s t i f i e d  if t h e  
s u r v e i l l a n c e  program, wi th  weld metal incl-uded, were cont inued;  i t  is  
in t ended  t h a t  t h i s  w i l l  be done. However, a t  t h e  encouragement o€ one of 
the DOE/EEI review Committees, a d e c i s i o n  w a s  made t o  conduct a hydros ta -  
t i c  proof t es t  p e r i o d i c a l l y  t o  f u r t h e r  ensu re  the  sa fe  o p e r a t i o n  of t he  
v e s s e l .  A s u c c e s s f u l  hydro tes t  (no v e s s e l  f a i l u r e )  proves t h a t  whatever  
combinat ion oE s t r e s s ,  f r a c t u r e  toughness ,  and flaw s i z e  a c t u a l l y  e x i s t s ,  
t he  v e s s e l  i s  sa fe  t o  o p e r a t e  f o r  an extended pe r iod .  The p e r m i s s i b l e  
l i f e  ex tens ion  is  a f u n c t i o n  of t he  r a t i o  of hydro- tes t  p r s s s u r e  t o  oper-  
a t i n g  p r e s s u r e  and with the  a i d  of t h e  s u r v e i l l a n c e  d a t a  can be ca l cu -  
l a t e d  and sei-ected ii l  a very conse rva t ive  way. Thus, a p p l i c a t i o n  of t he  
hydro tes t  nega te s  t h e  need f o r  s a t i s f y i n g  the  Code wi thout  e x c e p t i o n s  
and p e r m i t s  t h e  a p p l i c a t i o n  of an a p p r o p r i a t e  u n c e r t a i n t y  f a c t o r  f o r  t h e  
i r r a d i a t i o n  damage ra te  i n  the c a l c u l a t i o n  oE t he  p e r m i s s i b l e  l i f e  ex ten -  
s i o n  fo l lowing  the  hydro. 

The beam tube:; were rep laced  i n  1975,  as o r i g i n a l l y  scheduled ,  and 
a r e e v a l u a t i o n  of beam-tube i n t e g r i t y  s i n c e  t h a t  time, based t o  a l a r g e  
e x t e n t  on t h e  beam---tube s u r v e i l l a n c e  d a t a  and an examinat ion  of the  
rep laced  beam t u b e s ,  i n d i c a t e d  t h a t  t he  second set cou1.d be used s a f e l y  
f o r  15 years .  A b r i e f  d i s c u s s i o n  of the beam-tube e v a l u a t i o n  a p p e a r s  i n  
Appendix A. 

Ridge Na t iona l  Labora tory  ( O R N L )  HFIK Vessel I n t e g r i t y  Eva lua t ion  

R e s u l t s  of t h e  f rac ture-mechanics  pa rame t r i c  s tudy  i n d i c a t e d  t h a t  

The spec i - f i r .  excep t ion  r e l a t i n g  t o  d i r e c t i o n a l  p r o p e r t i e s  i s  reason-  

Based on t h e  FIFIR v e s s e l  s t u d i e s  d i scussed  i n  t h i s  r e p o r t ,  t h e  Oak 

.I- 

*Departiuent of Energy/Erlvironmenl. Sa fe ty  and Heal th .  



5 

Committee concludes t h a t  HFIR can be ope ra t ed  a t  85 MW (15% below t h e  
o r i g i n a l  full-power r a t i n g )  w i t h  a nominal c o o l a n t  i n l e t  t empera tu re  of 
120°F f o r  a pe r iod  of a t  least  10 EFPY, provided t h a t  the v e s s e l  i s  
s u b j e c t e d  t o  a h y d r o s t a t i c  proof test on a yearly basis and t h a t  the 
s u r v e i l l a n c e  program i s  cont inued.  

scheduled  t i m e ,  -3 EFPY from now. 
Replacement o f  t h e  beam tubes should  take p l a c e  a t  the p r e v i o u s l y  



2. VESSEL DESIGN, CONSTRUCTION, AND OPERATING CONDITIONS 

R. D. Cheverton J. R. McWherter 

As shown i n  Figs .  2.1 and 2.2, the  HFIK v e s s e l  i s  l o c a t e d  i n  a pool ,  
and t h e  lower p o r t i o n  of t h e  v e s s e l  ex tends  through t h e  bottom of t h e  
pool  i n t o  the  s u b p i l e  room, where t h e  cont ro l - rod  d r i v e s  are loca ted .  
F igu re  2.2 is  a v e r t i c a l  c r o s s  s e c t i o n  of t he  v e s s e l  and su r round ing  
s t ruc ture ,  showiilg the  v e s s e l  i n t e r r i a l s ;  Fig.  2.3 is  a v e r t i c a l  c r o s s  
scc t io i i  p rov id ing  g e n e r a l  i n fo rma t ion  r ega rd ing  v e s s e l  d imens ions ,  
d e s i g n ,  and m a t e r i a l s .  A h o r i z o n t a l  c r o s s  s e c t i o n  of the v e s s e l  and 
i n t e r n a l s  a t  t he  h o r i z o n t a l  midplane of t he  c o r e ,  showing t h e  s p e c i f i c  
l o c a t i o n  of t he  beam tubes  and beam-tube nozz le s ,  is provided i n  
Fig.  2.4. 

The v e s s e l  w a s  des igned ,  f a b r i c a t e d ,  and in spec ted  i n  accordance 
wi th  the  e d i t i o n  of the  ASME B o i l e r  and P r e s s u r e  Vessel Code, Sec t .  V I I I ,  
i n  e f f e c t  a t  t h a t  t i m e .  Sec t ion  111, which p e r t a i n s  t o  n u c l e a r  v e s s e l s ,  
had not been w r i t t e n  a t  t h e  t i m e  t h e  v e s s e l  c o n t r a c t  w a s  awarded. How- 
e v e r ,  a l l  a p p l i c a b l e  ASME Code cases  were a p p l i e d :  

1270  N General  Requirements f o r  Nuclear  Vessels (Required 
double  welded b u t t  welds ,  rad iography,  stress r e l i e f )  

1 2 7 1  N - S a f e t y  Devices (At l ea s t  2 r e l i e f  v a l v e s ,  no atmos- 
p h e r i c  d i s c h a r g e )  

1273 N - Nuclear  Reactor  Vessels and Primary Vessels (Thermal 
stress a n a l y s i s  r e q u i r e d ,  cons ide r  creep and stress r u p t u r e ,  
compensate € o r  a l l  openings ,  f u l l  p e n e t r a t i o n  welds ,  complete  
rad iography)  

To meet ASME Code Case 1273 N ,  a s t r u c t u r a l  a n a l y s i s  was performed 
by methods desc r ibed  i n  the  Department of Commerce B u l l e t i n ,  PB 151987, 
Tentat-ive Structural &sign Basis for RQactor Pressure Vemel s cmd 
Directly Associated Components, December 1958 r e v i s i o n .  

tempera ture  of 200'F. With the  r e a c t o r  a t  f u l l  power (100 M W ) ,  t he  ves- 
se l  norinal p r e s s u r e  and tempera ture  have been -750 p s i  and -110°F. ( A  
d i s c u s s i o n  of o p e r a t i o n a l  p r e s s u r e  and tempera ture  l i m i t s  i s  inc luded  i n  
Ref. 4 and Appendix B.) The c y l i n d r i c a l  p a r t  o f  t he  vesse l  is  8 f t  i n  
d iameter  and 10 f t  high .  The lower head i s  hemisphe r i ca l  and has a 3- f t -  
diam appendage t h a t  ex tends  down t o  the  s u b p i l e  room; the  top head i s  
f l a t  and is removable (F igs .  2.2 and 2.3). The s h e l l  of the  v e s s e l  w a s  
f a b r i c a t e d  from American Soc ie ty  f o r  T e s t i n g  and Materials (ASTM) A212 
grade  B s t e e l  and was rol l -bond c l ad  on the  i n n e r  s u r f a c e  wi th  Type 304L 
s t a i a l e s s  s t e e l  and @as weld-deposiE c l ad  wi th  Type 347 s t a i n l e s s  s tee l  
on the  o u t e r  s u r f a c e .  The s h e l l  was r o l l e d  from a s i n g l e  p l a t e  and ,  
t h u s ,  c o n t a i n s  a s i n g l e  seam weld (Fig.  2.3). The upper f l a n g e  and t h e  
semihead are ,  of cour se ,  a t t a c h e d  wi th  c i r c u m f e r e n t i a l  welds.  These 
welds (seam and c i r c u m f e r e n t i a l )  were made us ing  t h e  submerged-arc pro- 
cess. 

The v e s s e l  was designed f o r  an i n t e r n a l  p r e s s u r e  of 1000 p s i  and a 
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041' - 0' 

Fig. 2.1. Reactor p o o l ,  east-west s e c t i o n .  
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Fig. 2.2. Vertical section of H F I R  vessel and core. 
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F i g  2.3. Reactor pressure vessel .  
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O R N L - D W G  87-4671 E i D  

/ S E A M  VdELD 

REACTOR PRESSURE 
V E S S E L  -- 

THRU T U B E  

SEMI-PERMANENT 
REFLECTOR--- 

REFLECTOR L INER 

CONTROL PLATES-- 

CONTROL PLATE TANGENTIAL TUB 
ACCESS P L U G -  

XPERIMENT ACCESS 

O U T E R  F U E L  E L E M E N T  

ISOTOPE IRRADIATION ACCESS 

R A D I A L  T U B E  

N O Z Z L E  W E L D  

Pig. 2.4. Cross  s e c t i o n  of r e a c t o r  c o r e  a t  h o r i z o n t a l  midplane 
showing o r i e n t a t i o n  of beam t u b e s  i n  r e a c t o r  co re .  

The s h e l l  c o n t a i n s  numerotis n o z z l e s  f o r  c o o l a n t  l i n e s ,  i n s t rumen ta -  
t i o n ,  and e x p e r i m e n t a l  f a c i l i t i e s .  A l l  of t h e  nozz le s  are f o r g i n g s ,  some 
conforming t o  A105 g rade  11 s t e e l  and o t h e r s  t o  A350 g rade  LF3 s teel .  
The n o z z l e s  were welded i n  p l a c e  us ing  the  s h i e l d e d  metal-arc p r o c e s s  
( c o a t e d  e l e c t r o d e s ) ,  and t h e  exposed nozz le  s u r f a c e s  and welds were c l a d  
by weld d e p o s i t i o n .  

The s h e l l  was quenched and tempered b e f o r e  r o l l i n g  and s u b s e q u e n t l y  
was s u b j e c t e d  t o  t h r e e  17-h stress r e l i e f  o p e r a t i o n s  a t  950'F. 

The co re  o f  t h e  r e a c t o r  is  l o c a t e d  i n  t h e  lower p o r t i o n  of t he  
v e s s e l  j u s t  above t h e  lower c i r c u m f e r e n t i a l  weld. The t o t a l  h e i g h t  of 
the c o r e  is 24 in .  (20-in. a c t i v e  h e i g h t ) ,  and t h e  o u t s i d e  d i ame te r  oE 
t h e  b e r y l l i u m  r e f l e c t o r  is 43 i n .  Thus, the r a d i a l  d i s t a n c e  between t h e  
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v e s s e l  and r e f l e c t o r  I s  -24 in.  Water i n  t h i s  space and e l sewhere  around 
t h e  c o r e  provides  s h i e l d i n g  f o r  t h e  v e s s e l  a g a i n s t  gamma energy and f a s t  
neut rons .  

A s  i n d i c a t e d  i n  Figs.  2.2-2.4, t h e r e  are f o u r  h o r i z o n t a l  beam t u b e s  
and f o u r  e n g i n e e r i n g - f a c i l i t y  t u b e s  t h a t  p e n e t r a t e  t h e  v e s s e l  and extend 
i n t o  t h e  r e f l e c t o r .  These t u b e s  d i s p l a c e  water and b e r y l l i u m  t h a t  o t h e r -  
w i s e  would h e l p  t o  s h i e l d  t h e  v e s s e l .  

e m b r i t t l e m e n t  of t h e  s h e l l ,  welds ,  and nozz les .  It w a s  in tended  t h a t  t h e  
v e s s e l  d iameter  and t h e  nozz le  d iameter  a t  t h e  nozz le-vesse l  welds be 
l a r g e  enough t o  p r e c l u d e  s i g n i f i c a n t  f a s t - n e u t r o n  emhr i t t l ement  of t h e  
s h e l l  and welds over  20 EFPY ( -24 c a l e n d a r  y e a r s ) .  Because of t h e  
d isp lacement  of water and b e r y l l i u m  by t h e  beam t u b e s ,  t h e  beam-tube 
n o z z l e  f o r g i n g s  are exposed t o  a much h i g h e r  f a s t - n e u t r o n  f l u x  t h a n  t h e  
s h e l l .  To compensate f o r  t h i s ,  nozzle  materials were s e l e c t e d  t h a t  could  
accommodate more r a d i a t i o n  damage and s t i l l  perform s a t i s f a c t o r i l y  f o r  
20 EFPY. The HB-2 and HB-3 beam-tube n o z z l e s  are s u b j e c t e d  t o  t h e  high- 
est f a s t - n e u t r o n  f l u x e s ,  and f o r  t h e s e  nozzles, A350 grade  LF3 material 
was s p e c i f i e d .  A l l  o t h e r  n o z z l e s  were f a b r i c a t e d  from A105 grade  I1 
material 

f i e d  f o r  e v a l u a t i n g  v e s s e l  i n t e g r i t y  r e l a t e d  t o  r a d i a t i o n  e rnbr i t t l ement  
w a s  t h a t  t h e  NDT of t h e  v a r i o u s  components of t h e  v e s s e l  p l u s  60°F should 
be no g r e a t e r  t h a n  t h e  o p e r a t i n g  tempera ture  of t h e  v e s s e l  (Tv) ;  t h a t  i s ,  
t h e  c o n d i t i o n  NDT + 60°F G Tv was t o  be s a t i s f i e d . l  For normal o p e r a t i o n  
of t h e  r e a c t o r ,  t h e  tempera ture  of t h e  v e s s e l  was 120°F, but  d u r i n g  p r e s -  
s u r i z a t i o n  a tempera ture  as low as 70°F was permi t ted .  Thus, t h e  cri te- 
r i o n  s t a t e d  t h a t  NDT + 60°F 6 70°F must be s a t i s f i e d .  

A s  expla ined  i n  g r e a t e r  d e t a i l  i n  Appendix C, NDT is a material 
p r o p e r t y  t h a t  is r e l a t e d  t o  t h e  f r a c t u r e  toughness of t h e  material ,  and 
i t  i n c r e a s e s  with i n c r e a s i n g  f a s t - n e u t r o n  f l u e n c e ?  i n d i c a t i n g  a d e c r e a s e  
i n  t h e  f r a c t u r e  toughness .  The i n c r e a s e  i n  NDT can be determined by 
t e s t i n g  O N  specimens of t h e  marerials of i n t e r e s t  t h a t  have been exposed 
t o  r a d i a t i o n .  

NDT t o  f a s t - n e u t r o n  f l u e n c e  f o r  the HFIR materials and f o r  t h e  r e l a t i v e l y  
low i r r a d i a t i o n  tempera ture  (120'F) and f Luences (-lo1* n/cm2) were very 
l i m i t e d .  Furthermore,  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  methods used 
f o r  e s t i m a t i n g  t h e  f a s t  f l u x  a t  t h e  v e s s e l  w a l l  were l a r g e .  The f l u e n c e s  
p r e d i c t e d  f o r  20 EFPY are inc luded  i n  Table  2.1, and t h e  ANDT v s  f luence  
d a t a  a v a i l a b l e  a t  t h e  time are shown i n  Fig. 2.5. Est imated va lues  of 
ANDT and NDT € o r  20 EFPY based on t h e s e  d a t a  are a l s o  inc luded  i n  Table  
2.1. A s  i n d i c a t e d ,  i t  w a s  not expected t h a t  NDT -i- 60'F < 7OoP would be 
v i o l a t e d  a t  20  EFPY. 

In  Table  2.1 t h e  a b i l i t y  of t h e  nozzle  m a t e r i a l s  t o  accommodate more 
r a d i a t i o n  damage than t h e  s h e l l  m a t e r i a l  is  i n d i c a t e d  by t h e  lower i n i -  
t i a l  v a l u e  of NDT f o r  t h e  nozz le  materials. It is a l s o  p o s s i b l e  t h a t  t h e  
rate of damage w a s  d i f f e r e n t  f o r  t h e  s e v e r a l  materials and d i f f e r e n t  Erom 
t h a t  i n d i c a t e d  i n  Fig. 2.5 because of d i f f e r e n c e s  i n  t h e  magnitude and 
spectrum of t h e  f a s t - n e u t r o n  flux, chemis t ry ,  and t h e  tempera ture  a t  
which t h e  materials were i r r a d i a t e d .  I n s u f f i c i e n t  d a t a  were a v a i L a b l e  a t  
t h e  t i m e  t o  account: f o r  such v a r i a t i o n s .  

The d e s i g n  of t h e  H F I R  v e s s e l  cons idered  neutron-induced r a d i a t i o n  

A t  t h e  time t h a t  t h e  H F I R  vessel was des igned ,  t h e  c r i t e r i o n  speci-  

A t  t h e  t i m e  H F I R  was being des igned ,  d a t a  r e l a t i n g  t h e  i n c r e a s e  i n  
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Table  2 . 1  NDT d a t a  f o r  v e s s e l  m a t e r i a l s  
based on ORNL c u r v e s  

P r e d i c t e d  NDT 
O r i g i n a l  C a l c u l a t e d  i:f;:::d a f t e r  20 y e a r s  

of 100-Mw Component NDT f a s t  f l u e n c e  
s h i f t  

o p e r a t i o n  
( O F )  

( O F )  
( O F )  ( n v t )  20 y e a r s  

HB 1 and 4 -65 1.1 x lolea 37 -2 8 

HB 2 --.1 15 2.9 x 101ea 80 -3 5 

HB 3 -8 5 2.3 x 1018a 67 -18 

S h e l l  0 <101Bb 0 0 

A l l  o t h e r  p a r t s  <+IO <lOlEb 0 (0 
___.__I_ ~ _.I__.___. 

aCorrec ted  f o r  spectrum s h i f t  and o t h e r  f a c t o r s .  

bNot c o r r e c t e d  f o r  spec t rum s h i f t .  

Source: J. R. McWherter, R. E. Schappel ,  and J. R. McCuffey, HFIR 
Preeeure Ve8sel and Structural Components Material Surveil lance Program, 
ORNL/TM-1372, Union Carb ide  Corp. Nuclear  Div. ,  Oak Ridge Nat l .  Lab., 
J a n u a r y  1966. 

ORNL-LR-DWG 67394 

0 A2128 
0 A3028 
0 S A 3 3 6  

!- 

0 W E L D  B 
Temoerature  C 200' F 
Data at  Hawlhorna and S l e e l ~  
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- 
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I 

INTEGRATED NEUTRON (> I  MeV 1 DOSAGE 
( n s u t r o n s / c m Z  ) 

F i g .  2.5. Correlation of t r a n s i t i o n  t e m p e r a t u r e  s h i f t s  w i t h  t o t a l  
n e u t r o n  exposure  ( E  > 1.0 M e V )  of steel. 
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In an e f for t  to monitor the actual rate of embrittlernent of the HFIR 
vessel ,  a surveillance program that has involved the irradiation of s h e l l  
and nozzle-material CVN specimens i n  the HFIR vessel was develcrped. De- 
t a i l s  and resul ts  of this program are discussed in  Sect. 3 and Appendix D. 



3.  SURVEILLANCE PROGRAM 

R. D. Cheverton J. G. Merkle 
R. K. Nanstad 

The HFIR v e s s e l  s u r v e i l l a n c e  program was conducted as a means f o r  
mon i to r ing  t h e  r a d i a t i o n  embr i t t l emen t  rate of s p e c i f  i.c v e s s e l  m a t e r i a l s  
tha t  are s u b j e c t e d  t o  s i g n i f i c a n t l y  h i g h  f a s t - n e u t r o n  f l u x e s .  The pro-  
graic, as or igi .nalLy s e t  f o r t h ,  is d e s c r i b e d  i n  Ref. 1, the  resul ts  are 
r e p o r t e d  i n  Refs. 2 and 3 ,  and a summary of bo th  i s  i n c l u d e d  h e r e i n .  

A s  m n t i o n e d  i n  Sect.  2 ,  v e s s e l  i n t e g r i t y ,  as r e l a t e d  t o  r a d i a t i o n  
m b r i t t l e i n e n t ,  w a s  t o  be e v a l u a t e d  by comparing N-U'I? of t h e  v e s s e l  mate- 
r i a l  t o  t h e  vessel t empera tu re  ( T v ) .  
was t h e  minimum a t  which p r e s s u r i z a t i o n  was pe rmi t t ed  (70°F) .  Thus, t o  
be i n  conp l i ance  w i t h  the  c r i t e r i o n ,  it: was  n e c e s s a r y  that: NDT -I- 60°F < 
70°F. 

NDT was t o  be determined from CVN specimens i r r a d i - a t e d  i n  the ves- 
sel.. (The procedure is d e s c r i b e d  i n  Appendix C.) It was i n t e n d e d  tha t  
specimens of s h e l l ,  n o z z l e ,  and we1.d~ be inc luded ;  however, on ly  s h e l l  
and nozz le  specimens were p laced  i n  the v e s s e l .  

t h e  dropout  w i th  c l a d d i n g  on bo th  s i d e s  was stress r e l i e v e d  a t  950°F f o r  
51 h. A l l  (168) s h e l l  specimens were o r i e n t e d  so  t h a t  t h e  f r a c t u r e  sur-  
f a c e  of t h e  specimen would be normal t o  the r o l l i n g  d i r e c t i o n  of t h e  
p l a t e  and t h e  f r a c t u r e  would run p a r a l l e l .  t o  t he  s u r f a c e  of t h e  p l a t e  (LT 
o r i e n t a t i o n ) .  Th i s  o r i e n t a t i o n  co r re sponds  to  an a x i a l l y  o r i e n t e d  sur-  
f a c e  f l a w  i n  the  v e s s e l  ex tend ing  i n  s u r f a c e  l e n g t h  and, as an appraxima- 
t i o n ,  t o  t h e  same f l a w  e x t e n d i n g  r a d i a l l y  through t h e  wall. A l l  s p e c i -  
mens were l o c a t e d  w i t h i n  0.25 t o  0.38 i n .  o f  t h e  clad-base i n t e r f a c e  a t  
t h e  i.nner s u r f a c e  of t h e  dropout .  

Nozzle-mater ia l  specirnens were machined from nozzle-f o r g i n g  pro- 
l o n g a t i o n s  t h a t  r ece ived  t h e  same s t r e s s - r e l i e f  t reatmeil t  as t h e  n o z z l e  
d ropou t s .  Fo r  t h e  HB-1 and FIB-4 n o z z l e s ,  t h e  specimens wers o r i e n t e d  
p a r a l l e l  t o  t h e  a x i s  of t h e  nozz le  w i t h  t h e  no tch  p o i n t i n g  i n  a circum- 
f e r e n t i a l  d i r e c t i o n .  For  IiB-2 and HB-3 t h e  specimens were o r i e n t e d  i n  a 
r a d i a l  d i r e c t i o n  r e l a t i v e  t o  t h e  a x i s  of t h e  n o z z l e ,  and t h e  notc'ne:; 
p o i n t e d  i n  a c i r c u m f e r e n t i a l  d i r e c t i o n .  

A l l  CVN specimens placed i n  t h e  HFIK v e s s e l  were e n c a p s u l a t e d  wi th  
t h r e e  specimens per  c a p s u l e  and a s i n g l e  t r i a n g u l a r  f l u x  monitor  i n  t h e  
si.de-by-side notch. Capsule-specimen c l e a r a n c e s  were minimized, and t h e  
c l e a r a n c e  space wa.s parged with helium t o  minimize t h e  specimen-to- 
c o o l a n t  temperature drop r e s u l t i n g  from gamma h e a t i n g .  The maximum drop 
is  e s t i m a t e d  t o  be 9°F. Thus, t h e  i r r a d i a t i o n  t empera tu re  of the CVN 
speci-mens w a s  i n  the: range o f  120 t o  123°F.  

The g e n e r a l  l o c a t i o n s  of the capsul-es  i n  t h e  'HFIR v e s s e l  are shown 
i n  Fig.  3.1 and are r e f e r r e d  t o  by "key" number. Nozzle specimens are 
l o c a t e d  i n  a riilg around each beam t u &  (keys 1 4 ) ,  a i d  s h e l l  specimens 
a re  l o c a t e d  along an az imutha l  l i n e  a t  midhetght  of the co re  (keys 6 and 
7 9  and j u s t  below midheight  (key 5) .  The key-5 l o c a t i o n  is behind an 
ion-chamber th-imble; t h e  key 6 and 7 1ocat:ions are a d j a c e n t  to  the  HB-1 
and 4 nozz le  welds on t h e  h igh - f lux  s i d e  of the  co r re spond ing  beam tubes.  

The v e s s e l  t empera tu re  of i n t e r e s t  

S h e l l  C'VN specimens were machined from the  HB--2 n o z z l e  dropout  a f t e r  
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ORNL-DWG 87-46.72 ETD 

/SEAM WELD 

REACTOR PRESSURE 

REFLECTOR LINER 

CONTROL PLATES 

CONTROL PLATE TANGENTIAL TUB 
ACCESS PLUG 

ISOTOPE tRRAOIATION ACCE 

RADIAL TUBE 

Fig.  3 . 1 .  Cross s e c t i o n  of HFIR v e s s e l  showing l o c a t i o n s  of 
s u r v e i l l a n c e  capsules .  

The key 6 and 7 capsules  c l o s e s t  t o  the HB-1 and -4 nozzles  were expected 
t o  see the h ighes t  f l u x  f o r  t he  s h e l l  ma te r i a l .  However, a s  i nd ica t ed  i n  
Appendix E ,  i t  has r e c e n t l y  been deterii ined t h a t  the highes t  f l u x  i n  the  
s h e l l  is ad jacent  t o  HB-3. 

A l l  capsules  are loca ted  c l o s e  t o  the  inner  su r face  of the vessel .  
The water gap between capsule  and w a l l  i s  i n  the range of 0.4 co 0.8 i n .  

Keys 1 ,  3 ,  and 4 o r i g i n a l l y  contained 10 capsules  each (30 CVN 
specimens; key 2 contained 16 (48) ;  key 5 contained 5 (15);  and keys  6 
and 7 contained 8 each ( 2 4 ) .  Surve i l l ance  specimens were withdrawn from 
the v e s s e l  in 1969 ( 2 . 3  EFPY),  1974 (6.4 EFPY), 1983 (15.16 EFPY), and 
1986 ( 1 7 - 5  EFPY). A summary of the r e s u l t s  i s  included i n  Table 3.1 and 
Fig.  3 .2 .  It i s  apparent  t h a t  the  embri t t lement  r a t e  was g r e a t e r  than 
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Table  3.1. NDT tenperatures f o r  t I F I K  vesse l  
CNV s u r v e i l l a n c e  spec imensa  

200 

- 150 
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W 
v) 

5 

5 100 

5 

M 
0 z 
CLI 

l- 

III 
W 
a 

t- 
I- 
D 
Z 

a 

5c 

C 
0 

NDT + 60  
( O F )  

1983 1986 

NDT, 
Component Material  Key ( O F )  

NB1, Ha!, n o z z l e s  A105-II 1 ,  4 -65 45 

H R 2  n o z z l e  A350-LF3 2 -115 55 75 

H E 3  n o z z l e  A350-LF3 3 -85 85 100 

S h e l l  (TC3) A2 12-8 5 0 80 

S h e l l  ( B B l A ,  HBCA) A212-B 6 ,  7 0 115 135 

5 h e  v a l u e s  i n  t h i s  t a b l e  are c o n s i s t e n t  w i t h  t h e  
d a t a  i n  Refs. 2 and 3. Adjus tments  were m d e  at a l a t e r  
d a t e  and were i n c l u d e d  i n  Appendix D. The d a t a  i n  
F ig .  3.2 are c o n s i s t e n t  w i t h  Appendix D. 

0RNI.-DWG 87-4893 E T 0  

I I I I 
m A105 I I  HB1 A N D  HR4 

A350 LF3 HB2 I - - .- - 
.....-.-.- A350 LF3 1-1i33 

- A --- A212B K E Y S 6  AND 7 

5 10 15 20 

EFFECTIVE FULL-POWER YEARS 

25 

Fig.  3 . 2 .  H F I R  vessel  surveillance data.  
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pred ic t ed  (see Table 2.1) and t h a t  NDT + 60OF exceeded 70°F before 1983. 
By 1986, NDT + 60°F f o r  the  s h e l l  material had exceeded the normal oper- 
a t i n g  temperature of the  ves se l  (120°F) by 15OF. Thus, i t  was necessary 
t o  d i scont inue  opera t ion  of the  HFIR u n t i l  a reeva lua t ion  of v e s s e l  
i n t e g r i t y  could be completed. 

As discussed l a t e r ,  the reeva lua t ion  i n d i c a t e s  t h a t  the  l i f e  of the 
vesse l  can be extended and t h a t  i n  so doing i t  is d e s i r a b l e  t o  augment 
and cont inue the s u r v e i l l a n c e  program. A general  d i scuss ion  of the  pro- 
posed cont inuing program is included i n  Appendix D (Sect.  71, and spe- 
c i f i c  d e t a i l s  are included i n  a sepa ra t e  document ( i n  prepara t ion) .  



4 .  PRESSURE-VESSEL INTEGRITY EVALUATION CONCEPTS 
APPLIED TO BFIR 

R. 1). Cheverton J. G. Merkle 

The s p e c i f i c  concern i n  t h e  r e e v a l u a t i o n  of t h e  i n t e g r i t y  of t h e  
HFPR p r e s s u r e  v e s s e l  i.s r a d i a t i o n  damage, which reduces t h e  material ' s  
a b i l i t y  t o  res is t  t h e  p ropaga t ion  of f l aws  t h a t  might e x i s t  i n  t h e  w a l l .  
An e v a l u a t i o n  of the  p o t e n t i a l  f o r  v e s s e l  f a i l u r e  as a r e s u l t  of f l a w  
p ropaga t ion  r e q u i r e s  knowledge of t he  e x i s t e n c e  and c h a r a c t e r i z a t i o n  of 
f l a w s ,  of t h e  stresses i n  the w a l l ,  and of t h e  material 's  f r a c t u r e  
r e s i s t a n c e ,  A t  t h e  time t h e  HFXX vessel w a s  be ing  des igned ,  t he  P e X l i n i  
f r a c t u r e - c o n t r o l  c r i t e r i a 5  were s p e c i f i e d  and r e l i e d  upon t o  p r o t e c t  
a g a i n s t  vessel .  f a i l u r e  a s s o c i a t e d  w i t h  p ropaga t ion  of f l aws .  This f r a c -  
t u r e - c o n t r o l  concept  which is d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  Appendix C ,  
c o n s t i t u t e s  an e m p i r i c a l  r e l a t i o n  [ f r a c t u r e - a n a l y s i s  diagram (PAL))] among 
c r i t i c a l  v a l u e s  of f l a w  s i z e ,  s tress l e v e l ,  and t empera tu re  r e l a t i v e  t o  
NDT, For i n s t a n c e ,  the FAD i n d i c a t e s  t h a t  f o r  a t empera tu re  of NDT + 
60°F, a nominal stress l e v e l  e q u a l  t o  t he  y i e l d  stress is r e q u i r e d  f o r  
very l a r g e  flaws t o  p ropaga te .  I f  t h e r e  is  concern about a c t u a l  s tress 
l e v e l s  and f l aw s i z e s ,  t h i s  s p e c i f i c  c r i t e r i o n  (Tv > NDT + 6O0Fj might be 
a p p r o p r i a t e .  As i n d i c a t e d  i n  Sec t s .  1 2nd 3 ,  i t  was s p e c i f i e d  f o r  t h e  
HFIR v e s s e l .  

f o r  stresses t e l o w  y i e l d  i s  r e f e r r e d  t o  as LEFM.6 
d i x  C y  t h i s  method i n v o l v e s  t h e  c a l c u l a t i o n  of t h e  s t r e s s - i n t e n s i t y  
f a c t o r  KI and the measurement of a c r i t i c a l  v a l u e  RIc or KTd such t h a t  
c r a c k  p ropaga t ion  t a k e s  place when KI I-- KIc o r  Kids 
s t a t i c  loadi.ng, KTd t o  dynamic l o a d i n g ,  and Kxd < KIc. 
c r i t i c a l  val.iie of KI co r re spond ing  t o  arrest  of a running c r a c k  (KIa), 

and KIa < KId. 

toughness  (KIc 
f a s t  -neut r a n  f l uence  e 

t h e  d e s i g n  of LWR v e s s e l s ,  and i n  s o  do ing ,  i t  al.so s p e c i f i e s  t h e  minimum 
f l a w  s i z e  t h a t  m u s t  be cons ide red  and t h e  maximum f r a c t u r e  toughness ( a s  
a f u n c t i o n  of T - STN,)T*) t h a t  must be used i n  the absence of p l a n t -  
s p e c i f i c  d a t a .  It a l s o  i n c l u d e s  a degree  of conse rva t i sm t h a t  i s  appro- 
p r i a t e  f o r  commercial LrdR v e s s e l s  $ c o n s i d e r i n g  t h e  consequences of v e s s e l  
f a i l u r e .  However, because HFIR is  s o  much smaller than  a commercial LWR 
and becaiise H F I R  o p e r a t e s  a t  a ~ O K J  enough c o o l a n t  t empera tu re  t o  p r e c l u d e  
a steam e x p l o s i o n  i n  t h e  even t  of v e s s e l  f a i l u r e ,  t h e  deg ree  of conserva-  
t i s m  i n  t he  Code is u n n e c e s s a r i l y  h i g h  € o r  t h e  HFIK v e s s e l .  This  would 
not  be of concern excepc t h a t  the. r e l a t i v e l y  low o p e r a t i n g  t empera tu re  
f o r  MFTR r e s u l t s  i n  r e l a t i v e l y  low v a l u e s  of T - NDT; t h a t  i s ,  i n  acco rd -  
arice wi th  the Cads, much less r a d i a t i o n  damage can be t o l e r a t e d  i n  t h e  

A more s o p h i s t i c a t e d  and a c c u r a t e  method of e v a l u a t i n g  f l a w  behav io r  
A s  d i s c u s s e d  i.n Appen- 

KIc  co r re sponds  t o  
There i s  a l s o  a 

KI i n c r e a s e s  w i t h  stress and c r a c k  s i z e ,  and f r a c t u r e  
KId,  K la )  i n c r e a s e s  w i t h  t empera tu re  and d e c r e a s e s  w i t h  

The p r e s e n t  v e r s i o n  of t h e  ASME Code s p e c i f i e s  t h e  use of MFM i n  

_l___-̂ l_ 

*RTNUT the  r e f e r e n c e  n i l - d u c t i l i t y  t empera tu re  , is  c l o s e l y  r e l a t e d  
t o  NDT. See Appendixes C, and D and Sect.  5 f o r  f u r t h e r  d i s c u s s i o n .  
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HFIR vessel. A t  t h i s  time i n  t h e  l i f e  of the  HFIR v e s s e l ,  i t  is poss ib l e  
t h a t  some except ion  might have t o  be taken t o  the  Code t o  permit a 
reasonable  l i f e  extension.  This idea i s  considered t o  be acceptab le  be- 
cause t h e  consequences of v e s s e l  f a i l u r e  are acceptab le  ( see  Appendix F) 
and because t h e  ca l cu la t ed  p r o b a b i l i t y  of f a i l u r e  is very l o w  (see Appen- 
d i x  G). However, spec i fy ing  the  e x t e n t  t o  which except ions  can be taken 
can be d i f f i c u l t .  

s t a t i c  proof tes t  a t  s p e c i f i e d  i n t e r v a l s  of t i m e .  A success fu l  test (no 
through-wall c racking)  demonstrates  i n  a very convincing way t h a t  what- 
eve r  combination of stress, f r a c t u r e  toughness,  and f law s i z e  a c t u a l l y  
e x i s t s ,  t h e  v e s s e l  i s  s a f e  t o  operate .  The permiss ib le  l i f e  ex tens ion  
fo l lowing  a proof test i s  r e l a t e d  t o  the  d i f f e r e n c e  between premf-test  
p re s su re  and ope ra t ing  p r e s s u r e  and can be ca l cu la t ed  i n  a conserva t ive  
manner, us ing  d a t a  from a cont inuing  s u r v e i l l a n c e  program. 

need t o  cons ider  t he  proximity of t he  v e s s e l  temperature t a  NDT. A s  
i n d i c a t e d  above, the f r a c t u r e  toughness used i n  the  LEPM a n a l y s i s  is a 
func t ion  of T - RTNDT. In  a d d i t i o n ,  i f  a f law d id  propagate ,  the ten- 
dency f o r  f ragmentat ion would be greater f o r  smaller values  of T - NDT. 
Fragmentation is  considered not t o  be a problem f o r  the  HFLR ves se l  if it 
is  confined t o  a small area around the  beam tubes.  This is ensured by 
spec i fy ing  t h a t  a l a r g e  f r a c t i o n  of the  circuinferetice of the H F I B  ves se l  
a t  an e l e v a t i o n  corresponding t o  midheight of t he  core  s a t i s f i e s  T, 3 
NDT + 30'F. 

The a p p l i c a t i o n  of the  above techniques to  the  eva lua t ion  of the  
i n t e g r i t y  of t he  HFIR v e s s e l  is d iscussed  i n  d e t a i l  i n  Sect.  5. 

There i s  a s a t i s f a c t o r y  a l t e r n a t i v e ;  it involves  conducting a hydro- 

The use of LEFM and h y d r o s t a t i c  proof t e s t i n g  does not e l imina te  the  
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5 .  FRACTURE-MECHANICS EVALUATIONS 

J. G. Merkle R. D. Cheverton 

5.1 ASME CODE APPROACH 

The b a s i c  problem conce rn ing  t h e  H F l R  v e s s e l  is  changed m a t e r i a l  
p r o p e r t i e s  as a r e s u l t  of n e u t r o n  i r r a d i a t i o n ;  no r e c o r d a b l e  f l a w  i n d i -  
c a t i o n s  have been d i s c o v e r e d  by n o n d e s t r u c t i v e  i n s p e c t  ion.  The i n i t i a l  
approach t aken  t o  t h i s  problem was t o  f o r m u l a t e  a set  of LEE% c r i t e r i a  
based on p rocedures  p r e s e n t l y  con ta ined  i n  Sec t s .  IIl and X I  of the ASME 
Code. 7 ,  * Pending t h e  complet ion of a neu t ron  f l u x  a n a l y s i s ,  s u r v e i l l a n c e  
p r o p e r t i e s  were a p p l i e d  wi thou t  making c o r r e c t i o n s  Eot- a c t u a l  p o s i t i o n  i n  
t h e  v e s s e l .  Vesse l  welds were n o t  i n c l u d e d  i n  t h e  s u r v e i l l a n c e  program, 
bu t  a c c e l e r a t e d  i r r a d i a t i o n  d a t a  f o r  t h c  welds were obtairied u s i n g  t h e  
ORR. Pressure- induced stresses on ly  were c o n s i d e r e d ,  and a f a c t o r  of 
s a f e t y  of 2.0, as r e q u i r e d  by t h e  Code, was a p p l i e d  t o  t h e  p r e s s u r e  
stresses. Fol lowing Appendix G of Sec t .  111, a r e f e r e n c e  s u r f a c e  f l a w  
1.0 in .  deep and 6.0  i n .  long i n  t h e  v e s s e l  c y l i n d e r  was cons ide red .  For 
normal o p e r a t i n g  c o n d i t i o n s ,  t h i s  f l a w  r e p r e s e n t s  t h e  s i z e  and shape of a 
perimeter i n  base o r  weld metal w i t h i n  which a h y p o t h e t i c a l  c r a c k  propa- 
g a t i n g  from a small  r e g i o n  of l o c a l  e m b r i t t l e m e n t  must be a r r e s t e d .  A 
1.0-in.-deep c r a c k  a t  t h e  i n s i d e  co rne r  of t h e  BB-3 n o z z l e  was a l s o  
cons ide red .  Without c o n s i d e r i n g  f l u x  a t t e n u a t i o n ,  t h e  nozz le  c o r n e r  
appeared t o  be the governing l o c a t i o n .  

To o b t a i n  a t  l eas t  3 y e a r s  of a d d i t i o n a l  s a f e  remaining s e r v i c e  
l i f e ,  it was found n e c e s s a r y  e i t h e r  t o  j u s t i f y  an e l e v a t i o n  of toughness  
above t h e  Code d e f a u l t  ( lower bound) va lues  o r  t o  reduce t h e  p r e s s u r e  
w i t h  a p robab le  c o n c u r r e n t  r e d u c t i o n  i n  power l e v e l .  Soroe evidence to  
suppor t  a toughness  e l e v a t i o n  was p r e s e n t e d ,  bo th  i n  terms of ( 1 )  a cor-  
r e l a t i o n  between t h e  s u r v e i l l a n c e  specimen Charpy d a t a  and dynamic f r a c -  
t u r e  toughness  and ( 2 )  measurements by o t h e r s  of the c r a c k - a r r e s t  tough- 
n e s s  of A212 s tee l .9  
a c c e p t  e i t h e r  one as meeting t h e  i n t e n t  of the Code w i t h  r e s p e c t  t o  d a t a  
f o r  t h e  p a r t i c u l a r  m a t e r i a l  of i n t e r e s t ,  r e q u i r i n g ,  i n s t e a d ,  a c t u a l  
c r a c k - a r r e s t  toughness  measurements of t h e  WFIR p l a t e .  To d a t e ,  such 
tesLs have not been perforwed because i t  now appears t h a t  a s a t i s f a c t o r y  
r e s o l u t i o n  of t h e  i s s u e  can be achieved wi thou t  them. 

Because of t h e  low stresses induced by p r e s s u r e ,  and wi thou t  con- 
s i d e r i n g  r e s i d u a l  and thermal s tresses or  i n c l u d i n g  l a r g e  u n c e r t a i n t y  
f a c t o r s  f o r  t h e  r a d i a t i o n  damage d a t a ,  i t  was p o s s i b l e  t o  show an ade- 
q u a t e  amount of remaining s e r v i c e  l i f e  f o r  t h e  HFIR v e s s e l  by r educ ing  
t h e  power l e v e l  -15%. However, t h e  Hendrie Committee f e l t  t h a t  d c s p i t e  
t h e  f a c t  t h a t  t h e  v e s s e l  had been stress r e l i e v e d  a t  350'F f o r  51 h a f t e r  
welding,  r e s i d u a l  welding stresses might be s i g n i f i c a n t  r e l a t i v e  t o  
pressure- induced stresses because of t h e  l o w  magnitude of t h e  l a t t e r  and, 
t h u s ,  should be added t o  t h e  p r e s s u r e  stresses r a t h e r  t han  be accommo- 
d a t e d  by t h e  Code s a f e t y  f a c t o r s .  I n  a d d i t i o n ,  t h e  Br inke rhof f  Committee 
p o s t u l a t e d  t h a t  because of u n c e r t a i n t i e s  i n  t h e  e s t i m a t i o n  of i r r a d i a t i o n  
damage-rate e f f e c t s  f o r  t h e  weld material t e s t e d  i n  ORR, a la rge  uncer- 
t a i n t y  f a c t o r  (1.5) should be a p p l i e d  t o  t h e  NDT s h i f t  f o r  weld metal. 

However, t h e  McSpadden Committee was u n w i l l i n g  t o  
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These cons ide ra t ions  complicated the  a n a l y s i s  l a r g e l y  because they led t o  
the  need t o  cons ider  mul t ip l e  f law l o c a t i o n s  and o r i e n t a t i o n s ;  of course,  
they  a l s o  reduced the  ca l cu la t ed  l i f e  extension.  

Revised LEFM analyses t h a t  included a l l  secondary stresses, as 
recommended by the  DOE/EH committees, and t h a t  used d e t a i l e d  c a l c u l a t e d  
f luxes  as they became a v a i l a b l e  were developed. The secondary s t r e s s e s  
inc luded  r e s i d u a l  stresses a f t e r  stress r e l i e f ,  based on e l a s t i c - p l a s t i c  
thermal stress a n a l y s i s  and stress r e l a x a t i o n  da ta ;  thermal stresses; and 
the  e f f e c t s  of stress g rad ien t s  caused by l o c a l  bending around nozzles .  

Following Appendix G of Sect.  111 OE t he  ASME Code f o r  Nuclear 
Vessels, t he  s t r e s s - i n t e n s i t y  f a c t o r s  a s soc ia t ed  w i t h  primary (pressure-  
induced) and secondary ( thermal  and weld-residual)  stresses a r e  weighted 
by s a f e t y  f a c t o r s  and added t o  produce a t o t a l ,  which is compared with 
the  lower-bound toughness of the material. The s a f e t y  f a c t o r s  are 2.0 
f o r  primary stresses and 1.0 f o r  secondary stresses. Thus, 

For normal and upset  cond i t ions ,  the a p p l i c a b l e  toughness i s  def ined by 
t h e  KIR curve shown i n  Fig. 5.1. 
t i o n  and crack-ar res t  data .  

KIR is a lower bound to  dynamic i n i t i a -  
The equat ion  of the  KIR curve i.slo,ll 

0 .O 145( T-RTNDT+lSO) 
KIB = 26.8 + 1.223 e 

For emergency and f a u l t e d  cond i t ions ,  t he  app l i cab le  toughness is def ined 
by the  KIc curve shown i n  Fig. 5.2. 
s t a t i c  i n i t i a t i o n  data .  

The KIc curve is a lower bound t o  
The equat ion  of the  KTc curve i s l l  

0.02(T-RTNDT+10D) 
33.2 + 2.806 e KIc 

Because E q s .  ( 2 )  and ( 3 )  are both of the .form 

~ T - R T ~ ~ ~ + D )  
or KIc = A + B e KIR Y 

( 3 )  

( 4 )  

t he  permiss ib le  extended ope ra t ing  t i m e  f o r  each load and flaw configura-  
t i o n  can be c a l c u l a t e d  i n  two s t e p s .  F i r s t .  the minimum al lowable va lue  
of T -  RTNDT is  determined from Eq. ( 4 )  b y  spec i fy ing  t h a t  KI 
o r  KIR. Thus, TOT < KIc 
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Fig.  5.1. ASME lower-bound KIR cu rve  and s u p p o r t i n g  d a t a .  
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where q is  t h e  toughness  e l e v a t i o n  f a c t o r ,  which is 1.0 w i t h o u t  a tough- 
n e s s  e l e v a t i o n ,  and T i s  the c r a c k - t i p  temperature .  Then t h e  p e r m i s s i b l e  
o p e r a t i n g  t i m e  is c a l c u l a t e d  from 

- 
K T ~ ~ ~  RTNDT-86 

9 

FP 
f * S  

A t  = (6)  

where RTNDT-86 i s  t h e  p r e s e n t  va lue  (November 1986) of RTNDT a t  t h e  
c r a c k - t i p  l o c a t i o n ;  f i s  the  power r e d u c t i o n  f a c t o r ;  and Y F p  is the  r a t e  
of i n c r e a s e  of RTNDT, wi th  r e s p e c t  t o  o p e r a t i n g  t i m e ,  a t  t h e  s p e c i f i e d  
c r a c k - t i p  l o c a t i o n  and a t  a power l e v e l  of 100 MW. 

5" 2 LOADING CONDITIONS 

The ASME Code i d e n t i f i e s  f o u r  c a t e g o r i e s  of loading  c o n d i t i o n s :  
normal; u p s e t ;  emergency and f a u l t e d ;  and a set  of cor responding  stress 
l i m i t  c a t e g o r i e s :  A ,  B,  C ,  and D.12 The loading  c o n d i t i o n s  are d e f i n e d  
by t h e  ASME Code i n  terms of e i t h e r  t h e  l o a d s  inc luded  or t h e  p h y s i c a l  
consequences t o  the component. Normal l o a d s  i n c l u d e  a l l  normal service 
l o a d s ,  p l u s  t h e  p r e s s u r e  s u r g e s  and e f f e c t s  of ins t rument  e r r o r s  t h a t  can 
occur  d u r i n g  normal o p e r a t i o n .  Upset c o n d i t i o n s  must not cause damage 
n e c e s s i t a t i n g  r e p a i r .  Emergency c o n d i t i o n s  may cause d i s c o n t i n u i t y  
s t r a i n s  n e c e s s i t a t i n g  i n s p e c t i o n  and r e p a i r .  F a u l t e d  c o n d i t i o n s  may 
cause g e n e r a l  deformat ions  n e c e s s i t a t i n g  r e p a i r  or  replacement of t h e  
component. The NRC standurd % V i e w  d e f i n e s  the same load and 
stress-limit c a t e g o r i e s  i n  terms of t h e  s p e c i f i c  l o a d s  inc luded  i n  each. 
Normal and upse t  l o a d s  i n c l u d e  s u s t a i n e d  l o a d s ,  s p e c i f i e d  o p e r a t i n g  
t r a n s i e n t s ,  and t h e  o p e r a t i n g  b a s i s  ear thquake  (OBE). The OBE l o a d i n g  
€ o r  HFIR is  0.078 g of h o r i z o n t a l  a c c e l e r a t i o n .  The ear thquake-induced 
a x i a l  stresses i n  t h e  IIFTR v e s s e l  a t  t h e  c o r e  e l e v a t i o n  are small  ( a  few 
hundred pounds per  square  i n c h ) ,  and the c i r c u m f e r e n t i a l  stresses are 
even smaller. l4 These stresses a r e  not s i g n i f i c a n t .  Consequent ly ,  i f  
t h e  c o n t r o l  system f o r  l i m i t i n g  t h e  primary system p r e s s u r e  i s  made t o  
s a t i s f y  safe ty-grade  requi rements ,  t h e n  t h e  pressurizer-pump t r i p  pres- 
s u r e  should be t h e  p r e s s u r e  l i m i t  f o r  u p s e t  c o n d i t i o n s ,  and it has been 
s o  assumed i n  t h i s  e v a l u a t i o n .  

must be cons idered  as p o t e n t i a l  emergency and f a u l t e d  loads .  These 
i n c l u d e  t h o s e  a s s o c i a t e d  w i t h  g u i l l o t i n e  p ipe  breaks ,  t h e  s a f e  shutdown 
ear thquake  (SSE), and l o s s  of c o o l a n t  a c c i d e n t s .  Because t h e  primary 
system pip ing  is c o n s t r u c t e d  of s t a i n l e s s  s t ee l ,  i t  should not  be 
n e c e s s a r y  t o  c o n s i d e r  g u i l l o t i n e  c leavage  p i p e  f r a c t u r e s .  Furthermore,  
because t h e  release o€ -30 gal of water is s u f f i c i e n t :  t o  d e p r e s s u r i z e  t h e  
primary system, p i p  whip e f f e c t s  would be n e g l i g i b l e  weti if a g u i l l o -  
t i n e  p ipe  break d id  occur .  I n  t h e  event  of a p ipe  break ,  e x t e r n a l  poo l  
water would e n t e r  t h e  primary s y s t e m  through a check va lve  when primary 
system p r e s s u r e  becomes less than  pool h y d r o s t a t i c  p r e s s u r e .  Because t h e  
pool  water tempera ture  is only  2 5 ° F  less than  t h e  vessel t e m p e r a t u r e  and 

For  power r e a c t o r s ,  t h e  s t a n d a r d  r e v i e w  p lan  l i s t s  t h e  l o a d s  t h a t  
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the flow ra te  through the  check v a l v e  i s  r a t h e r  l o w ,  a s e v e r e  thermal 
shock t o  t h e  r e a c t o r  v e s s e l  f o l l o w i n g  a p i p e  break is not  p o s s i b l e .  The 
SSE a c c e l e r a t i o n  is 0.15 g, f o r  which the stresses i n  t h e  v e s s e l  a t  c o r e  
e l e v a t i o n  are not s i g n i f i c a n t  w i t h  r ega rd  t o  c a u s i n g  c r a c k  ex tens ion .  

The H F I R  c o n t r o l  system is designed t o  f u n c t i o n  under a l l  l o a d i n g  
c o n d i t i o n s  t h a t  are cons ide red  c r e d i b l e ,  and f o r  a l l  of t h e s e ,  t h e r e  i s  
no s i g n i f i c a n t  i n c r e a s e  i n  the p r e s s u r e  a p p l i e d  t o  the v e s s e l .  Conse- 
q u e n t l y ,  a c o n s e r v a t i v e  v a l u e  of the maximum s t r e s s e s  produced by emer- 
gency and f a r i l t e d  c o n d i t i o n s  should be o b t a i n a b l e  by c a l c u l a t i n g  t h e  
s t r e s s e s  produced by t h e  p r e s s u r e  reqiii red t o  f a i l  the  r u p t u r e  d i s c .  

s i g n i f i c a n t l y  above t h a t  co r re spond ing  t o  the r u p t u r e  d i s c  s p e c i f i c a t i o n  
are c o n s i d e r e d  t o  be i n c r e d i b l e ,  an ORNL H F I K  review committee r e q u e s t e d  
a n  e v a l u a t i o n  of the. a b i l i t y  of t h e  v e s s e l  t o  w i t h s t a n d  much nmre  s e v e r e  
t r a n s i e n t s .  Th i s  e v a l u a t i o n  is  d i s c u s s e d  i n  Appendix 8. 

primary system w i l l  be h e a t e d  b e f o r e  being p r e s s u r i z e d .  P a s t  pract ice  
f o r  shutdown has been t o  scram t h e  r e a c t o r  and l e a v e  t h e  p r e s s u r i z e r  
pumps running. This r e s u l t e d  i n  c o o l i n g  of t h e  pr imary system with t h e  
system p r e s s u r i z e d .  For f u t u r e  o p e r a t i o n ,  t h e  c o n t r o l  system w i l l  be 
modif ied t o  m a i n t a i n  t h e  primary system t empera tu re  OK, i f  n e c e s s a r y ,  t o  
d e p r e s s u r i z e  t h e  pr imary system by t r i p p i n g  t h e  p r e s s u r i z e r  pump and 
opening an a u x i l i a r y  letdown va lve .  

Although p r e s s u r e  t r a n s i e n t s  s e v e r e  enough t o  raise the  p r e s s u r e  

S t a r t u p  procedures  pose no p r o b l e a  f o r  t h e  H F I R  v e s s e l  because t h e  

5.3 MATERIAL PROPEXTLES 

Material p r o p e r t i e s  f o r  a l l  of t h e  H F I K  p r e s s u r e - v e s s e l  materials 
are d i s c u s s e d  i n  Appendix D. A summary of t h e  d a t a  used as i n p u t  t o  t h e  
f racture-uicchdnics a n a l y s i s  is p resen ted  i n  Table 5.1, which appea r s  as 
Table  0.21 i n  Appendix D. ORR i r r a d i a t i o n s  d a t a  l i s t e d  i n  the "HFIR" 
column are the e q u i v a l e n t  v a l u e s  f o r  1986 (17 .5  EFPY) a t  t h e  key 7 ,  posi-  
t i o n  8 l o c a t i o n  i n  the HFIR v e s s e l  i f  t hose  materials had been inc luded  
i n  t h e  HFLK s u r v e i l l a n c e  program. It w a s  p o s s i b l e  t o  o b t a i n  such d a t a  
from ORR by i n c l u d i n g  A212B (LT) material  i n  both the H F I R  s u r v e i l l a n c e  
program and i n  t h e  QRR program. As i n d i c a t e d  below, i t  is necessa ry  t o  
t r a n s p o s e  the  v a l u e s  i n  the "HFIB" column t o  o t h e r  p o i n t s  of i n t e r e s t  i n  
t h e  v e s s e l  by us ing  the  r a t i o  of the neu t ron  f l u x  a t  t h e  p o i n t  of  i n t e r -  
es t  t o  t h a t  of t he  a p p r o p r i a t e  s u r v e i l l a n c e  l o c a t i o n  (key 7 ,  p o s i t i o n  8 
f o r  t h e  ORR d a t a ) .  

combined t o  o b t a i n  v a l u e s  of sFp and KTNDT-86 f o r  seven p o t e n t i a l  c r a c k  
l o c a t i o n s  and m u l t i p l e  dep th  p o s i t i o n s  f o r  each l o c a t i o n  (Tab le  5.2). I n  
Table 5 .2 ,  OKEF i s  the neu t ron  f l u x  co r re spond ing  t o  t h e  r e f e r e n c e  s u r -  
v e i l l a n c e  specimen l o c a t i o n ,  and SmF is  t h e  rate of i n c r e a s e  of RTNDT, 

c o n s i s t e n t  w i th  a power l e v e l  of 100 MW, a t  t h e  s u r v e i l l a n c e  spec inen  
p o s i t i o n .  Note t h a t  t he  rates of i n c r e a s e  OF NDT and RTNUT a r e  assumed 

t o  be t h e  same. 

The d a t a  i n  Table 5.1 and t h e  c a l c u l a t d d  f l u x e s  froin Appendix E are 
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Table 5.1. Sununary of i r r a d i a t i o n  e f f e c t s  
on H F I R  pressure-vessel  materials 

ANDT 
b Damage r a t e  

(OF/EFPY) 

( O F )  
Unir rad ia ted  

a 
RTNDT H F I R  

NDT 

(OF) ( O F )  ORR 17.5 EFPY 

Mate r i a l  

A212B (LT) 
A212B (TL) 
A212B (TS)  
A212B (LS) 
No z z 1 e we l d 
Seam weld 

A212B (LT)b 
A105 I1 
A350 LF3 (HI321 
A350 LF3 ( H B 3 )  

-5 
10 

-5 
-1 0 

0 
-5 

-5 
-80 

-1 10 
-8 0 

OR8 irradiations 

20 100 
15' 85 
0 100 

-1 0 a 
10 8 0  
60 85 

Surveillanes k t a  

20 
-40 

-110 
-7 a 

75 
6 4  
75 
7 5d 
60 
64 

75 
6 3  

1 1 7  
113 

4 .28  
3.64 
4.28 
4.28 
3.42 
3.64 

4.28 
2.96 
5.94 
5.09 

%etermined €rom TS0 - 60"F, where T S 0  i s  the  temperature a t  which 

'power l e v e l  = 100 MW. 

'50 f t - l b  not achieved i n  t h i s  o r i e n t a t i o n ;  RTNDT determined from 

the  mean Charpy energy less one s tandard  dev ia t ion  i s  e q u a l  t o  50 f t - l b .  

t h e  temperature a t  which 0.035-in. l i t e r a l  expansion is  achieved less 
60°F. 

dNot i r r a d i a t e d  i n  ORR; assume ANDT = ANDT of A212B (LT) and 
A212B (TS). 

T h e  neutron f l u x  a t  a given d e p t h  p o s i t i o n  i n  the w a l l  is ca l cu la t ed  
f rom 

where $o is t h e  ca l cu la t ed  ins ide-sur face  f l u x ,  x i s  depth i n  inches from 
t h e  i n s i d e  s u r f a c e ,  and h i s  a cons tan t  obtained from the  ca l cu la t ed  
va lues  of (p a t  x = 0 and 1 in.  
c a l c u l a t e d  from 

The va lue  of SFp a t  a given p o s i t i o n  is 
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where + i s  the  neutron f l u x  a t  t he  c rack  t i p  i n  t h e  w a l l .  
then c a l c u l a t e d  from the  express ion  

RTNDTea6 i s  

+ k + 17.53 SFp , RTNDT-86 = RTNDTo 
(-10) 

where 17.53 is  the  number of full-power (100-MW) years  accumulated up t o  
shutdown i n  1986. Note t h a t  k is t h e  l i n e a r  i n t e r c e p t  of t h e  ANDT vs t 
p l o t  f o r  100 Mw, and it was assumed not t o  vary with power l eve l .  

5.4 THERMAL AND BENDING STRESSES 

I n  pre l iminary  c a l c u l a t i o n s ,  thermal and bending stresses were eon- 
s ide red  s m a l l  enough to be neglected o r  accounted f o r  i n  the  l a r g e  s a f e t y  
f a c t o r  i n  t h e  Code. I n  the  p re sen t  c a l c u l a t i o n s  they are considered as 
s e p a r a t e  e n t i t i e s .  
coolan t  and pool temperatures ,  the  ves se l  conduc t iv i ty ,  and a boundary- 
l a y e r  hea t  t r a n s f e r  c o e f f i c i e n t  as independent va r i ab le s .  For the  
dimensions of t he  HFIR v e s s e l ,  the  inside-surf  ace thermal stress i s  
ca l cu la t ed  from1 

The temperature  g r a d i e n t s  are ca l cu la t ed  using t h e  

E a  AT 
(1 - v)  ' 0 = -0.53 

t a  

and the  outs ide-sur face  thermal stress f rom15 

Ea AT 
(1 - v )  ' d = 0.47 

t b  

where E i s  t h e  e l a s t i c  modulus, u i s  t h e  c o e f f i c i e n t  of thermal expan- 
s i o n ,  AT i s  the  inside-surf  ace  temperature  minus the outs ide-surf  ace 
temperature ,  and v i s  Poisson 's  r a t i o .  The temperature a t  the  c rack- t ip  
depth is ca l cu la t ed  from 

where 

C 

50 ' n *  

T, and T are t h e  coolan t  and pool temperatures ,  r e s p e c t i v e l y ,  x is depth 
P 
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from t h e  v e s s e l  i n n e r  s u r f a c e ,  and W i s  the v e s s e l  w a l l  t h i c k n e s s .  Ther-- 
t n a l  stresses are t r e a t e d  as l i n e a r l y  v a r y i n g  bending stresses f o r  t h e  
f racture-mechanics  a n a l y s i s .  The the rma l  stress c o n t r i b u t i o n  t-o t h e  
s t r e s s - i n t e n s i t y  f a c t o r  is g e n e r a l l y  small. 

c o r n e r  c r a c k  i n  t h e  HB-3 nozzle16 a l s o  y i e l d e d  d e t a i l e d  stress d i s t r i b u -  
t i o n s  i n  t h e  v i c i n i t y  of t he  nozz le - to - she l l  weld. A t  t h e  c o r e  horizon-  
t a l  midplane,  t h e  c i r c u m f e r e n t i a l  membrane stress 5s 20% less  than  t h e  
nominal v a l u e  because of t h e  p rox imi ty  of t h e  i n s i d e  s u r f a c e  of t he  
nozzle .  I n  a d d i t i o n ,  t h e  c i r c u m f e r e n t i a l  bending stress a t  the  i n s i d e  
s u r f a c e  a t  t h e  c o r e  h o r i z o n t a l  midplane is  compressive.  Both of t h e s e  
e f f e c t s  are b e n e f i c i a l  w i t h  r ega rd  t o  the  p r o p a g a t i o n  tendency of an 
i n s i d e - s u r f  a c e  ax ia l  f l aw  i n  t h e  h i g h c s t - f l u e n e e  r e g i o n  of the nozzle- to-  
s h e l l  weld. On t h e  o t h e r  hand, d i r e c t l y  above t h e  nozz le  axis i n  t h e  
v i c i n i t y  of t h e  nozz le - to - she l l  weld,  t h e  c i r c u m f e r e n t i a l  membrane stress 
i s  7% above t h e  nominal v a l u e ,  and t h e  bending stress is  t e n s i l e  on t h e  
i n s i d e  s u r f a c e  of t h e  v e s s e l .  However, t h e  i n s i d e - s u r f a c e  f l u e n c e  a t  
t h i s  l o c a t i o n  is  less than  one-half of t h e  v a l u e  a t  t h e  c o r e  h o r i z o n t a l  
midplane. The s h e l l  bending s t r e s s e s  are g e n e r a l l y  l a r g e r  t han  the t h e r -  
m a l  stresses and,  t h u s ,  c o n t r i b u t e  more t o  the t o t a l  s t r e s s - i n t e n s i t y  
f a c t o r ,  g e n e r a l l y  about 10 t o  15%. 

The f i n i t e - e l emen t  c a l c u l a t i o n s  performed f o r  a n a l y z i n g  a nozz le  

5.5 KESIDUAL STRESSES 

Appendix G of Sect .  111,7 Appendix A of S e c t i o n  and t h e  NKC 
Standad Revkw Plan1 
stresses i n  t h e  d e s c r i p t i o n  of methods a c c e p t a b l e  f o r  p r o v i d i n g  adequa te  
margins a g a i n s t  b r i t t l e  f rac . ture .  This  is a p p a r e n t l y  because i t  i s  
assumed t h a t  i f  t h e  v e s s e l  i s  p r o p e r l y  stress r e l i e v e d  a f t e r  welding,  
t h e n  t h e  r e s i d u a l  welding s t r e s s e s  will .  be small  compared w i t h  t h e  o t h e r  
stresses. I n  t h e  case of t he  H F I R  v e s s e l ,  t h e  pressure- induced s t r e s s e s  
are u n u s u a l l y  low. For t h i s  r eason ,  t h e  Hendrie Committee p o s t u l a t e d  
t h a t  t h e  r e s i d u a l  welding s t resses ,  a l t h o u g h  low, might s t i l l  be s i g n i f i -  
c a n t  r e l a t i v e  t o  t h e  p r e s s u r e  induced stresses and s h o u l d ,  t h e r e f o r e ,  be 
cons ide red .  Direct measurement of t h e  r e s i d u a l  stresses i n  t h e  HFIR 
v e s s e l  nozz le  welds would be i m p r a c t i c a l .  Furthermore,  s t a n d a r d  proce- 
d u r e s  f o r  e s t i i n a t i n g  welding r e s i d u a l  stresses do not  e x i s t ,  and r e l i a n c e  
must,  t h e r e f o r e ,  be p l aced  on a n a l y t i c a l  and e x p e r i m e n t a l  r e s e a r c h  
r e s u l t s .  

y i e l d i n g ,  and postweld s t r e s s - r e l i e v i n g  c o n d i t i o n s .  They are both geome- 
t r y  and material dependent.  For example, t he  residual .  stresses i n  a 
c i r c u m f e r e n t i a l  p i p e  weld would be expected t o  be q u i t e  d i f f e r e n t  from 
t h o s e  i n  a l o n g i t u d i n a l  v e s s e l  seam weld o r  a nozzle- to-vessel  c y l i n d r i -  
cal  s h e l l  weld. Experimental  d a t a  f u r  r e s i d u a l  stresses i n  l o n g i t u d i n a l  
welds i n  1- in . - thick,  3 f t  by 3 f t  A212 grade  B p l a t e s ,  bo th  b e f o r e  and 
a f t e r  stress r e l i e f ,  were o b t a i n e d  by Norde l l  and H a l 1 9 , 1 8  a t  t h e  Univer- 
s i t y  of I l l i n o i s .  F igu re  5.3(a) shows the th rough- th i ckness  ave rage  re- 
s i d u a l  stresses i n  t h e  as-welded p l a t e ,  and Fig.  5.3(b) shows t h e  l o n g i -  
t u d i n a l  stresses a f t e r  stress r e l i e f  a t  1150°F f o r  1 h. The thraugh- 

l 7  make no s p e c i f i c  mention of r e s i d u a l  welding 

R e s i d u a l  stresses a r e  t h e  r e s u l t  of r e s t r a i n e d  the rma l  c o n t r a c t i o n ,  
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Fig. 5.3. Measured va lues  of r e s i d u a l  stress f o r  l o n g i t u d i n a l  welds 
i n  1 in .  x 3 f t  x 3 f t  p l a t e s  of A212 grade B steel  (a) before  arid 
( b )  a f t e r  stress relief for 1 'n a t  llSQ'F. Source: W. J. Nardel l  and 
W. J. H a l l ,  "Two Stage F rac tu r ing  i n  Welded Mild S t e e l  P la te , ' ?  Weld. J., 
Research Supplement, 44( 3 ) ,  124-s t o  134-s (1965) 

th ickness  average t r a n s v e r s e  r e s i d u a l  stresses a f t e r  scress r e l i e v i n g  
were n e g l i g i b l e ,  and t h e  peak l o c a l  va lue  measured w a s  2 k s i .  The low 
value  of t h e  t r a n s v e r s e  r e l a t i v e  t o  the  l o n g i t u d i n a l  weld r e s i d u a l  stress 
shown I n  Fig. 5 . 3  was recognized as a p o t e n t i a l l y  important f a c t o r  i n  the  
f r a c t u r e  s a f e t y  eva lua r ion  of trhe H F I R  ves se l .  



30 

A n a l y t i c a l  d a t a  f o r  a nozz le - to -cy l inde r  we1.d i n  an e x p e r i m e n t a l  
p r e s s u r e  v e s s e l 1 9  were l o c a t e d  and s t u d i e d  t o  p rov ide  i n s i g h t  i n t o  t h e  
r e l a t i v e  magnitude of t r a n s v e r s e  and weld d i r e c t i o n  r e s i d u a l  stresses i n  
a nozz le - to -cy l inde r  weld. R e s u l t s  o b t a i n e d  by D h a l l a l 9  f o r  t h e  C r e e p  
R a t c h e t t i n g  T e s t  F a c i l i t y  p r e s s u r e  v e s s e l  u s i n g  t h e  ABAQUS f i n i t e -  
element computer code, s p e c i f i e d  weld-zone t r a n s i e n t  t empera tu re  d i s t r i -  
b u t i o n s  and time-dependent i n e l a s t i c  m a t e r i a l  p r o p e r t i e s ,  i n d i c a t e d  t h a t  
t h e  th rough- th i ckness  ave rage  t r a n s v e r s e  r e s i d u a l  stresses were less than  
t h e  welding d i r e c t i o n  r e s i d u a l  stresses. I n  R e f ,  19 i t  was no t  consid-  
e r e d  n e c e s s a r y  t o  s i m u l a t e  t h e  d e p o s i t i o n  of i n d i v i d u a l  weld passes  o r  t o  
c o n s i d e r  a n g u l a r  v a r i a t i o n s  of t empera tu re  around t h e  nozz le  t o  est h a t e  
t h e  e s s e n t i a l .  f e a t u r e s  of t h e  r e s u l t i n g  r e s i d u a l  stresses. 

Using t h e  f o r e g o i n g  r e s u l t s  as a gui.de, t h e  nozz le - to - she l l  weld f o r  
t he  1118-3 nozz le  i n  t h e  HFIK v e s s e l  was modeled a n a l y t i c a l l y  as a n  a n n u l a r  
r e g i o n  of uniformly reduced t empera tu re  i n  a p l a t e  c o n t a i n i n g  a hole .  
The a n n u l a r  r e g i o n  had an i n s i d e  r a d i u s  of 9.25 i n .  and a width of 1.5 
i n . ,  r e p r e s e n t i n g  t h e  HB-3 n o z z l e  weld,  and t h e  ho le  had a d iame te r  of 
8.0 i n . ,  t h e  same as t h e  HB-3 nozz le .  Three a n a l y s e s  were performed; t h e  
f i r s t  was e l a s t i c ,  t h e  secoiid was e l a s t i c - p l a s t i c  f o r  plane stress condi- 
t i o n s ,  and t h e  t h i r d  was e l a s t i c - p l a s t i c  I o r  p l a n e  s t r a i n  c o n d i t i o n s .  
A l l  t h r e e  a n a l y s e s  i n d i c a t e d  a t r a n s v e r s e  stress c o n s i d e r a b l y  less t h a n  
t h e  w e l d - d i r e c t i o n  ( c i r c u m f e r e n t i a l )  s tress,  and a l l  t h r e e  a n a l y s e s  gave 
s i m i l a r  t r a n s v e r s e  t o  c i r c u m f e r e n t i a l - s t r e s s  r a t i o s ,  i n d i c a t i n g  t h a t  t h i s  
r a t i o  is s t r o n g l y  a f f e c t e d  n e i t h e r  by y i e l d i n g  nor  by th rough- th i ckness  
c o n s t r a i n t .  Based on t h e  e l a s t i c - p l a s t i c  p l ane  stress a n a l y s i s  arid a 
t e m p e r a t u r e  d e c r e a s e  i n  t h e  a n n u l a r  r e g i o n  co r re spond ing  t o  t h e  d i f f e r -  
ence between t h e  e s t i m a t e d  c r e e p  t h r e s h o l d  of t he  material (750°F)  and 
t h e  ininimuiii welding p r e h e a t  t empera tu re  of 200"F, t h e  a t t empted  thet:mal 
c o n t r a c t i o n  below the  creep range was s l i g h t l y  ove r  tw ice  t h e  y i e l d  
s t r a i n ,  and t h e  t r a n s v e r s e  stress was 20X of t h e  w e l d - d i r e c t i o n  (circum- 
f e r e n t i a l )  stress. 

The f i n a l  s t e p  i n  e s t i m a t i n g  the r e s i d u a l  stresses i n  t h e  HB-3 noz- 
z l e  weld w a s  t o  assume t h a t  t h e  r a t i o  of t h e  t r a n s v e r s e  t o  t h e  we1.d- 
d i r e c t i o n  r e s i d u a l  stresses remained c o n s t a n t  d u r i n g  s t r e s s  r e l i e f  and to 
estimate t h e  p o s t - s t r e s s - r e l i e f  w e l d - d i r e c t i o n  r e s i d u a l  stress based on 
t h e  a t  t empera tu re  and pub l i shed  stress r e l a x a t i o n  d a t a .  The l a t t e r  
estimate was made g r a p h i c a l l y  on the  b a s i s  o f  a coiupi la t ion o f  st ress  
r e l a x a t i o n  d a t a  f o r  e n g i n e e r i n g  a l l o y s , 2 0  i n c l u d i n g  carbon s t ee l s ,  u s i n g  
t h e  p r e s c r i b e d  s t r e s s - r e l i e f  c o n d i t i o n s  of 51 h a t  950°F. The weld- 
d i r e c t i o n  r e s i d u a l  stress was e s t i m a t e d  t o  be 8.5 k s i ,  a v a l u e  lyi.ng 
between t h e  mean and t h e  upper bound of t he  pub l i shed  d a t a .  The t r a n s -  
v e r s e  r e s i d u a l  stress w a s  then c a l c u l a t e d  as 20% of the we ld -d i r ec t ion  
r e s i d u a l  s tress (1 .7  k s i ) .  

5.6 LEFM EVALIJATION RESULTS 

5.6.1 A n a l y t i c a l  P rocedure  

Because of t he  m u l t i p l i c i t y  of h y p o t h e t i c a l  c r ack  l o c a t i o n s ,  o r i en -  
t a t i o n s ,  c r a c k - f r o n t  p o s i t i o n s ,  s tress components, t e m p e r a t u r e s ,  tough-. 
n e s s  t y p e s ,  and s a f e t y  f a c t o r s  t o  be c o n s i d e r e d ,  i t  w a s  n e c e s s a r y  t o  
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develop a sys t ema t i c  a n a l y t i c a l  procedure t o  produce and i n t e r p r e t  
r e s u l t s  i n  a t imely  and o r d e r l y  fashion.  This was f a c i l i t a t e d  by summar- 
i z i n g  t h e  input  d a t a  i n  t a b u l a r  form, according t o  t h e  var ious  p o s s i b l e  
c rack  conf igu ra t ion  cases, and developing a c a l c u l a t i o n  shee t  wi th  an 
i n i t i a l  crack conf igu ra t ion  s e c t i o n  t h a t  matches t h a t  of the h p u t  d a t a  
t a b l e s .  Table 5.3 l i s t s  the  membrane, bending, thermal,  and r e s i d u a l  
stress magnitudes used as input  t o  the  s t r e s s - i n t e n s i t y - f a c t o r  ca l cu la -  
tions f o r  each stress component f o r  t he  var ious  crack conf igu ra t ions  
considered i n  o r  near t he  HB-3 nozzle  weld. Because t h e  s t r e s s  magni- 
tudes  govern t h e  s t r e s s - i n t e n s i t y  f a c t o r  and the  l a r g e s t  v a r i a b l e  circum- 
f e r e n t i a l  s t r e s s  components are due t o  p re s su re ,  t he  l a r g e s t  stress- 
i n t e n s i t y  f a c t o r s  f o r  a x i a l  c racks  gene ra l ly  occur f o r  crack configura- 
t i o n s  f a r  which the  pressure-induced bending stress fs p o s i t i v e .  Thus, 
Case 2W, an a x i a l  ins ide-sur face  crack above t h e  nozzle  a x i s ,  and Case 3 ,  
an a x i a l  o u t s i d e  s u r f a c e  crack a t  the  core  h o r i z o n t a l  midplane, give t h e  
h ighes t  s t r e s s - i n t e n s i t y  f a c t o r s .  

s i o n  
T a b l e  5.4 l ists  the  va lues  of t he  geometry f a c t o r  (C> i n  t h e  expres- 

KI = C a G  

f o r  each crack conf igu ra t ion  case  and f o r  t h r e e  po in t s  on the crack 
f r o n t :  the deepest  po in t  ( a ) ,  t h e  half-depth poin t  ( a / 2 ) ,  and the  sur-  
face.  
s u r f a c e  crack t o  occur samewhere between t h e  deepest  po in t  o i  t he  crack 
and the  sur face .  However, €o r  t he  r e l a t i v e l y  long re ference  crack p re -  
s c r i b e d  by the  ASME Code and used here  and f o r  t he  r e l a t i v e l y  mild stress 
g r a d i e n t s  occur r ing  i n  the  HFIK v e s s e l ,  t h a t  does not happen. Therefore ,  
the  maximum value of KI occurs  a t  t he  deepest  po in t  of the  crack. 

The geometry f a c t o r s  f o r  membrane stress caused by i n t e r n a l  pressure  
were obtained from the  work of Newman and Raju.21922 
ins ide-sur face  c racks ,  inc luding  the  e f f e c t s  of p r e s s u r e  i n  the  crack,  
were obtained from Ref. 21,  and those f o r  ou ts ide-sur face  cracks without  
i n t e r n a l  p re s su re  i n  the  crack were obtained froin Ref. 22. The l a t t e r  
values  were a l s o  used f o r  the e f f e c t s  of uniform re s idua l  stress t r ans -  
v e r s e  t o  the  welding d i r e c t i o n .  The geometry f a c t o r s  f o r  bending were 
obtained from work performed a t  QRNLz3 i n  support  of the Heavy-Section 
S t e e l  Technology (HSST) Program in te rmedia te -vesse l  and thermal-shock 
tests. The geometry f a c t o r s  f o r  the  e f f e c t s  of the welding-direct ion re- 
s i d u a l  stress, which is  a maximurn i n  t h e  middle of the  weld and decreases  
sha rp ly  with d i s t a n c e  perpendicular  t o  the weld ( i l l u s t r a t e d  i n  F i g e  5.3),  
were obtained from the  O W L  a n a l y s i s z 4  of HSST Prograa in te rmedia te -vesse l  
V-8 ,  based on the  work o f  Shah and K ~ b a y a s h i . ~ ~  
temperature  test of a ves se l  conta in ing  a sharp crack d e l i b e r a t e l y  placed 
i n  a zone of high r e s i d u a l  welding stress. 

Table 5.5 i s  the  c a l c u l a t i o n  form f o r  1.0-in.-deep surface cracks i n  
t he  v i c i n i t y  of t h e  HB-3 nozzle  weld. Other crack depths  can be consid- 
e red  by mul t ip ly ing  the  f a c t o r  B under the  r a d i c a l  by the  crack depth a. 
The f a c t o r  C is the  geometry f a c t o r  from Table 5.4, and the  factor S is 
t h e  m u l t i p l i e r  of p or n, or  the  r e s i d u a l  stress i t s e l f ,  from Table 5.3. 

Stress g r a d i e n t s  sometimes cause t h e  maximum va lue  of KI f o r  a 

The va lues  f o r  

Vessel V-8 w a s  a low- 



Table 5.3. Stress magniiudes i n  and n e a r  HB-3 nozzle weld 

Crack conf igusation 
S t r e s s e s  

( k s i )  

Case 
Pressu re  Weld Base Thermal Res idua l  

Core Above 
HKP a x i s  

A x i a l  Circumferencial I n s i d e  O u t s i d e  

Hembrane Bending 

1 

2w 

2B 

3 

4w 

4B 

5 

6W 

68 

7 

8W 

8 B  

X 

X 

X 

X 

X 

X 

X 

X 

X 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

12.49 p 

16.52 p 

16.82 p 

12.49 p 

16.82 p 

16.82 p 

9.00 p 

8.30 p 

a.30 3 

9.00 p 

8.30 p 

8.33 p 

-3.27 p 

4.24 p 

3.64 p 

3.27 p 

-4.24 p 

-3.64 p 

-2.74 p 

-0.39 p 

- 4 . 3 9  p 

0.39 p 

0.39 p 

2.74 p 

-1.85 q 1.7 

-1.85 Tl 8.5 

-1.85 q 8.5 

1.63 r: 1.7 w 

1.63 7) 8.5 

1.63 0 8.5 

-1.85 ?l 8.5 

-1.85 q 1.1 

-1.85 r, 1.7 

1.63 i-, 8.5 

1.63 17 1.7 

1.63 ~l 1.7 

h, 
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T a b l e  5.4. KI geoaaetry f ac to r s  for cracks i n  or near HB-3 nozzle w e l d  
(a - I in., a/2b = 1/6)  

Geometry f a c t o r ,  C 

Crack configuration 
Thermal Residual Pressure 

Cnne 
Core Above 
HMP axis 

---- 
a e l 2  Surface a12 Surface a Membrane Bending Axial Circumferential Inside Outside 

a12 Surface , a a /2  Surface a 

X 

X 

X 

x 

X 

x 

X 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 1.146 

X i.146 

X 1.095 

X 1.095 

X 1.146 

X 1.146 

X 1.095 

X 1.095 

0.901 

0.901 

0.861 

0.861 

0.901 

0.901 

0.861 

0.861 

0.753 

0.753 

0.720 

0.720 

0.753 

0.753 

0.720 

0.720 

0.741 

0.741 

0.741 

0.741 

0.741 

0.741 

0.741 

0.741 

0.752 

0.752 

0.752 

0.752 

0.752 

0.752 

0.752 

0.752 

0.633 

0.633 

0.633 

0.633 

0.633 

0.633 

0.633 

0.633 

0.741 

0.741 

0.741 

0.741 

0.741 

0.741 

0.741 

0.741 

0.752 

0.752 

0.752 

0.752 

0.752 

0.752 

0.742 

0.752 

0.633 

0.633 

0.633 

0.633 

0.633 

0.633 

0.633 

0.633 

1.095 

0.850 

1.095 

0.860 

0.860 

1.095 

0.860 

1.095 

0.861 

0.275 

0.861 

0.275 

0.275 

0.861 

0.275 

0.861 

0.720 

0.113 

0.720 

0.113 

0.113 

0.720 

0.113 

0.520 
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Table 5 .5 .  Worksheet for  l i f e - e x t e n s i o n  c a l c u l a t i o n s  

Date of -__ ---I- 

Name 

H F I R  KI Calculation P =  Mw P '  ks i 

O F  r\ 1 f =  T =  O F  Tp - - 
C 

Material Orien .  RTNDT ( H F l R  - 1986) 
O F  

12,s (+ + ;) = SFp 'Flyear 

Mate 

k s i  & 

> (  

> (  

= ( ) (  - I k s i  Jin. 

O F  Total = k s i  6 

PI- 
P 
w 
d 

K~ r 

T - RTNaT = 
-_I 

X 

"F At = years 

SFp = 'Flyear 

. T =  O F  R T ~ ~ ~  = 

Material Orien. RTNDT ( H P T R -  1986) 1 12.5 (z + i,) = 
"F 

I p or II C S 

RI 
V 

c 

k s i  

k s i  

k s i  v'7X 
k s i  

years T =  O F  I RTNDT = A t  = 
O F  1 
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Note t h a t  t h e  s a f e t y  f a c t o r  of  2.0 is inc luded  i n  t h e  f i r s t  two stress- 
i n t e n s i t y - f a c t o r  components, t h e  f i r s t  f o r  t h e  membrane stress caused by 
p r e s s u r e  and t h e  second f o r  t h e  bending stress caused by p r e s s u r e r  

For  an i n s i d e - s u r f a c e  c r a c k  i n  a n o z z l e  c o r n e r  r e g i o n ,  t h e  geometry 
f a c t o r  C was i n i t t a l l y  e s t i m a t e d  from f i n i t e - e l e m e n t  r e s u l t s  publ i shed  by 
Gilman and Rashid.26 These r e s u l t s  are shown i n  Fig.  5.4, t aken  from 
Kef. 10. The exper imenta l  d a t a  shown i n  Fig. 5.4 were o b t a i n e d  a t  OBNE 
from r e l a t l v e l y  th icker -wal led  epoxy models,  27 f o r  which t h e  e f f e c t  of 
p r e s s u r e  i n  the c r a c k  i s  l a r g e r  t h a n  f o r  t h e  HFIK v e s s e l .  F in i te -e lement  
resu l t s  for two of t h e  HFIR n o z z l e s  have been o b t a i n e d  by B. R. Bass a t  

These r e s u l t s  confirm t h e  estimates based on Fig. 5.4 w i t h i n  a 
few percent .  Although p r e l i m i n a r y  c a l c u l a t i o n s  not  c o n s i d e r i n g  n e u t r o n  
a t t e n u a t i o n  between t h e  s u r v e i l l a n c e  specimen l o c a t i o n  and t h e  nozz le  
c o r n e r s  i n d i c a t e d  t h a t  t h e  n o z z l e  c o r n e r s  could be t h e  governing loca-  
t i o n ,  t h e  c o n s i d e r a t i o n  of neutron a t t e n u a t i o n  r e v e r s e s  that: conc lus ion ,  
l e a v i n g  t h e  BB-3 n o z z l e  weld as t h e  governing reg ion .  

zone-size e f f e c t s  f o r  membrane stress were i n t e r p o l a t e d  l i n e a r l y  from 
c a l c u l a t i o n s  f o r  a p r e s s u r e  of 1500 p s i .  However, f o r  p r e s s u r e s  reduced 
to one- th i rd  of t h a t  v a l u e  o r  less, p l a s t i c - z o n e - s i z e  e f f e c t s  are n o t  
s i g n i f i c a n t ,  and they have, t h e r e f o r e ,  not  been inc luded  i n  t h e  f i n a l  
c a l c u l a t i o n s ,  

As a conserva t i sm i n  t h e  p r e l i m i n a r y  c a l c u l a t i o n s ,  c rack- t ip  p l a s t i c  

U 

ORblL.--DWG 8 9  4899 E T 0  

3 

WITH 2 1 B IAXIAL  STRESS 

2 

0 I I I I I I I I I 
0 0.1 0 2  0 3  0 4  0 5  06 0 7  0 8  09 

RATIO OF CRACK SIZE TO HOLE OR NOZZLE RADIUS (air,) 

Fig.  5.4. E s t i m a t e s  of 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  i n s i d e - n o z z l e -  
c o r n e r  c racks .  
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R e s u l t s  of the  fracture-mechanics  a n a l y s i s  art: d i s c u s s e d  i n  t h e  
fo l lowing  s e v e r a l  s u b s e c t i o n s .  Pre l iminary  r e s u l t s  which do not  i n c l u d e  
t h e  e f f e c t s  of secondary stresses, are d i s c u s s e d  i n  Sect .  5.6.2,  and 
r e s u l t s  t h a t  do i n c l u d e  t h e s e  e f f e c t s  are d i s c u s s e d  i n  Sec ts .  5 . 6 . 3  and 
5.6.4. 

5.6.2 P r e l i m i n a r y  R e s u l t s  - 
Before t h e  time t h a t  t h e  secondary stresses were cons idered  i n  the 

c a l c u l a t i o n  of v e s s e l  l i f e  e x t e n s i o n ,  a p a r a m e t r i c  s t u d y  was conducted t o  
de te rmine  t h e  s e n s i t i v i t y  of l i f e  e x t e n s i o n  t o  power l e v e l  and primary- 
system p r e s s u r e  and c o o l a n t  tempera ture ,  among o t h e r  t h i n g s .  ( S p e c i f i c  
combinat ions of these. t h r e e  parameters  are r e q u i r e d  i n  t h e  f r a c t u r e -  
mechanics a n a l y s i s  because of t h e i r  i n t e r r e l a t i o n  i n  t h e  core  h e a t -  
removal a n a l y s i s  d i s c u s s e d  i n  Appendix E.) The r e s u l t s  are summarized i n  
Fig.  5.5 f o r  a radiation-damage-rate u n c e r t a i n t y  f a c t o r  of 1.0 and f o r  

O R M L - D W G  8 7 C - 4 8 9 8  ETD 

CURVE T,(OF) T,(OF) K l , . j / K t ~  p(LBW-PRES5 SCRAM) ~ - - ~  
A 120 110 1 . 1  18 (INCIPIENT BOILING) 
B 120 110 1 . 1  18-50 psi 
C 120 110 1 . 2  16-50 psi 
D 130 130 1 . 1  I $  
E 150 150 1 . 1  IB 

- 
>- a 
U 
u1 - 

I- 
X 
W 

20 

15 

10 

5 

0 

E D A  c 

75 80 85 9 0  95 100 
POWER (MW) 

Pig. 5.5. L i f e  e x t e n s i o n  vs normal power ( p r e l i m i n a r y  a n a l y s i s ) .  
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t h e  c o n t r o l l i n g  f law,  which w a s  a x i a l l y  o r i en ted  and loca ted  at; the  hor i -  
zon ta l  midplane ad jacen t  t o  the  HB-3 nozz le  weld on the  high-flux s ide .  
Because a l i f e  ex tens ion  of 10 ca lendar  years (-8.5 EFPY) w a s  des i r ed  a t  
a reasonably h igh  power l e v e l ,  i t  appeared t h a t  a power l e v e l  of 85 Mw 
and a coolan t  i n l e t  temperature of 120°F (previous  va lue)  would be a good 
choice (curve A ) .  Curve B w a s  obtained by reducing the  pressure  normally 
requi red  f o r  hea t  removal by 50 p s i ,  and curve C is the  same as curve B 
with  a 10% higher  f r a c t u r e  toughness. A comparison of curves A, D, and 
E i n d i c a t e s  t h a t  f o r  power l e v e l s  below -87 MW, i nc reas ing  the  v e s s e l  
( coo lan t )  temperature  decreases  the  c a l c u l a t e d  l i f e  extension.  (The 
e f f e c t  of t he  requi red  inc rease  i n  pressure  was g r e a t e r  than the  inc rease  
i n  KrR.> 
of T - RTNDT because of t he  changing s lope  of t he  K curve and, when 
secondary stresses a r e  inc luded ,  t o  t h e  r a t i o  of primary t o  secondary 
stress. A s  i n d i c a t e d  l a t e r  i n  t h i s  s e c t i o n ,  a p p l i c a t i o n  of the more 
complex model f o r  e s t ima t ing  l i f e  ex tens ion  r e s u l t s  i n  t h e  oppos i t e  t rend  
f o r  a power of 85 MW. 

By t h e  t i m e  the  more complex model w a s  app l i ed ,  a dec i s ion  had been 
made t o  conduct a h y d r o s t a t i c  proof tes t  t o  accommodate poss ib l e  excep- 
t i o n s  t o  t h e  Code (see Sect.  5-7) .  To guard a g a i n s t  an excessive number 
of pressurizer-pump t r i p s  caused by low temperature ,  a l o w  low-tempera- 
t u r e  t r i p  was d e s i r a b l e .  Based on secondary- and pool-coolant tempera- 
t u r e  c o n t r o l  cons ide ra t ions  and the  temperature  a t  which previous hydro- 
tests had been conducted on the  H F I R  v e s s e l ,  the  hydro te s t  temperature 
and the  low-temperature t r i p  were t e n t a t i v e l y  s e l e c t e d  as 85OF. With the 
primary system a t  85'F, the  pool temperature could approach 90OF. Thus, 
a v e s s e l  low temperature  i n  the  range of 85 to  90°F needed t o  be consid- 
e red  i n  e s t ima t ing  l i f e  ex tens ion  and would resu l t  i n  smaller va lues  than 
those i n  Fig.  5.5. 

DOE/EH committees recommended t h a t  ope ra t ion  of the  v e s s e l  be extended no 
more than 3 EFPY. An t i c ipa t ing  t h e  outcome of inc luding  lower tempera- 
t u r e s  and applying the  more complex model and tak ing  advantage of t h e  
hydro tes t  t o  j u s t i f y  poss ib l e  noncompliance with the  Code, a dec i s ion  
was made t o  t e n t a t i v e l y  s p e c i f y  a power l e v e l  o f  85 Mw and a normal cool- 
a n t  i n l e t  temperature  of 120'F. A s  i nd ica t ed  i n  Appendix B, t he  corre-  
sponding v e s s e l  d i f f e r e n t i a l  p re s su res  a s soc ia t ed  with pressurizes-pump 
t r i p  and rupture  of t he  rupture  d i s c  are SO8 and 679 ps id ,  r e spec t lve ly .  

Resul t s  obtained us ing  the  more complex model are discussed i n  
S e c t s I  5.6.3 and 5.6.4. 

However, t he  c rossover  poin t  is s e n s i t i v e  t o  the  nominal va lue  

r R  

Also before  the t i m e  t he  more complex model was app l i ed ,  one of the 

5.6.3 Normal and U p s e t  Conditions 

Tables  5.G5.8 show ca lcu la t ed  r e s u l t s  f o r  normal and u p s e t  condi- 
t i o n s ,  based on a p res su re  of 508 p s i  ( t h e  p res su r i ze r -pump t r i p  pressure  
f o r  a power l e v e l  of 84.6 M W ) ,  a core  i n l e t  temperature of 12Q"F, a pool 
temperature  of 35'F, a normal power leve l  of 84.6 MM, an u n c e r t a i n t y  
f a c t o r  of 1.0 f o r  t he  r a d i a t i o n  damage ra te ,  and the  ASME lower-bound KIR 
curve def ined by Eq. (2) .  The s t r e s s - i n t e n s i t y - f a c t o r  t o t a l s  shown are 
va lues  a t  t he  deepes t  po in t  of the  crack,  and f o r  a flaw i n  p l a t e  mate- 
r i a l ,  t h i s  value is compared with the  toughness ca l cu la t ed  €or  the  LS 
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Table  5.6. L i f e  e x t e n s i o n  and o t h e r  parameters  
corresponding t o  1-in.-deep, a x i a l ,  i n s i d e -  

nozz le  weld,  above nozz le  a x i s  
(normal and upse t  c o n d i t i o n s )  

s u r f  a c e  s part- through cracka a c r o s s  HB-3 

Parameter 
Base 
metal  Weld 

metal 
(LS)  

-k KIs’ ks i KnT 50.08 50.90 

T - RTNDT9 O F  43.26 45.64 

RTNDT, O F  66.74 63.95 

RTNDT> O F  31.72 48.25 

A t ,  EFPY 17.4 8.5 

(HFIR-86) 

%rack t i p  temperature  = l l O ° F ,  
P = 84.6 W ,  p = 508 p s i .  

Table  5.7. L i f e  e x t e n s i o n  and o t h e r  parameters  
corresponding t o  1-in.-deep, a x i a l ,  o u t s i d e -  
s u r f a c e ,  par t - through cracka i n  o r  near  HB-3 
nozz le  weld and a t  core  h o r i z o n t a l  midplane 

(normal and upset  c o n d i t i o n s  ) 

Base 
Weld 
meta l  

KIp + k s i - K  34.41 34.41 

T - RTNDT, O F  -33.71 -33.71 

RTNDT, O F  138.71 138.71 

Paraine t er m e t a l  
(LS) 

RTNDT> O F  

(HFIR-86) 
86.32 99.30 

A t ,  EFPY 11.3 9.2 

aCrack t i p  t empera ture  = 1C)5OF, 
P = 84.6 MW, p = 508 p s i .  
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Table 5.8. E f fec t  of hea t ing  the  HFIR v e s s e l  wall  
on ca l cu la t ed  remaining s e r v i c e  time f o r  

normal and u p s e t  condi t ionsa 

L i f e  ex tens ion  (At, EFPY) 
Flaw l o c a t i o n  
and material, Uniform hea t ing  
near HB-3 weld -llOOF 

No h e a t ,  

120°F 130°F 150°F 

Axial, i n s i d e ,  
above a x i s  

Weld 8 . 5  10.6 12.8 1 7 a 5  
LS 17.4  18.9 20.9 25.2 

Axial ,  ou t s ide  
a t  core  HMP 

Weld 9.2  17.8 15.8 13.9 
LS 11.3 19.3  17.5 15.6 

% = 84.6 MW, A t  i n  EPFY. 

d i r e c t i o n .  [The LS Or i en ta t ion  corresponds t o  a s t r e s s  i n  the  longi- 
t u d i n a l  (L)  d i r e c t i o n  and crack ex tens ion  i n  the  s h o r t  t r ansve r se  ( S ) ,  
t h a t  i s ,  the through-thickness d i r ec t ion . ]  By des ign ,  t h i s  i s  the crack 
ex tens ion  o r i e n t a t i o n  f o r  which t h i s  material has the g r e a t e s t  r e s i s t a n c e  
t o  crack extension.  T h i s  phys i ca l ly  real is  t i c  procedure was recormended 
t o  ORNL by the McSpadden Committee, cont ingent  upon the  demonstration of 
a low ca lcu la t ed  p r o b a b i l i t y  of ves se l  f a i l u r e  and a low r i s k  t o  the 
pub l i c  of such an event because of the favorable  c h a r a c t e r i s t i c s  of the  
HFIR system. 
t o  the lower she l f  of the  KIR curve. Therefore ,  even though LT proper- 
t i es  determine the  toughness t h e r e ,  i t  i s  not a governing loca t ion .  

Comparing Tables 5.6 and 5.7 shows t h a t  f o r  normal and upset  condi- 
t i o n s  the  governing flaw conf igura t ion  is  a n  inside-surface f law i n  weld 
metal above the HB-3 nozzle  a x i s  and t h a t  the  ca l cu la t ed  vesse l  l i f e  i s  
8.5 EFPY. Table 5.8 shows t h a t  t he re  i s  an advantage, i n  terms of vessel 
s e r v i c e  l i f e ,  t o  hea t ing  the ves se l  a t  the core  e l eva t ion  up t o  a t e m -  
p e r a t u r e  between 130 and 150°Fa However, t h i s  approach is not necessary 
f o r  extending the ves se l  s e r v i c e  l i f e  by the proposed 10 calendar  years .  

Ln the above c a l c u l a t i o n s  (Sect .  5.6.3 and Tables 5 . f ~ 7 5 . 8 ) ~  the 
coolan t  and pool temperatures were the normal values.  For upset condi- 
t i o n s  i t  is necessary t o  consider  the lower l i m i t  a ssoc ia ted  with t e m -  
pe ra tu re  cont ro l .  These values  are 85 and 90°F, r e spec t ive ly .  The 
ca l cu la t ed  l i f e  ex tens ions  based on these  lower t e m p e r a t u r e s  are (10 
years  unless  an exception i s  taken to  the Code. A small i nc rease  i n  
f r a c t u r e  toughness (-25%) i s  s u f f i c i e n t .  Because of the a p p l i c a t i o n  of 
the  hydro t e s t ,  t h i s  is considered acceptable .  

Calculated values  of KI a t  the su r face  are gene ra l ly  c lose  



48 

5.6.4 Emergency and F a u l t e d  Conditions _I--.- 
-_1_1 

Tab les  5.9-5.11 show calculated r e s u l t s  f o r  emergency and faulted 
conditions, based  on a v e s s e l  p r e s s u r e  of 679 p s i ,  which corresponds to 
the maximum p r e s s u r e  f o r  rupture of the r u p t u r e  d i s c  with no flow in t h e  

Tab le  5.9. L i f e  e x t e n s i o n  and o t h e r  p a r a m e t e r s  
c o r r e s p o n d i n g  t o  1--in.-deep, a x i a l ,  i n s i d e -  

s u r f a c e  , p a r t - t h r o u g h  crack"  a c r o s s  HB-3 
nozzle weld and above n o z z l e  a x i s  
(emergency and f a u l t e d  c o n d i t i o n s )  

P a r a m e t e r  
Weld 
m e t a l  

Base 
metal 
(LS) 

2 KIP + KIs ,  k s i . 6 -  63.42 54.49 

T - KTNDT, "F 18.83 20.57 

90.75 89.01 

31.72 48.25 

At, EFPY 29.3 22.1 

%rack  t i p  t e m p e r a t u r e  = 110 O F ,  

P = 84.6 MW, p = 679 p s i .  

T a b l e  5.10. L i f e  e x t e n s i o n  and o t h e r  p a r a m e t e r s  
c o r r e s p o n d i n g  t o  1-in.-deep, a x i a l ,  o u t s i d e -  
s u r f a c e ,  p a r t - t h r o u g h  c rack"  i n  or n e a r  HB-3 
n o z z l e  weld and  a t  c o r e  h o r i z o n t a l .  midpLane 

(emergency  and f a u l t e d  c o n d i t i o n s )  

Pa rame t e r 
Bas2 
metal 

We 1 d 
m e t a l  

( L S )  

KIp + KIS' k s i - G  44.19 44.19 

T - RTND.r, O F  -31.73 -31.73 

RTND-I, "F 137.15 137.15 

RTNDT' O F  86.32 99.30 
(HFIK-86)  

A t ,  EFPY 10.9 8.8 

%ack t i p  t e m p e r a t u r e  = 105"F,  
P = 84.6 Mhr, p = 679 p s i .  
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Table 5.11. E f f e c t  of hea t ing  the  XIFIR vessel 
w a l l  on ca l cu la t ed  remaining s e r v i c e  time 

f o r  emergency and f a u l t e d  condi t ions"  

L i f e  ex tens ion  ( A t 9  EFPY) 

Uniform hea t ing  

120°F 130°F 150°F 

Flaw l o c a t i o n  
and material, 
near  BB-3 weld -llOOF 

No hea t  , 

Axial, i n s i d e ,  
above a x i s  

Weld 22.1 25.7 29.3 36.5 
LS 29.3 32.6 35.8 42.4 

Axial, ou t s ide  
a t  core  HMP 

Weld 8.8 14.7 15 .O 16.1 
LS 10.9 16.4 16.7 17.7 

% = 84.6 MW, A t  i n  EPFY. 

primary system and wi th  o the r  i npu t s  the  same as f o r  t he  preceding analy- 
sis. 
Eq.  ( 3 ) .  
f a u l t e d  cond i t ions ,  the  governing f law conf igu ra t ion  is an outs ide-sur face  
f law i n  the HB-3 nozzle  weld at the  core  h o r i z o n t a l  raid-plane and t h a t  the  
ca l cu la t ed  v e s s e l  l i f e  is 8.8 EFPY, almost the  same as t he  governing va lue  
€ o r  normal and upset  condi t ions  given i n  T a b l e  5.6. 

The toughness used is  the  ASME lower-bound KI curve def ined by 
Comparing Tables 5.9 and 5.10 shows t h a t  ?or emergency and 

5.7 APPLICATION OF HYDROSTATIC PROOF TESTING 

A s  mentioned i n  Sect.  4 ,  h y d r o s t a t i c  proof t e s t i n g  provides  a means 
f o r  demonstrat ing t h a t  whatever combination of stress I f r a c t u r e  tough- 
ness, and f law s i z e  a c t u a l l y  e x i s t s ,  the  v e s s e l  i s  s a f e  t o  operate .  The 
pe rmis s ib l e  l i f e  ex tens ion  i s  a func t ion  of t he  r a t i o  of hydro-test  p re s -  
sure t o  ope ra t ing  p res su re  and can be c a l c u l a t e d  i n  a conserva t ive  manner 
us ing  LEFM. This  approach can be used t o  help j u s t i f y  except ions t o  the  
Code, and the  p r o b a b i l i t y  of ves se l  f a i l u r e  (through-wall c racking)  dur- 
i ng  t h e  hydro t e s t  can be eva lua ted  with a p r o b a b i l i s t i c  f r a c t u r e -  
mechanics a n a l y s i s  * 

the  v e s s e l  wall  f o r  f laws ,  provided t h a t  a reasonable  estimate of the  
p r o b a b i l i t y  o f  f a i l u r e  of  the  v e s s e l  during the  hydro tes t  can be 
obtained without  such Information. (Generic d a t a  regarding f law d e n s i t y  
and f law-size d i s t r i b u t i o n  f o r  pressure  vessels a re  a v a i l a b l e  and are 
appropr i a t e  f o r  a p p l i c a t i o n  t o  HFZR.) 

A hydro test can a l s o  negate the  need f o r  volumetr ic  i n spec t ion  of 
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When the 'DOE/EM c o r n i t t e e s  recommended t h a t  secondary stresses and a 
l a r g e  u n c e r t a i n t y  f a c t o r  f o r  thc  r a d i a t i o n  damage rate of t h e  welds be  
i n c l u d e d  i n  t h e  fracture-mechanics  model, it was sugges t ed  by t h e  
McSpadden committee t h a t  a hydro tes t  be performed t o  j u s t i f y  p o s s i b l e  
e x c e p t i o n s  t o  t h e  Code. Th i s  i d e a  w a s  adopted by ORNL, and a n  e f f o r t  was 
d i r e c t e d  a t  de t e rmin ing  an a p p r o p r i a t e  p r e s s u r e .  

t h e  d e s i r e d  l i f e  e x t e n s i o n  and t h e  p r o b a b i l i t y  of f a i l u r e  d u r i n g  t h e  
hydro t e a t .  The p r e s s u r e  increment  between t h e  hydro - t e s t  p r e s s u r e  and 
o p e r a t i n g  p r e s s u r e  co r re sponds  to a p e r m l s s i b l e  d e c r e a s e  i n  t h e  f r a c t u r e  
toughness  caused by r a d i a t i o n  damage and,  t h u s ,  t o  a s p e c i f i c  l i f e  exten-  
s i o n .  C a l c u l a t i o n  of t h e  h y d r o - t e s t  p r e s s u r e  beg ins  by assuming tha t  

An a p p r o p r i a t e  hydro - t e s t  p r e s s u r e  can be c a l c u l a t e d  by c o n s i d e r i n g  

KI(HT) = KI f o r  hydro - t e s t  p r e s s u r e ,  

KIc(HT) = a c t u a l  f r a c t u r e  toughness  a t  hydro - t e s t  t e m p e r a t u r e ,  

KI(S,At) = K f o r  s a f e t y - v a l v e  p r e s s u r e  a t  end of v e s s e l  extended 
1 l i f e  ( A t ) ,  

KIc(bt)  .-- a c t u a l  f r a c t u r e  toughness  a t  minimum p e r m i s s i b l e  oper- 
a t i n g  t empera tu re  a t  end of v e s s e l  extended l i f e  (At).  

The a c t u a l  v a l u e  of KIc is n o t  known; t h u s ,  it is  assumed t h a t  

KIc = f KIR , 

where 

KIR = ASME lower bound of dynamic. f r a c t u r e  toughness  ( E q .  21, 

f = c o r r e c t i o n  f a c t o r .  

The s t r e s s - i n t e n s i t y  f a c t o r  i s  o b t a i n e d  from Eq. ( 1 4 ) :  

where i r e f e r s  t o  d i f f e r e n t  t ype  loads.  Combining E q s .  (15)-(17) y i e l d s  
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- =  
f 

I 

(1 ci a i )  S,At 

Va lues  of a and f ,  both unknowns, cannot be determined from the  hydro 

t h e  test’ w a l l .  yet “44 is would appear t o  r ep resen t  a dilemma; however, as shown 
la ter ,  t h e  requi red  hydro-test  p ressure  is i n s e n s i t i v e  t o  crack depth.  

brane (om) and bending (ab)  stresses and r e s i d u a l  stresses t u r ) .  
stresses are r e l a t i v e l y  small and are neglected.  Thus, combining Eqs .  ( 2 )  
and (18) and l e t t i n g  urn = pS, and “b = psb g ives  

is a func t ion  of a because of t he  g rad ien t  i n  toughness i n  

The s t r e s s e s  included i n  the  a n a l y s i s  are the pressure-induced mem- 
Thermal 

where 

(HT) + 1601) j ( 2 2 )  - RTNDT 
I3 = KIR(HT) = 26.8 + 1.22 EXP {010145[T 

V 

D = KIR(At) = 26.8 + 1.22 EXP{Om0145[T - RTNDT (At) -+ 1601) ( 2 3 )  
V 

= hydro-test  p re s su re ,  
PHT 

ps = safety-valve p re s su re ,  

RTNnT(At)  = RTNDT(1986) + - 100 S FP A t ,  (25 )  

SFp = ARTNDT ra te  a t  crack f r o n t  f o r  P = 100 M, OF/EFPY, 
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A t  = v e s s e l  l i f e  e x t e n s i o n ,  EFPY, 

P = r e a c t o r  power f o r  extended l i f e ,  MU. 

Values of SFp,  RTNDT(1986), S i ,  fir> and Ci a r e  g iven  i n  Tables  5.2-5.4. 

The r e s u l t s  of l i f e - e x t e n s i o n  s t u d i e s  r e p o r t e d  i n  Tables  5.6 and 5.7 
i n d i c a t e  t h a t  the deepes t  p o i n t  of an i-nner-surface f law a c r o s s  t h e  WB-3 
nozzle  weld and d i r e c t l y  above trhe nozzle  i s  t h e  most l i m i t i n g  "flaw." 
Thus, t h e  hydro- tes t  p r e s s u r e  w a s  c a l c u l a t e d  u s i n g  t h i s  " f l a w . "  The ves- 
se l  tempera ture  f o r  t h e  hydro test  and € o r  "normal" o p e r a t i o n  was spec i -  
f i e d  as 85°F (minimum p e r m i s s i b l e  f o r  o p e r a t i o n ) ,  and t h e  maximum vesse l  
p r e s s u r e  d i f f e r e n t i a l  a s s o c i a t e d  w i t h  r u p t u r e  of t h e  r u p t u r e  d i s c  [G79 
p s i d  (Table  B . 5 ) ]  w a s  used f o r  ps. 
embr i t t l ement  rate of t h e  nozz le  weld, A R T  DT w a s  m u l t i p l i e d  by 1.5 
(recommended by Brinkerhof f Committee). 
l i f e  was t h a t  s p e c i f i e d  i n  Sect. 6 (85 MW). 

It is apparent  t h a t  pHT is  i n s e n s i t i v e  to  c r a c k  depth.  

To accommodate t h e  u n c e r t a i n t y  i n  t h e  

#e power l e v e l  f o r  t h e  extended 

R e s u l t s  of t h e  a n a l y s i s  t~ determine pKr are presented  i n  Table 5.12. 

Table  5.12. C a l c u l a t e d  hydro-test  
p r e s s u r e s  f o r  HFIR v e s s e l  

--- 

A t  
(EFPY) .- 

a = 0.5 i n .  a = 1.0 i n .  

0 679 679 
5 754 750 

10 825 82 1 
15 885 883 

Applying a 10% margin t o  t h e  p r e s s u r e s  i n  Table 5.12 f o r  u n c e r t a i n -  
t i es  i n  t h e  a n a l y t i c a l  approach and i n  t h e  tempera ture  and p r e s s u r e  mea- 
surements  d u r i n g  t h e  hydro tes t  r e s u l t s  i n  a hydro- tes t  p r e s s u r e  o t  -900 
p s i g  f o r  a l i f e  e x t e n s i o n  of 10 EFPY. A p r o b a b i l i s t i c  f r a c t u r e - n e c h a n i c s  
a n a l y s i s  (Appendix G )  i n d i c a t e s  t h a t  the chances of v e s s e l  f a i l u r e  d u r i n g  
a hydro test a t  900 p s i g ,  a t  85"F, and a t  t h e  end of a 10-EFPY l i f e  
e x t e n s i o n  a t  85 MW are -6 x This  w a s  considered t o  he a c c e p t a b l e ,  
arid hydro- tes t  c o n d i t i o n s  of 900 p s i g  and 85°F were s p e c i f i e d .  

As i n d i c a t e d  above, t he  hydro- tes t  p r e s s u r e  w a s  c a l c u l a t e d  assuming 
t h a t  t h e  t e s t  would be performed before  res tar t  and a t  no o t h e r  t i m e  dur- 
i n g  t h e  s p e c i f i e d  10-EFPY l i f e  e x t e n s i o n  u n l e s s  the damage r a t e  of Lhe 
nozzle-weld m a t e r i a l  a s  deferiuined by the  c o n t i n u i n g  s u r v e i l l a n c e  pro- 
gram, i s  g r e a t e r  than  assumed (1.5 t i m e s  v a l u e  measured i n  ORR). Aside 
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from t h i s  l a t t e r  p o s s i b i l i t y ,  t he  McSpadden Committee has recommended 
t h a t  t he  hydro test be conducted annual ly .  If t h i s  were done, t h e  hydro- 
test p r e s s u r e  could be s u b s t a n t i a l l y  less, A t  t h i s  time, it is  intended 
t h a t  t h e  hydro tes t  w i l l  be conducted annual ly  and t h a t  t h e  f i r s t  tes t  
w i l l  be a t  900 psig.  Thus, i f  at some f u t u r e  t i m e  At” the  requirement 
f o r  annual t e s t i n g  were l i f t e d ,  it: would be s a f e  to cont inue  ope ra t ion  of 
the v e s s e l  without  f u r t h e r  hydro t e s t i n g .  Furthermore,  each f u t u r e  t i m e  
t h a t  t he  v e s s e l  i s  t e s t e d ,  the  t es t  pressure  can be reduced i f  t h e  t o t a l  
l i f e  ex tens ion  i s  not increased.  I n  l i n e  with t h i s  t h ink ing ,  reduced 
hydro-test  p re s su res  were c a l c u l a t e d  assuming t h a t  t he  life extens ion  
from restar t  d a t e  w a s  f i x e d  a t  10 EFPY, r h a t  each hydro test at At” had 
t o  j u s t i f y  continued ope ra t ion  without f u r t h e r  hydro t e s t i n g ,  and r h a t  
each tes t  be conducted as i f  no previous hydro t e s t i n g  had been con- 
ducted. The r e s u l t s  of t h i s  a n a l y s i s  are presented i n  Fig. 5.6. 

wi th  rupture  of the rupture  d i s c  (679 ps id )  because of the -10% uncer- 
t a i n t y  f a c t o r  mentioned above. The maximum permiss ib le  “operat ing” pres- 
s u r e ,  based on hydro t e s t i n g  only,  is -10% less than the  curve shown. 

The hydro-test  p re s su re  a t  10 EFPY is g r e a t e r  than t h a t  a s soc ia t ed  
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Fig. 5.6. Required hydro-test  p ressure  based on 10-EFPY l i f e  exten- 
s ion ,  assuming t h a t  each hydro test a t  A t 0  i s  the  l a s t  t h a t  w i l l  be per- 
formed during remainder of 20-EFPY period. 
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A hydro t e s t  a t  900 p s i g  and 85OF w a s  conducted s u c c e s s f u l l y  on t h e  
WFIR v e s s e l  on August 4 ,  1987. Details of t h i s  test  and t h e  proposed 
procedure f o r  f u t u r e  tests are d i s c u s s e d  i n  s e p a r a t e  r e p o r t s .  **, 29 

5.8 ESTIMATION OF CRITICAL FLAW S I Z E  

As r a d i a t i o n  embr i t t l ement  i n c r e a s e s  wi th  t i m e ,  t h e  c r i t i c a l  f law 
s i z e  d e c r e a s e s ,  and t h e  smaller t h e  s i z e ,  the  more l i k e l y  t h e  f l a w  i s  t o  
e x i s t ,  a l l  of which i s  cons idered  i n  t h e  p r o b a b i l i s t i c  f racture-mechanics 
a n a l y s i s .  N e v e r t h e l e s s ,  i t  is of some i n t e r e s t  t o  estimate j u s t  how 
s~nal l  t h e  c r i t i c a l  f law might be. This can be done u s i n g  Eq. ( 1 9 ) ,  
which w a s  d e r i v e d  i n  a manner c o n s i s t e n t  w i t h  t h e  assumptions a s s o c i a t e d  
w i t h  the  hydro- tes t  a n a l y s i s .  The most l i k e l y  c r i t i c a l  f law s i z e  i s  
obta ined  l e t t i n g  f 1 2 ,  and the smallest is obta ined  w i t h  f = 1. A t  t h e  
end of t h e  10-EFPY extended l i f e  and wi th  t h e  v e s s e l  s u b j e c t e d  t o  t h e  
above s p e c i f i e d  hydro- tes t  c o n d i t i o n s ,  t h e  cor responding  c r i t i c a l  c r a c k  
s i z e s  are -2 and 0.6 i n .  

5.9 PRESSURE-TEMPERATURE LIMIT CURVE 

A s  mentioned above, t h e  a p p l i c a t i o n  of a hydro tes t  can provide  an 
i n d i c a t i o n  of f l a w  s i z e  f o r  a s p e c i f i e d  type  of f l a w ,  assuining t h a t  
d u r i n g  t h e  hydro, KI = KIc. 
w i t h  t h e  Code, a pressure- tempera ture  l i m i t  curve can be obta ined .  This  
was done f o r  IiFIR based on an i n n e r - s u r f a c e  f law i n  the  HB-3 nozz le  weld 
above t h e  nozz le  a x i s ,  an e f f e c t i v e  f r a c t u r e  toughness e q u a l  t o  KXR, 
a ARTmT rate equal  t o  1.5 times t h e  nominal v a l u e  determined frow t h e  
QRR i r r a d i a t i o n  program, and no s a f e t y  f a c t o r  on load. The c r i t i c a l  f law 
s i z e  was 0.762 i n .  f o r  t h e  hydro p r e s s u r e  of 900 ps id .  

( s a f e t y  f a c t o r  of 2 on l o a d ,  use of KIR c u r v e ) ,  once a g a i n  u s i n g  t h e  
1.5 f a c t o r  on ARTNDT rate. 
l i f e  e x t e n s i o n  of 1 EFPY, t h e  lowest  p e r m i s s i b l e  v e s s e l  t empera ture  w i t h  
the p r e s s u r e  a t  the pressurizer-pump t r i p  p o i n t  (508 p s i d )  i s  85'F. 
Thus, based on t h e  hydro test, by us ing  a f law depth  t h a t  i s  less t h a n  
t h a t  s p e c i f i e d  i n  t h e  Code and by c o n s i d e r i n g  t h e  a c t u a l  f requency of 
performing t h e  hydro t e s t ,  i t  is p o s s i b l e  t o  show "compliance" w i t h  t h e  
Code f o r  t h e  most s e v e r e  u p s e t  condi t ion .  

s i z e  because a low f rac ture- toughness  v a l u e  was used (KIK and a h igh  
embrl t t lernent  r a t e ) .  However, i t  is  necessary  t o  use t h e  same f r a c t u r e  
toughness  f o r  t h e  d e t e r m i n a t i o n  of f l a w  s i z e  as t h a t  used f o r  t h e  subse- 
quent  Code a n a l y s i s .  E s s e n t i a l l y  t h e  same pressure- tempera ture  l i m i t  
curves  would be obta ined  w i t h  a d i f f e r e n t  assumed f rac ture- toughness  and 
c o r  responding c a l c u l a t e d  c rack  depth.  

Using t h i s  f law s i z e  and o t h e r w i s e  complying 

The Q.762-in.-deep f law was then  used i n  a Code-type a n a l y s i s  

The r e s u l t s  (Fig.  5.7) i n d i c a t e  t h a t  f o r  a 

Note t h a t  t h e  0.762-in. f law s i z e  is smaller than t h e  most probable  
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Fig. 5.7. LEFM pressure- tempera ture  l i m i t  c u r v e  f o r  HFIR v e s s e l ,  
based on KIR; s a f e t y  f a c t o r  of 2.0 on p r e s s u r e ;  50% u n c e r t a i n t y  I n  
RTNDT s h i f t  of weld metal; and annual  proof t e s t i n g  t o  900 p s i  a t  85°F 
and c r a c k  depth  of 0.762 in. ,  which would be c r i t i c a l  i n  t h e  f i r s t  proof 
test. 

5.10 POTENTIAL FOR FRAGMENTATION 

A s  mentioned i n  t h e  summary i n  Sect.  1 and d i s c u s s e d  i n  g r e a t e r  de- 
t a i l  i n  Appendix G,  t h e  p r o b a b i l i t y  of f a i l u r e  of t h e  HFIR v e s s e l  caused 
by propagat ion  of flaws is  extrersely small if t h e  r e a c t o r  is o p e r a t e d  i n  
accordance w i t h  t h e  recommendations set  f o r t h  i n  t h i s  document ( s e e  
Sect .  6) .  E v e n  so,  t h e r e  is a d e s i r e  t o  l i m i t  NDT r e l a t i v e  t o  t h e  w a l l  
t empera ture  so t h a t  even if c r a c k  propagat ion  d i d  o c c u r ,  f r a g m e n t a t i o n  
would not  occur ,  o r  a t  least  i t  would be confined t o  a small area around 
the beam tubes .  The "concern" o v e r  f r a g m e n t a t i o n  is t h a t  a p i e c e  of t h e  
vessel might somehow s t r i k e  the c o r e  assembly i n  such a way as t o  impair  
o p e r a t i o n  of t h e  c o n t r o l  rods and/or  c o o l i n g  of t h e  core.  With r e f e r e n c e  
t o  Figs .  2.1 and 2.2, it is apparent  t h a t  t h e  s p e c i f i c  des ign  of t h e  c o r e  
assembly and t h e  r e l a t i v e  p o s i t i o n  of t h e  e m b r i t t l e d  area of t h e  v e s s e l  
w i t h  r e s p e c t  t o  t h e  c o r e  assembly make it h i g h l y  u n l i k e l y  t h a t  t h i s  would 
happen. Even so ,  p r e v e n t i o n  of e x t e n s i v e  f r a g m e n t a t i o n  i n  t h e  event  of 
c r a c k  propagat ion  r e p r e s e n t s  a n o t h e r  line of defense  a g a i n s t  c o r e  m e l t .  
( T h i s  does not  s i g n i f i c a n t l y  reduce t h e  p r o b a b i l i t y  of c o r e  melt because 
the  p r o b a b i l i t y  of c o r e  melt a s s o c i a t e d  w i t h  f a c t o r s  o t h e r  t h a n  v e s s e l  
f a i l u r e  is much g r e a t e r  t h a n  t h e  p r o b a b i l i t y  of v e s s e l  f a i l u r e . )  



48 

The chances of f ragmentat ion inc rease  as Tv - NDT decreases ,  and a 
reasonable  lower l i m i t  of Tv - NDT f o r  prevent ion of f ragmentat ion is 
30°F. A t  the  ho r i zon ta l  midplane of the  core ,  values  of Tv - NDT f o r  
s h e l l  material ad jacent  t o  the  HB-3 weld, i n  t h e  HB-3 weld ad jacent  t o  
the nozz le ,  and a t  the HB-3 nozzle  corner  are -36, -31, and 4 l " F ,  respec- 
t i v e l y ,  f o r  a v e s s e l  temperature of 85°F (minimum permiss ib le  while a t  
f u l l  p r e s s u r e ) ,  a power l e v e l  of 85  MW, and a l i f e  ex tens ion  of 2.6 
EFPY. Thus, t h i s  l o c a l i z e d  a rea  of t he  s h e l l  and weld does not s a t i s f y  
(T, - NDT) > 30°F. However, as ind ica t ed  i n  Fig. 5.8 and discussed i n  
g r e a t e r  d e t a i l  i n  Appendix E ,  the  a t t e n u a t i o n  of the  neutron f l u x  away 
from the  cen te r  of the  beam tube i s  s u b s t a n t i a l .  A s  a r e s u l t ,  742 of t h e  
circumference of the ves se l  a t  t he  ho r i zon ta l  midplane of the  core and a t  
a depth i n  t h e  w a l l  of >1 in .  does s a t i s f y  T, - NDT > 30°F f o r  a l i f e  
ex tens ion  of 2.6 EFPY. For 8.5 EFPY the  percentage i s  68. F o r  Tv - 
NDT > 60"F, t h e  percentages are 35 and 31. When t h e  ves se l  i s  a t  i t s  
normal opera t ing  temperature of -110"F, the percentages are 77 and 73 f o r  
T, - NDT 2 30'F and 70 and 65 f o r  T, - NDT > 60°F. Thus, only a very 
small a rea  of t h e  ves se l  ad jacent  t o  the  beam tube nozzles  does not 
s a t i s f y  T, - NDT > 30°F f o r  a l i f e  ex tens ion  of -9 EFPY. 
ered t o  be acceptable .  

This i s  consid- 
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Fig. 5.8. Calcu la ted  f a s t  neutron f l u x  ( E  > 1 MeV) i n  WFIR v e s s e l  
wall. (a = 1 in . )  a t  IIMP f o r  100 MGd. 
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5.11 EXTENT OF CRACK PROPAGATION ON SURFACE 

Besides cons ider ing  t h e  temperature  margins wi th  r e spec t  t o  RTmT 
e x i s t i n g  a t  t h e  core  h o r i z o n t a l  midplane, t h e  consequences of crack 
ex tens ion  from t h i s  region and from t h e  HB-3 nozzle  perpendicular  t o  t h e  
maximum p r i n c i p a l  t e n s i l e  stress ( t h e  c i r cumfe ren t i a l  s t r e s s )  were 
i n v e s t i g a t e d .  As shown i n  Appendix I, crack arrest would occur f o r  a l l  
t h r e e  hypothe t fca l  crack paths  considered,  inc luding  a s t r a i g h t  axial  
crack,  a crack fo l lowing  the  HB-3 nozzle-to-cylinder weld, and a c rack  
running a x i a l l y  above t h e  nozzle.  
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6 .  RECOMMENDATIONS AND COMMENTS 

R. D. Cheverton J. G. Merkle 
R. K. Nanstad 

Based on t h e  r e s u l t s  of t h e  s t u d y  i n c l u d e d  i n  t h i s  r e p o r t  and on 
comments from t h e  DOE/EH and I)OE/ER commit tees ,  t h e  f o l l o w i n g  recoinmen- 
d a t i o n s  and comments a r e  made r e g a r d i n g  f u t u r e  o p e r a t i o n  of HFIR. 

RecommendaLions: 

1. The nominal power l e v e l  shou ld  be l i m i t e d  t o  85 Mw. 
2. The primary system nominal and minimum c o o l a n t  i n l e t  t e m -  

p e r a t u r e s  should be 120 and 85"F, r e s p e c t i v e l y .  
3 .  The  co r re spond ing  s e t  o f  primary-system p r e s s u r e s  i s  pre- 

s e n t e d  i n  Table R.5.  Normal o p e r a t i n g  p r e s s u r e  a t  t h e  
i n l e t  t o  t h e  c o r e  i s  475 p s i a .  

4. The pool t empera tu re  shou ld  be c o n t r o l l e d  between 90 and 
100°F. 

5. A h y d r o s t a t i c  proof t es t  a t  900 p s i  and 85°F should be 
conducted on the  v e s s e l  b e f o r e  res tar t ,  and h y d r o s t a t i c  
proof tests shou1.d be conducted a t  1 EFPY i n t e r v a l s  
t h e r e a f t e r .  

6. The s u r v e i l l a n c e  program f o r  t he  v e s s e l  materials should 
be con t inued  and should i n c l u d e  specimens of seam-weld and 
nozzle-weld material ,  which were not  i nc luded  i n  t h e  pre- 
v ious  s u r v e i l l a n c e  program. Details of the  recommended 
program are provided i n  a s e p a r a t e  document. 

Comments: 

1. Adherence t o  t h e  above recommendations p r o v i d e s  a means 
f o r  ex tend ing  t h e  l i f e  of t h e  v e s s e l  by 10 EPPY. 

2. G r e a t e r  care must be t a k e n  now t o  proLect  t h e  v e s s e l  
a g a i n s t  h igh  p r e s s u r e  and l o w  t empera tu re .  I n  accordance 
w i t h  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t ,  m o d i f i c a t i o n s  are 
bei.ng made t o  t h e  c o n t r o l  system i n  accordance with d a t a  
p r e s e n t e d  i n  t h i s  r e p o r t ,  t o  p rov ide  t h e  r e q u i r e d  p ro tec -  
t i o n  and t o  accomnodate t h e  changes i n  power l e v e l ,  t e m -  
p e r a t u r e s ,  and p r e s s u r e s .  
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Appendix A 

REEVALUATION OF THE HORIZONTAL BEAM TUBES 

J. R. McWherter C. W. Co l l in s  

The High Flux I so tope  Reactor (HFIR) i s  provided wi th  th ree  nomi- 
n a l l y  4-in.-ID hor i zon ta l  beam-tube experimental  f a c i l i t i e s  t h a t  extend 
outward from the  r e a c t o r  core  a t  the  midplane (Figs.  2.1, 2.2,  and 2.4) .  
One beam tube ,  HB-2, extends r a d i a l l y  f r o n  the  r eac to r  c e n t e r l i n e ,  i t s  
inne r  end p e n e t r a t i n g  t h e  permanent r e f l e c t o r .  Another tube,  HB-3, 
extends t a n g e n t i a l l y  from t h e  i n n e r  su r face  of t h e  permanent r e f l e c t o r .  
The remaining tube  is a l igned  on a t a n g e n t i a l  l i n e  wi th  both ends extend- 
ing  outward from the  reac tor .  This l a t t e r  tube is arranged t o  a l low t h e  
i n s t a l l a t i o n  of e i t h e r  two i n d i v i d u a l  f a c i l i t i e s  o r  a s i n g l e  through 
tube. The two ends of t h i s  tube are des igna ted  HB-1 and HB-4. 

s u r e  v e s s e l  by a system of clamped and bol ted  f langed j o i n t s .  From t h e  
f langed  connect ion a t  t he  p re s su re  v e s s e l ,  each tube cont inues  through 
the r e a c t o r  pool and pool w a l l  and te rmina tes  i n  a r eces s  loca t ed  i n  a 
l a r g e  c a v i t y  i n  t h e  r e a c t o r  poo l  w a l l .  Except i n  t h e  case of the through 
tube ,  the inne r  ends of t h e  tubes f l o a t  f r e e l y  i n  recesses i n  the  r e f l e c -  
tor and have s u f f i c i e n t  c l ea rance  t o  prevent  stresses r e s u l t i n g  from 
d i f f e r e n t i a l  expansion. The through-tube assembly extends cont inuously 
through the  p re s su re  ves se l .  To accommodate expansion and c o n t r a c t i o n  
w i t h i n  the v e s s e l ,  t h e  f langed j o i n t s  t h a t  connect t h e  through tube t o  
t h e  nozz les  of t he  p re s su re  v e s s e l  are sea l ed  by s t a i n l e s s  s teel  bellows 
expansion j o i n t s .  

A beam-tube assembly c o n s i s t s  of two concen t r i c  beam tubes t h a t  are 
f langed toge the r  in the  beam room. The primary beam tube extends from 
t h e  bery l l ium r e f l e c t o r  t o  t h e  beam room and is  f langed t o  a ves se l  noz- 
z l e ,  as mentioned above, t o  accept  the  t h r u s t  load from the  primary- 
system pressure.  A double-bellows assembly a t  the  beam-room f langed  end 
of t h e  beam-tube assembly provides  a seal between the  beam-tube assembly 
and t h e  pool wall and accommodates displacement between the  v e s s e l  w a l l  
and beam-tube assembly. 

from its f langed end i n  the  beam room t o  a l o c a t i o n  corresponding t o  t h e  
v e s s e l  w a l l ,  where it i s  capped with a hemihead. The po r t ion  of t he  
primary beam tube w i t h i n  the  v e s s e l  w a s  designed f o r  1000-psid e x t e r n a l  
p re s su re  and w a s  hydro t e s t e d  t o  1500-psid e x t e r n a l  p re s su re  during the  
i n i t i a l  hydro tes t  of the  ves se l .  The ex tens ion  of the  primary tube w a s  
designed f o r  500-psid i n t e r n a l  p re s su re  and the  secondary tube f o r  500- 
ps id  e x t e r n a l  pressure .  A beam-tube-assembly hydro tes t  w a s  conducted by 
p r e s s u r i z i n g  t h e  space between the  primary and secondary tubes t o  1500 
p s i . l  The p resen t ly  i n s t a l l e d  set  of beam tubes  w a s  subjec ted  t o  a 
v e s s e l  hydro test of 1100 p s i  i n  1983 and t o  900 p s i  on August 4 ,  1987. 
I n  t h e  f u t u r e  t h e  maximum v e s s e l  p r e s s u r e  w i l l  be C900 p s i  (hydro-test  
p r e s s u r e ) ,  and the  normal ope ra t ing  p res su re  w i l l  be -500 ps i .  

f o r  p re s su re  and is vented t o  the  pool through a 1-in.-diam tube and a 
250-psi rup ture  d isc .  

Each of the  tubes  is sea l ed  t o ,  and supported by, the  r e a c t o r  p r e s -  

The secondary tube is loca ted  i n s i d e  the  primary tube and extends 

The space between the  primary and secondary beam tubes is monitored 



A c o n s e r v a t i v e  10-year l i f e  was s p e c i f i e d  f o r  t h e  f i r s t  set of beam 
tubes .  S u r v e i l l a n c e  specimens were i n s t a l l e d  i n  t h e  r e f l e c t o r  r e g i o n  t o  
monitor  any e f f e c t  of r a d i a t i o n  on t h e  p h y s i c a l  p r o p e r t i e s  o r  c o r r o s i o n  
of the  aluminum. The o r i g i n a l  beam tubes were rep laced  as scheduled i n  
1975. The good c o n d i t i o n  of t h e  o r i g i n a l  beam tubes  and t h e  r e s u l t s  of 
t h e  e v a l u a t i o n  of the  i r r a d i a t e d  specimens l e d  t o  a recommendation t h a t  
t h e  replacement beam-tube l i f e  be extended t o  a t o t a l  of 15 years .293  

The s t r u c t u r a l  e v a l u a t i o n  of t h e  beam t u b e s  and t h e  e f f e c t s  of 
r a d i a t i o n  damage thereon  inc luded  c o n s i d e r a t i o n  of short- term s t a b i l i t y ,  
c reep  buckl ing ,  creep r u p t u r e ,  and propagat ion  of f laws  t h a t  might be 
p r e ~ e n t . ~  The short- term s t a b i l i t y  a n a l y s i s  was performed i n  accordance 
w i t h  t h e  Anierican Society  of Mechanicczt Engineers (ASME) Code, and as 
mentioned above, t h e  a l l o w a b l e  e x t e r n a l  p r e s s u r e  f o r  no r a d i a t i o n  e f f e c t s  
w a s  determined t o  be -1000 p s i .  Because t h e  e f f e c t  of r a d i a t i o n  is t o  
i n c r e a s e  t h e  s t r e n g t h  of t h e  m a t e r i a l ,  r a d i a t i o n  would tend t o  i n c r e a s e  
t h e  r e s i s t a n c e  t o  buckl ing.  

u s i n g  i schronous  s t  r e s s - s t r a i n  diagrams t h a t  are a v a i l a b l e  f o r  t h e  beam- 
t u b e  m a t e r i a l  i n  the  u n i r r a d i a t e d  c o n d i t i o n .  With a s a f e t y  f a c t o r  o.E 3 
a p p l i e d  t o  the  nominal p r e s s u r e ,  an a l lowable  p r e s s u r e  of 750 p s i  w a s  
c a l c u l a t e d  f o r  t h e  d e s i r e d  beam-tube l i f e t i m e  of 15 years .  Once a g a i n ,  
and f o r  t h e  same reason ,  r a d i a t i o n  tends  t o  i n c r e a s e  t h e  a l l o w a b l e  
p r e s s u r e "  

beam-tube-material s u r v e i l l a n c e  program (Fig.  A.l).* With r e f e r e n c e  t o  
Fig.  A.1, i t  is apparent  t h a t  r a d i a t i o n  i n c r e a s e s  t h e  r u p t u r e  stress and 
that t h e  stress r e q u i r e d  f o r  r u p t u r e  i n  15 y e a r s  (-1 x l o 5  h) i s  >30,000 
p s i ,  which corresponds t o  a p r e s s u r e  of -5000 p s i .  U n t i l  now, t h e  normal 
p r e s s u r e  on t h e  beam tube  has been 750 p s i ,  and f o r  t h e  proposed remain- 
i n g  10 years  i t  w i l l  be -500 ps i .  Thus, a s a f e t y  f a c t o r  on p r e s s u r e  of 
-7 i s  accommodated and is c e r t a i n l y  adequate .  

beam tube  was c o n t . r o l l i n g  because stresses i n  t h e  hemihead a r e  less and 
t h e  f l u e n c e  i s  g r e a t e r .  

The p o t e n t i a l  f o r  propagat ion  of f laws  i n  t h e  beam tube has  been 
e v a l u a t e d  r e c e n t l y  by f i r s t  performing a d e t a i l e d  stress a n a l y s i s  ( u s i n g  
f i n i t e - e l e m e n t - a n a l y s i s  t e c h n i q u e s )  t o  see i f  s i g n i f i c a n t  t e n s i l e  and 
s h e a r i n g  s t r e s s e s  e x i s t  as a r e s u l t  of beam loading  and geometr ic  d i s -  
c o n t i n u i t i e s .  The r e s u l t s  i n d i c a t e  a small t e n s i l e  stress (-1200 p s i )  on 
t h e  o u t e r  s u r f a c e  of t h e  beam t u b e  c l o s e  t o  the  v e s s e l  f lange .  Because 
t h e  stress is so small and because most of t h e  c r o s s  s e c t i o n  of t h e  tube 
wall a t  t h i s  l o c a t i o n  i s  i n  compression, 1/4-T f l a w s  will not  propagate  
through the  w a l l .  

The creep-buckl ing a n a l y s i s  was performed i n  accordance w i t h  Ref. 5 ,  

The creep-rupture  a n a l y s i s  was performed us ing  d a t a  from the HFIK 

In each of t h e  above c a l c u l a t i o n s ,  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  

I._- ._-- 

*The d o t t e d  l i n e s  i n  Fig.  A . l  i n d i c a t e  a sequence of loadings  w i t h  
s u c c e s s i v e  i n c r e a s e s .  Each d i s c o n t i n u i t y  r e p r e s e n t s  a d i f f e r e n t  load and 
l o a d i n g  t i m e .  The f i n a l  load is i n d i c a t e d  by a d a t a  p o i n t ,  and i f  the  
d a t a  p o i n t  has  an arrow t o  t h e  r i g h t ,  t h e  specimen d i d  not  rupture .  The 
t o t a l  t i m e  of loading  is  t h e  sum of those  f o r  each d i f f e r e n t  load. 
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Fig. A . l .  Effect of neutron irradiation on creep-rupture  of 6061-T6 
aluminum. Source: K. Farrell, Oak Ridge Natl. Lab., letter to P. Lotts, 
Oak Ridge Natl. Lab., January 8, 1987. 
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YARTW MARIETTA ENERGY SYSTLMS. INC. 

January 8, 1987 

P. L o t t s  

R e f .  Letter from K. F a r r e l l  t o  Gene Hicks on Recycl ing of HFIR 
H o r i z o n t a l  Beam Tubes, da ted  May 18, 1982. 

The DOE-ORO Rothrock Committee i n q u i r i n g  i n t o  t h e  HFIR s i t u a t i o n  has  ques t ioned  a 
conclus ion  I p r e s e n t e d  i n  t h e  s u b j e c t  let ter.  You asked me f o r  an e x p l a n a t i o n .  

The let ter was w r i t t e n  i n  1982 i n  response  to  a r e q u e s t  from Opera t ions  D i v i s i o n  
a s k i n g  my opin ion  on whether i t  w a s  f e a s i b l e  t o  r e u s e  the c u r r e n t  6061-T6 a lu-  
minum a l l o y  b e a m  cubes i n  HFIR when the b e r y l l i u m  r e f l e c t o r  was r e p l a c e d  i n  
1983. The expec ted  l i f e t i m e  of the new r e f l e c t o r  w a s  about  8 years .  I n  1983, 
the beam t u b e s  would a l r e a d y  have been in service €or 8 years .  Could t h e y  go 
a n o t h e r  8 y e a r s ?  The q u e s t i o n  w a s  based n o t  on ly  on e e o n o d c  c o n s i d e r a t i o n s  but  
on whether  t h e r e  vas a genuine need t o  r e p l a c e  t h e  tubes ,  
exhaus ted  t h e i r  u s e f u l  l i f e ?  After a l l ,  the f i r s t  beam t u b e s  i n  HFIR had served  
9 y e a r s  wi thout  problems and t h e y  w e r e  in e x c e l l e n t  outward c o n d i t i o n  when they  
were r e p l a c e d  i n  1975. Also, t h e  6061-T6 a l l o y  beam t u b e s  i n  t h e  Brookhaven 
High Flux Reac tor  had been i n  service f o r  17 y e a r s  and were s t i l l  going s t r o n g .  
Furthermore,  we now had some m e a s u r e r n t s  of t h e  e f f e c t s  of i r r a d i a t i o n  in HFIR 
on t h e  p r o p e r t i e s  of 6061 a l l o y .  
ques t ion .  In my let ter,  I d i s c u s s e d  what we had l e a r n e d  about  r a d i a t i o n  damage 
i n  6061-T6 aluminum. I concluded t h a t  even though t h e  6061-T6 aluminum tubes  
must have s u f f e r e d  some e r n b r l t t l e n e n t  d u r i n g  t h e i r  p r i o r  use ,  5 did  n o t  see a 
s e r i o u s  o b j e c t i o n  t o  t h e i r  extended use provided they  could  be removed and 
r e i n s t a l l e d  wi thout  handl ing  damage. 

I have not  been t o l d  e x a c t l y  what p a r t  o r  p a r t s  of my le t ter  has caused t h e  Com- 
m i t t e e ' s  query. I assume i t  is t h e  f a c t  t h a t  I condoned r e u s e  of  e m b r i t t l e d  
components i n  HFIR. That d e c i s i o n  must be a s s e s s e d  i n  i t s  proper  contex t .  My 
d e c i s i o n  t o  s u p p o r t  r e i n s e r t i o n  of t h e  used beam tubes  w a s  n o t  based s o l e l y  on 
t h e  t e c h n i c a l  d e t a i l s  d i s c u s s e d  i n  t h e  l e t t e r .  S ince  t h e  l e t t e r  vas not  
in tended  f o r  p u b l i c  consumption, it d i d  not  conca in  a number of impor tan t  con- 
s i d e r a t i o n s  which are f a m i l i a r  t o  t h e  people  i n  Opera t ions  Div is ion  t o  whom t h e  
l e t t e r  w a s  addressed ,  bu t  w i t h o u t  which a less well-informed p a r t y  might make a 
d i f f e r e n t  judgement. These c o n s i d e r a t i o n s  must be taken  i n t o  account .  They are 
as fo l lows:  

Had t h e y  r e a l l y  

So t h e r e  w e r e  good grounds f a r  a s k i n g  t h e  

1. Catas t rophic- type  f a i l u r e  is u n l i k e l y  in aiuminum a l l o y s .  

To some people ,  t h e  word " e m b r i t t l e d "  might mean a g l a s s - l i k e ,  n i l - d u c t i l i t y  
s h a t t e r - t y p e  c o n d i t i o n .  In my l e t t e r  I used t h e  term i n  a broader  sense, 
meaning l o s s  of some d u c t i l i t y ,  Also,  t h e  s u b j e c t  is i r r a d i a t e d  aluminum, n o t  
g l a s s  o r  steel ,  F r a c t u r e  of aluminum a l l o y s  is q u i t e  d i f f e r e n t  from t h e  sudden,  
unhera lded ,  passage of a s i n g l e  l a r g e  c rack  t h a t  c h a r a c t e r i z e s  c a t a s t r o p h i c  
f a i l u r e s  of p r e s s u r e  v e s s e l  s teels .  Aluminum a l l o y s  are not  s t r a i n  r a t e  sen-  
s i t i v e  l i k e  s teels ,  and they  do n o t  undergo a sharp  d u c t i l e - t o - b r i t t l e  fran- 
s i t i o n  wi th  s t r a i n  rate o r  w i t h  temperature .  
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On t h e  c o n t r a r y .  c racks  i n  
t i n u o u s l y .  and they proceed wi 

aluminum usua 11 y 
. .  h much l o c a l  def 

i n c r e a s e  i n  s t r e n g t h  t h a t  accompanies r a d i a t i o n  

develop s lowly and d iscon-  
rrnation. Furthermore,  t h e  
embr i t t l ement  i n  aluminum a l l o y s  

i s  advantageous, no t  d e t r i m e n t a l  as in f e r r i t i c  s t e e l s .  
means t h a t  l a r g e r  f o r c e s  are r e q u i r e d  t o  p l a s t i c a l l y  deform and f r a c t u r e  t h e  
alumlnurn, I b e l i e v e  i t  is  h i g h l y  u n l i k e l y  t h a t  t h e  b e a m  tubes  w i l l  f a i l  
c a t a s t r o p h i c a l l y .  Rather ,  if f a i l u r e  should happen at: a l l ,  i t  w i l l  probably 
ensue  as p e r f o r a t i o n s  which would l e a k  c o o l a n t  water i n t o  t h e  tubes  and t h u s  
g i v e  warning of t h e i r  p resence .  Such f a i l u r e  would not  be d i s a s t r o u s .  A f r a c -  
t u r e d  beam cube i s  not  a s a f e t y  o r  environmental  hazard  and is r e p l a c e a b l e .  

The i n c r e a s e d  s t r e n g t h  

2 .  The beam-gibes a r e  not  a p o t e n t i a l  s a f e t y  hazard.  

'This f a c t  was recognized when WIR was des igned ,  and is d i s c u s s e d  i n  HFIR 
documentation (The Bfgh Flux I s o t o p e  Reactor  Accident A n a l y s i s ,  Om-RI-3573,  
A p r i l  1967). The beam tubes  c o n t a i n  helium i n s i d e  and water o u t s i d e .  I f  they  
break ,  they w i l l  c o l l a p s e  i n t o  themselves;  they  will. n o t  explode. The worst-  
case s c e n a r i o  envisages  t h e  c o o l i n g  water  f l o o d i n g  i n t o  t h e  tubes .  Should t h e  
seals a t  t h e  ends of t h e  tubes  g i v e  way, t h e  water w l l l  t h e n  escape i n t o  t h e  
beam rootits where d r a i n s  are i n s t a l l e d  t o  r e c e i v e  i t .  No f i s s i o n  products  would 
be involved.  F r a c t u r e  of a b e a m  tube  would not  impai r  t h e  o p e r a t i o n  of t h e  
c o n t r o l  p l a t e s  fnr  s h u t t i n g  down t h e  r e a c t o r .  

3.  The beam tubes  are p r o t e c t e d  from i n - s e r v i c e  h a n d l i n g  damage. 

The beam tubes  are p a s s i v e  components t h a t  s e r v e  only  t o  hold t h e  beam 
c o l l i m a t o r s .  They are wel l -pro tec ted  from a c c i d e n t a l  damage i n  s e r v i c e .  They 
a r e  enclosed i n  t h e  b e r y l l i u m  r e f l e c t o r  which guards them from p r o j e c t i l e s  on 
t h e i r  o u t s i d e s ,  I n t e r n a l l y ,  t h e  beam c o l l i m a t o r s  are s e a l e d  in, t h u s  s h i e l d i n g  
t h e  tube i n n e r  s u r f a c e s .  The g r e a t e s t  l i k e l i h o o d  f o r  a c c i d e n t a l  damage t o  t h e  
tubes  is dur ing  t h e i r  i n s e r t i o n  and removal. To d a t e ,  t h i s  manipula t ion  has  
occurred  only  when t h e  b e r y l l i u m  r e f l e c t o r  was rep laced ,  once i n  1975 and a g a i n  
i n  1983. Leak t e s t s  and TV examinat ion are used t o  check t h e  tubes f o r  damage. 

4 .  The beam tubes  a r e  n o t e s s e n t i a l  f o r  HFIR o p e r a t i o n .  

The beam tubes are a c c e s s o r i e s  and t h e  r e a c t o r  can f u n c t i o n  wi th  o r  wi thout  
them. I f  a tube becomes p e r f o r a t e d ,  t h e  r e a c t o r  can cont inue  t o  o p e r a t e  pro- 
vided t h e  tube end seals remain unbroken. 

5. Brookhaven Laboratory has  good exper ience  w i t h  6061-T6 beam tubes .  

The high f l u x  r e a c t o r  (HFBR) a t  Brookhaven Nat iona l  Labora tory ,  became 
o p e r a t i o n a l  i n  1965. It  uses  6061-T6 beam tubes  under s i m i l a r  c o n d i t i o n s  and 
tempera tures  as those  i n  H F I R .  The HFBR are welded i n t o  t h e  r e a c t o r  v e s s e l  and 
a r e  not r e a d i l y  removabls. Consequent ly ,  t h e  HFBR tubes  had,  i n  1982, been in 
s e r v i c e  f o r  17 years .  I n s p e c t i o n s  have not  revea led  any c r a c k s ,  and t h e  tubes 
are s t i l l  i n  use today i n  1987. 
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6 .  New beam tubes provide only b r i e f  r e s p i t e  from embrit t lement.  

We have learned from our s t u d i e s  of aluminum a l l o y s  i n  HFIR and ORR t h a t  
r a d i a t i o n  hardening and a s soc ia t ed  loss i n  d u c t i l i t y  i n  aluminum is caused i n  
l a r g e  p a r t  by t i n y  p r e c i p i t a t e s  of i n so lub le  s i l i c o n  atoms generated frons reac- 
t i o n s  of thermal neutrons wi th  aluminum. D u c t i l i t y  is reduced e a r l y  i n  exposure 
l i f e  when some c r i t i c a l  l e v e l  of s i l i c o n  is  generated.  
t i l i t y  remains cons tan t  d e s p i t e  very s i g n i f i c a n t  increases i n  r a d i a t i o n  and 
s i l i c o n  l eve l .  I n  6061-T6 a l l o y  t e n s i l e  specimens i r r a d i a t e d  i n  HFIR t a r g e t  
pos i t i ons  a t  55°C (130OF) t he  d u c t i l i t y  f a l l s  from the  un i r r ad ia t ed  value af 1 5 X  
t o t a l  e longat ion  t o  a p l a t eau  l e v e l  of about 92 (5-62 uniform e longa t ion )  a t  a 
neutron-generated s i l i c o n  l e v e l  of about 0.5 w t  X .  
es t imated  t h a t  t h i s  l e v e l  of s i l i c o n  is  reached i n  an  exposure time of s i x  
months t o  one year.  
d i t i o n .  This  means that t h e  two sets of b e a m  tubes that have each given 8 years  
of s e rv i ce  spent  more than seven-eighths of t h a t  period i n  f u l l y  embr i t t l ed  con- 
d i t i o n s .  And they d id  so without showing any s igns  of f a i l u r e .  Obviously, the  
b e n e f i t  of h igher  d u c t i l i t y  i n  new tubes is f l e e t i n g .  
embr i t t l ed  condi t ion  i s  not de t r imen ta l  t o  s a t i s f a c t o r y  se rv ice .  

Thenceforth,  t he  duc- 

For t h e  b e a m  tubes ,  i t  i s  

The rea f t e r ,  the  tubes opera te  i n  a fu l ly-embr i t t l ed  con- 

Equally obviously,  the  

Those were some of the  unwri t ten  cons idera t ions  t h a t  influenced my conclu- 
s ion ,  Note t h a t  none of these  s i x  i tems, s ing ly  o r  c o l l e c t i v e l y ,  fo rb ids  
attempted ex tens ion  of beam tube s e r v i c e  l i f e .  
t h a t  the  chances of tube f a i l u r e  a r e  small and t h a t  t he  consequences of such 
f a i l u r e  are bearable.  

On t he  con t r a ry ,  they suggest 

There was  one more cons idera t ion  t h a t  was not so favorable--nor w a s  i t  con- 
v inc ingly  unfavorable. 
recogni t ion  t h a t  t he  neutron spectrum, s p e c i f i c a l l y  the  r a t i o  of the  t h e m 1  f l u x  
t o  the  f a s t  f l u x ,  might be an important but unquant i f ied  f a c t o r  f o r  r a d i a t i o n  
damage crea ted  a t  the  beam tube s i t e s .  This arises because r a d i a t i o n  hardening 
and embrit t lement depend on t h e  s c a l e  of t h e  d i s t r i b u t i o n  of t h e  s i l i c o n  prec i -  
p i t a t e s :  the  f i n e r  t h e i r  d i s t r i b u t i o n ,  t he  l a r g e r  t he  e f f e c t s .  I suspec t  t h a t  
t h e  r a t i o  of the  thermal t o  f a s t  neutron f luxes  a f f e c t s  t he  s i z e  and the  d i s t r i -  
bu t ion  of the  p r e c i p i t a t e s .  
displacements by the  f a s t  neutrons,  which allows more growth and coarsening of 
t he  s i l i c o n  p r e c i p i t a t e s  and hence less hardening. 
impl ies  more hardening and a s soc ia t ed  l o s s  i n  d u c t i l i t y .  
f l u x  r a t i o  f o r  our t e s t  d a t a  w a s  about 2 .  The corresponding r a t i o  i n  t h e  most 
heav i ly  i r r a d i a t e d  sec t ions  of the  beam tubes i s  about 7 because of moderation 
of neutrons by t h e  beryll ium r e f l e c t o r .  The e f f e c t s  of t h i s  higher r a t i o  were 
unknown i n  1982. 
t i l i t y  than ind ica t ed  by our measured da ta .  
t eau  of about 9% t o t a l  e longat ion ,  sugges t ing  t h a t  f u r t h e r  exposure might not 
cause s i g n i f i c a n t  f u r t h e r  degradation of d u c t i l i t y .  
from a t r u l y  b r i t t l e  condi t ion .  However, i n  view of the  unknown e f f e c t s  of t h e  
high f lux  r a t i o ,  I had to  accept t h a t  the  d u c t i l i t y  would be l e s s  than 9%. Not 
very encouraging but hard ly  the  end of the  world. 
t i l i t y  i n  the  beam tubes is des i r ab le  i t  is not e s s e n t i a l  s i n c e ,  as I have 

This  las t  cons idera t ion ,  descr ibed  i n  my l e t t e r .  was the  

A low r a t i o  involves  a l a r g e r  f r a c t i o n  of atomic 

Conversely, a high r a t i o  
The thermal-to-fast  

I specula ted  t h a t  i t  would cause more hardening and l e s s  duc- 
The l a t t e r  showed a d u c t i l i t y  pla- 

This 9% e longat ion  is f a r  

Although some remnant duc- 
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argued, sudden f a i l u r e  is un l ike ly  and does not c o n s t i t u t e  a dangerous 
s i t u a t i o n .  Weighing these  pros and cons, I found no good grounds t o  oppose con- 
t inued use of the old beam tubes.  They were r e i n s t a l l e d  i n  l a t e  1983 and HFIR 
went back on l i n e  on January 2, 1984. 

Looking back, I see no s c i e n t i f i c  reasons t o  doubt my dec is ion .  The beam 
tubes  have accumulated another t h ree  years  of s e rv i ce  f o r  a t o t a l  of 11 years  
without mishap. The Brookhaven beam tubes have en tered  t h e i r  22nd year ,  I n  
t he  meantime, Brookhaven personnel have measured the  mechanical p rope r t i e s  of 
6061-T6 a l l o y  components, some a t  high thermal-to-fast  f l u x  r a t i o s  (C. J. 
Czajkowski and J. R. Weeks, Brookhaven National l abora to ry  Report, in p r e s s ) .  
In t he  a t tached  Figure,  I have p lo t t ed  t h e i r  da t a  poin ts  superimposed on l i n e s  
represent ing  the  u l t ima te  t e n s i l e  s t r eng ths  and t o t a l  e longat ions  f o r  t h e  HFIR 
t e n s i l e  specimens from the  t a r g e t  regions.  The numbers alongside the  BNL cir- 
c u l a r  s t r eng th  po in t s  a r e  the  f l u x  r a t i o s ;  the  a s soc ia t ed  d u c t i l i t y  d a t a  a r e  
shown by the square poin ts .  I n  conformity with my specula t ion ,  f l u x  r a t i o s  
g r e a t e r  than the  value of 1,7 f o r  the  HFIR da ta  show g r e a t e r  s t rengthening .  But 
d u c t i l i t i e s  are not correspondingly degraded even a t  f l u x  r a t i o s  g r e a t e r  than 
the  value of 7 expected i n  the  HF'IR b e a m  tubes.  It seems, then, t h a t  my concern 
over the  e f f e c t s  of the  f l u x  r a t i o  was perhaps exaggerated. 

One f i n a l  comment: Surve i l lance  specimens from r e a c t o r s  do not always pro- 
v ide  information t h a t  is d i r e c t l y  pe r t inen t  t o  s p e c i f i c  r eac to r  components, a s  
we can see i n  the  present  case.  When s p e c i f i c  da t a  i s  mandatory, i t  is bes t  
obtained by t e s t i n g  the  p a r t i c u l a r  components when they a r e  r e t i r e d  from s e r -  
v ice .  No such t e s t s  were requested f o r  t h e  f i r s t  set of IIFIR beam tubes,  
removed i n  1975; they a re  s t i l l  ava i l ab le .  

This l e t t e r  was i n c i t e d  by the  Rothrock Committee and c o n s t i t u t e s  p a r t  of t h a t  
enquiry; p lease  ensure t h a t  i t  is  en tered  I n t o  the  Rothrock r epor t .  

K. F a r r e l l ,  5500, FG 376, ORNL (4-5059) 

KF:mt 

cc:  E. E. Bloom 
G ,  W. Eurger 
84,. Chever t on. 
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If4TRA-LABOXAPORY CORRESPONDENCE 
OAK CllDCE NATICNAL LASQR ATORY 

DeesRabsr 15, 1969 

An in-pi la  corrosion p r o g r a m  was established at the 
a t a r t  af opefatdon sf the WIR t~ aid in dsterdning the 
raes 0% corrosfon of t e r i A l a  used the pS-- C 0 Q l - t  

samples each containing 8 coupons 
uePinuas holder so that a s a t  e€ 
d without affecting the remaining 
i s t s  of duplicate coupons of the 

tmaara relieved at 450. and vapor 

6661 TS as abeJva plus-pretreated in lOO*C water for 

347 ~ ~ % ~ ~ ~ ~ r a  steal strsaa relieved at lS6O'P and 

100 hourit. 

v a p r  blasted, 

B@ip%Sjl_lim as 

l y . w p  placed in ?=ha permanent 
n Sanuary 2 4 ,  1966 and removed for 
4,  l.969, me s e t  number 5 samplea 
f the assemblywere zemvcd Cor 

uementa. ~ r ,  T. -M.  sims call 
aupons had an nvt 2 0.821 Mev of 
d for 8S2 effective full p s r  

visual inspection of the samples revealed a r u s t  colored 
coat ing on t h e  aluminum samples w i t h  the pretreated 

coupwns appearing t o  have less oxide coat ing than the r egu la r  
al&nW Coupons. The b e l y l l i u r a  coupons had a typical matte, 
white coating, while the stainless steel had a thin rust t i n t e d  
film. BPI. of the coupons, the  1100 aluminum spacers, and the 
haldanb- had a metallic appearance with. w a  evidence o f  gross 
pitting or: m e t a l  loss. 

w e i g h b d ,  (see Table x )  and then visually reinspected at 
me? samples w e r e  weighted, chdcally d e f i l ~ ~ d  ma re- 

gnificatiexas up ta 30x, 



TABLE I 

Data from HFIR Corrosion Specimens 

~ 

Original Scrubbed De f i lmed Total Weight 
Sznrple :-faterial Weight Weight Weight Loss Weight Lais Film Weight 

NO. (Q1 (9) (9) tag 1 fmg/cm' tmg/crn' 1 

5 - 1  

5-2 

5-3 

5-4 

5 - 5  

5-6 

5-7 

5 - 8  

G061-T6 

6061-T6 

Be 

3 4 7  SST 

347 SST 

6061-T6 
(Pre trea ted)  
6061-T6 

(Pretreated) 

0 . 8 3 0 0  

0.8180 

0.5694 

0.5676 

2 .4143  

2.4262 

0.8319 

0.8313 

0.8596 

0.8476 

0.5792 

0.5755 

2 4327 

2.4452 

0 ,8583 

0.8570 

- ~~ 

0.8262 

0.8138 

0.5677 

0.5663 

2.42b6 

2.4327 

0.8263 

0.8265 

~ ~~~ 

3.8 

4.2 

1.1 

1.4 

+6.3 

+6.J 

5.6. 

4.8. 

0.75 

0.82 

0.33 

0.27 

+1.23  

+l. 28 

1.10 

0 .94  

6 . 5  

6 .6  

2.3 

1.8 

2.4 

2.5 

6.3 

6 . 0  

*Includes weight los t  during 100-hr exposure in l0O.C water prior to insertion in t h e  HFXR. 
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J. A. cox 2 .  Dec, 1 5 ,  1 9 6 9  

"Fha w e i g h t  ~ ~ ~ ~ ~ ~ ~ n t ~  in. T 

Regular 606l-T6 al 

Pra(treated 6061-T6 a l d n u m  

rates as follows: 

B e q l l i W I  0.02 rdPs/yee"r 

Stainless steel. 

ation after the def ihdng operation revealad 
i s  undergoing slight, uniform pitQ1Irig (see 

evidence of crevice corrosion at or near the contact surface 
w i t h  t h e  holde or the spacers. 
clearly v i s ib l  

are a few p i t s  where the berg~ll ium made contac t  w i t h  the aluminum 
apacers. There are cracks near mast of! the. sta 
at least one extending through the thickness of the ceiiupcm. 
This phenomenon was preViQUSly observed in Qut-of-pPba earrosicn 
t e s t s .  The milling marks axe clearly wis*be  OR the! silapface (sea 
Photo No. 3). 

The stainless steel had a thin black f i l m  present even a f t e r  
repeated defilming. There was na pitting v i s ib le  at 30 X m g n i -  
f i ca t ion  (see ~ h o t o  NO. 4 ) .  

in the number S position priar  to returning the apparatus to the 
reactor.  

Photos 80. l arnd 2)  w i t h  no s ing le  deep p i t ;  there was no 

The machdsrislg marks are still 

e beryllium showed 1ittle.evidence CZ corrosion; there 

Far future reference new samples were i n e e ~ 3 ~ e d  fa &he holder 

The results and observations i n d i c a t e  that the major 
materials i n  the primary s y s t e m  are undergoing very l i t t l e  
corrosion even in a high flux f i e l d  and coupled as galvanic 
cellls. It i s  recommended that. t h e  next examinations be made 
in the summer of'l971, 

cc: R. V, McCQrd 



67 



68 

Surface of beryllium coupon showing cracks. 

h 

Surface of 347 stainless steel coupon. 



Appendix B 

H F I R  CORE HEAT-REMOVAL ANALYSIS 

W. E. Thomas R. D. Cheverton 

B. 1 INTRODUCTION 

The ca l cu la t ed  permiss ib le  l i f e  ex tens ion  of the  High Flux Iso tope  
Reactor (HFIR) v e s s e l  i s  s e n s i t i v e  t o  primary-system p res su re ,  v e s s e l  
temperature ,  and r e a c t o r  power l eve l .  Decreasing the  p re s su re  reduces 
t h e  v e s s e l  stresses and, thus ,  reduces the  chances f o r  propagat ion of 
f laws  t h a t  might e x i s t  i n  t he  ves se l .  Inc reas ing  the  v e s s e l  temperature 
i n c r e a s e s  the  material 's f r a c t u r e  toughness and, thus,  t he  r e s i s t a n c e  t o  
propagat ion of f laws;  dec reas ing  the  power l e v e l  reduces the  rate a t  
which the  f r a c t u r e  toughness i s  reduced by exposure of the  vessel t o  f a s t  
neutrons.  These t h r e e  parameters (p re s su re ,  temperature, and power) are 
i n t e r r e l a t e d  i n  the  co re  heat-removal ana lys i s .  For i n s t a n c e ,  decreas ing  
t h e  power p e r m i t s  a decrease  i n  pressure and/or an inc rease  i n  tempera- 
tu re .  Furthermore,  removing unnecessary conservatism from the  a n a l y s i s  
p e r m i t s  a decrease  i n  pressure and/or an inc rease  i n  temperature  without 
decreas ing  the  power. Thus, as a p a r t  of t he  HFIR v e s s e l  l i f e - ex tens ion  
s t u d i e s ,  i t  w a s  necessary t o  review the  core heat-removal ana lys i s .  

B. 2 REVIEW OF CORE HEAT-REMOVAL-ANALYSIS METHODOLOGY 

The heat-removal a n a l y s i s  f o r  H F I R  i s  conducted wi th  a code w r i t t e n  
s p e c i f i c a l l y  f o r  HFIR. The code inc ludes  c o r r e l a t i o n s  f o r  i n c i p i e n t  
b o i l i n g  and burnout hea t  f l u x e s  and a p p l i e s  unce r t a in ty  f a c t o r s  t o  "al l"  
of t he  parameters a f f e c t i n g  hea t  removal from the  core. Because of t h e  
i n c l u s i o n  of t hese  unce r t a in ty  f a c t o r s ,  the  a p p l i c a t i o n  of a r b i t r a r y  
s a f e t y  f a c t o r s  is not appropr i a t e .  The code has been updated over t he  
years, and j u s t  r e c e n t l y  an a d d i t i o n a l  5% tilt  i n  power d i s t r i b u t i o n  was 
added t o  accommodate a proposed experiment i n  the  r e f l e c t o r .  Another 
r ecen t  change was the  removal of the  power-level and the  coolan t - in le t -  
temperature  u n c e r t a i n t y  f a c t o r s  a s soc ia t ed  wi th  instrument  e r r o r .  These 
are now included i n  the  f i n a l  eva lua t ion  of t he  r e s u l t s  and are based on 
the  d a t a  i n  Ref. 3. 

power d i s t r i b u t i o n  and cladding oxide bui ldup wi th  t i m e  i n  t he  f u e l  cycle .  
Because the  change i n  power d i s t r i b u t i o n  dominates,  the  most severe set 
of condi t ions  f o r  hea t  removal is a t  t h e  beginning of the  f u e l  cyc le  when 
t h e  oxide th ickness  i s  l e a s t .  Thus, a l l  c a l c u l a t i o n s  f o r  t h i s  s tudy were 
f o r  t he  beginning of t h e  cyc le  only. 

For given va lues  of core  i n l e t  p ressure  and coolan t  temperature ,  the  
code c a l c u l a t e s  t h e  i n c i p i e n t  b o i l i n g  and i n c i p i e n t  burnout power l e v e l s  
f o r  s p e c i f i e d  times i n  the  f u e l  cycle .  The l o c a t i o n s  f o r  t hese  events  
are usua l ly  a t  t h e  lower end of the  core  ad jacent  t o  the inne r  r ad ius  of 
t h e  ou te r  f u e l  element. 

Among o t h e r  f e a t u r e s ,  the  code inc ludes  the  e f f e c t  of t he  changes i n  
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B . 3  DESIGN AND OPERATING CRITEKIA 

Oak Ridge Nat ional  Laboratory (ORNL) design c r i t e r i a  f o r  HFIR 
s p e c i f i e d  no bo i l ing  i n  the  core  during "normal" operat ion.  Thus, wi th  
power and i n l e t  coolant  temperature a t  t h e i r  high-level  scram po in t s ,  the  
minimum permiss ib le  pressure  is t h a t  corresponding t o  i n c i p i e n t  b o i l i n g ;  
t h i s  pressure  i s  used f o r  t he  low-pressure scram. 

Society ( A N S )  s tandards4  and the  Energy Research and Development Adminis- 
t r a t i o n  (ERDA)5 imposed a d d i t i o n a l  l i m i t a t i o n s .  Reference 4 r equ i r e s  t h e  
cons ide ra t ion  of s a f e t y  l i m i t s  (SL) and l i m i t i n g  s a f e t y  system s e t t i n g s  
(LSSS). They are def ined as follows. 

The American Nat ional  Standards I n s t i t u t e  (ANSI)/American Nuclear 

2 . 1  Safe ty  L i m i t .  Safe ty  l i m i t s  are l i m i t s  on important 
process  v a r i a b l e s  which are found t o  be necessary t o  reasonably 
p r o t e c t  the  i n t e g r i t y  of the p r i n c i p a l  phys ica l  b a r r i e r s  which 
guard aga ins t  the uncont ro l led  release of r a d i o a c t i v i t y .  The 
p r i n c i p a l  phys ica l  b a r r i e r  is o f t e n  the  f u e l  c ladding (which i n  
a s o l u t i o n  type r e a c t o r ,  f o r  example, is the  r eac to r  v e s s e l ) .  

2 . 1 . 1  Important Process Variables .  Important process  
v a r i a b l e s  are measurable parameters which i n d i v i d u a l l y  or  i n  
combination r e f l e c t  the  basic phys ica l  condi t ion  of phys ica l  
b a r r i e r s .  They may inc lude  f u e l  temperature ,  r eac to r  power, 
r e a c t o r  coolant  flow r a t e ,  r e a c t o r  coolant  i n l e t  or o u t l e t  
temperature ,  pool l e v e l ,  o r  coolant  pressure.  

2 . 1 . 2  Criter ia  - Reactors Requiring Convective Cooling. 
Safe ty  L i m i t s  (SL) s h a l l  be e s t a b l i s h e d  f r o n  a bas i c  phys ica l  
condi t ion ,  as determined by appropr i a t e  process  v a r i a b l e s ,  such 
t h a t  the  i n t e g r i t y  of the p r i n c i p a l  phys ica l  b a r r i e r  is assured 
i f  the  SLs are not exceeded. Calcu la t ions  of SLs s h a l l  a l low,  
where app l i cab le ,  f o r  engineer ing u n c e r t a i n t i e s ,  u n c e r t a i n t i e s  
i n  power d i s t r i b u t i o n ,  hot channel f a c t o r s  and o the r  appropri-  
a te  u n c e r t a i n t i e s .  

system s e t t i n g s  (LSSS) s h a l l  be e s t a b l i s h e d  f o r  the  ope ra t ion  
of each reac tor .  LSSSs are those l i m i t i n g  values  f o r  s e t t i n g s  
of the  s a f e t y  channels by which poin t  p r o t e c t i v e  a c t i o n  must be 
i n i t i a t e d .  The LSSSs are chosen so t h a t  automatic p r o t e c t i v e  
a c t i o n  w i l l  terminate  the  abnormal s i t u a t i o n  before  a s a f e t y  
l i m i t  i s  reached. The c a l c u l a t i o n  of the  LSSS s h a l l  inc lude  
the  process  u n c e r t a i n t y ,  t he  o v e r a l l  measurement u n c e r t a i n t y ,  
and t r a n s i e n t  phenomena of t he  process  instrumentat ion.  To 
achieve ope ra t iona l  f l e x i b i l i t y ,  it is recommended t h a t  a c t u a l  
t r i p  po in t s ,  where poss ib l e ,  be set more conserva t ive ly  than 
s p e c i f i c a t i o n  values.  

2 . 2 . 1  Criteria - Reactors Requiring Convective Cooling. 
A LSSS s h a l l  be s p e c i f i e d  f o r  each process  v a r i a b l e  f o r  which 
an SL has been e s t ab l i shed .  The s e t t i n g  s h a l l  be so  chosen 
t h a t  automatic p r o t e c t i v e  a c t i o n  w i l l  prevent the  most severe 
a n t i c i p a t e d  t r a n s i e n t  from reaching an SL. 

2.2 Limit ing Safe ty  System Se t t ings .  Limit ing s a f e t y  



Reference 5 states  t h a t  f o r  s t eady- s t a t e  ope ra t ion  "with any given 
v a r i a b l e  a t  i t s  s a f e t y  l i m i t  ( S L ) B  a l l  o the r  v a r i a b l e s  a t  t h e i r  l i m i t i n g  
safety-system s e t t i n g  (LSSS) , and a l l  u n c e r t a i n t i e s  i n  the  t e c h n i c a l  
knowledge of t he  process  resolved unfavorably,  no hot-spot burnout can 
occur e " 

flow r a t i o  f o r  high-level  scram be set a t  130% of nominal, and even tua l ly  
t h i s  l e v e l  was s p e c i f i e d  f o r  t h e  LSSS s e t t i n g .  The SL flux-to-flow r a t i o  
i s  equal t o  the  LSSS value p l u s  the  u n c e r t a i n t y  i n  the  measurement. It 
i s  now s p e c i f i e d  as 136% of nominal. 

The in le t - tempera ture  high-level  scram w a s  o r i g i n a l l y  set a t  naminal 
+ 10'F. When imposed, t he  LSSS and SL values  were s p e c i f i e d  as nominal + 
15'F and nominal + 20°F, r e spec t ive ly ,  and the  +10"F va lue  was r e t a ined  
f o r  scram. Thus, a measurement u n c e r t a i n t y  of lO'F i s  accommodated and 
i s  suf f i e i e n t  . 

I n  the  heat-removal a n a l y s i s ,  t he  flow rate i n  the  var ious  fue l -  
element coolan t  channels is obtained by f i r s t  spec i fy ing  the  measured 
p res su re  drop ac ross  the  core  (108 p s i  f o r  f u l l  f low) .  Uncer t a in t i e s  i n  
the  measured va lue  are included i n  the  6% unce r t a in ty  i n  the f lux-to-  
f low-ra t io  l e v e l ,  as mentioned above. 

The o r i g i n a l  c r i te r ia  f a r  H F I R  s p e c i f i e d  t h a t  the  f l u x  (power)-to- 

B.4 RESULTS OF ANALYSIS PEBTAINING TO VESSEL 
LIFE-EXTENSION STUDIES 

Core heat-removal c a l c u l a t i o n s  were made t o  o b t a i n  burnout and 
inc ip i en t -bo i l ing  power l e v e l s  as a func t ion  of fuel-eleroent i n l e t  p re s -  
s u r e  and i n l e t  coolant  t empera tu re .  The r e s u l t s  are shown i n  Figs. B.1 
and B.2 and i n  Table B. 1. The values  i n  the  t a b l e  were obtained by in-  
t e r p o l a t i o n  of the  r e s u l t s  i n  Fig. B.l so t h a t  i n t e g e r  va lues  of the  
c r i t i ca l  power l e v e l s  could be displayed.  The corresponding nominal 
power levels  i n  Table B.1 are equal  t o  the  c r i t i c a l  va lues  divided by 
1.30. 

Table B. 1 con ta ins  s e v e r a l  p ressures  of i n t e r e s t :  t h e  core  i n l e t ,  
which is s p e c i f i e d  f o r  the a n a l y s i s ;  the  pressure  a t  the  top of the  con- 
t ro l - rod  shroud, which is 8 p s i  g r e a t e r  a t  f u l l  flow; and the  pressure  
d i f f e r e n t i a l  ac ross  the  ves se l  w a l l ,  which is  the same as t h a t  a t  the t o p  
of t he  shroud minus the d i f f e r e n t i a l  h y d r o s t a t i c  head on the  v e s s e l  a t  
midheight of the  core.  

B. 5 PRESSURE SETPOINTS REQUIRED FOR Rl3ACTOR OPERATION 

BeEore i l l . u a t r a t i n g  the  a p p l i c a t i o n  o f  the  above d a t a ,  ir is neces- 
sary t o  r e v i e w  the pres su re  s e t p o i n t s  requi red  f o r  r eac to r  operat ion.  
The s e t p o i n t s  used previous ly  a r e  s p e c i f i e d  i n  Refs. 6 and 7 and are p re -  
sen ted  here  i n  Table B.2 ( t h e  s p e c i f i c  va lues  correspond t o  a nominal 
power l e v e l  of 100 PM and to  a pressure-measurement l o c a t i o n  i n  the p r i -  
mary coolan t  l i n e  upstream of t h e  s t r a i n e r ) .  

I n  an e f f o r t  t o  reduce the  p re s su res  fo r  which the  i n t e g r i t y  of t h e  
v e s s e l  must be eva lua ted ,  the  s e t p o i n t s  €or  which pressures  must be 
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Table B. 1. Primary systeo. pressure corresponding 
t o  i n c i p i e n t  b o i l i n g  

HFLR power 
Fuel assembly Vessel pressure 
i n l e t  pres su re  

i n l e t  
temperature 

(OF) 

(W 

( P i a )  ( p s i a )  ( p s i g )  (paid)  Inc ip ient  Normala 
b o i l i n g  operat ion 

130 
130 
130 
130 
130 
130 

125 
125 
125 
125 
125 
125 
125 

120 
120 
120 
120 
120 
120 

115 
115 
115 
115 
115 
115 

110 
110 
110 
110 
110 
110 

105 
105 
105 
105 
105 
105 

100 
100 
100 
100 
10Q 
100 

100 
100 
100 
100 
100 
100 

96.2 
96.2 
96.2 

96.2 
96.2 

96.2 

93.8 

93.8 
93.8 
93.8 
93.8 

89.8 
89.8 

89.8 

89.8 

84.6 
84.6 
84.6 
84.6 
84.6 
84.6 

80.8 

93.8 

89.8 

89.8 

80.8 

80.8 

80.8 
80.8 

80.8 

76.9 
76.9 
76.9 
76.9 
76.9 
76.9 

120 
130 
135 
140 
150 
160 

120 
130 
135 
140 
150 
160 

120 
130 
135 
140 
150 
160 

120 
130 
135 
140 
150 
160 

120 
130 
135 
140 
150 
160 

120 
130 
135 
140 
150 
160 

120 
130 
135 
140 
150 
160 

525 
564 
583 
695 
653 
700 

474 
510 
528 
541 
590 
438 

429 
46 1 
478 
494 
533 
575 

386 
416 
430 
446 
480 
519 

350 
375 
390 
(105 
436 
470 

317 
342 
354 
367 
39 4 
424 

28 6 
308 
320 
333 
358 
383 

533 
572 
59 1 
613 
661 
708 

48 2 
518 
536 
55 5 
598 
644 

437 
4 69 
486 
502 
541 
583 

394 
424 
438 
454 
488 
527 

358 
383 
398 
413 
444 
4 78 

325 
350 
362 
375 
402 
432 

29b 
316 
328 
34 1 
366 
39 1 

518 
557 
576 
598 
646 
693 

467 
593 
521 
540 
583 
631 

422 
4 54 
47 1 
487 
526 
568 

379 
409 
423 
439 
473 
512 

34 3 
368 
383 
398 
429 
463 

310 
335 
34 7 
360 
387 
417 

279 
301 
313 
326 
35 I 
376 

508 
547 
566 
588 
636 
683 

457 
493 
511 
530 
573 
62 1 

412 
444 
46 1 
477 
516 
5 58 

369 
399 
413 
429 
463 
502 

333 
358 
373 
388 
419 
45 3 

300 
325 
33 7 
350 
37 7 
407 

263 
214 1 
303 

’. 316 
34 1 
366 

aNormal power = i n c i p i e n t  b o i l i n g  power/l.3. 
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Table B.2. HFIR p r e s s u r e  s e t p o i n t s  b e f o r e  
Janua ry  1, 1987 

Cond i t ion  
P r e s s u r e  a t  

s e n s i n g  p o i n t  
(psis) 

Re 1 i e  f v a l v e  
Pressurizer-pump t r i p  
1Ii g h -p re s s u r e a 1 a r m 
Normal o p e r a t i o n  
Low-pressure alarm 
S t a r t  s t andby  p r e s s u r i z e r  pump 
Primary-system i s o l a t i o n  
Low-pressure scram 
LSSS 
SL 
Primary circulat ing-pump c u t o f f  

1115 
865 
815 
765 
715 
715 
690 
615 
590 
565 
41 5 

d e r i v e d  were modif ied as shown i n  Table  B . 3 .  The pressure f o r  t h e  l a s t  
item i n  Table  B . 3  is a r r i v e d  a t  independen t ly  from t h e  o t h e r s .  The spe- 
c i f i c  v a l u e  l i s t e d  i s  based on t h e  n e c e s s i t y  f o r  p r e v e n t i n g  c a v i t a t i o n  i n  
t h e  pr imary c i r c u l a t i n g  pumps. The c a l c u l a t e d  nominal c r i t i c a l  v a l u e  was 
165 p s i a ;  t h e  proposed 200-psia v a l u e  i n c l u d e s  an a p p r o p r i a t e  u n c e r t a i n t y .  
There may be o t h e r  f a c t o r s  t h a t  could t end  t o  i n c r e a s e  the s p e c i f i e d  pump 
c u t o f f  p r e s s u r e .  However, t h i s  p r e s s u r e  must not  be g r e a t e r  t han  the  SL 
p r e s s u r e .  

Table  B . 3 .  Proposed HFIR p r e s s u r e  s e t p o i n t s  f o r  
f u t u r e  o p e r a t i o n  ( r e l a t i v e  t o  low-pressure- 

scrain s e t p o i n t )  

Cond i t ion  
Primary-system p r e s s u r e  

[ p s i  ( r e l a t i v e ) ]  

Rupture d i s c  ( r e l i e f  v a l v e )  
Pressurizer-pump c u t o f f  
High-presure alarm 
Normal o p e r a t i o n  
Low-pressure alarm 
S t a r t  s t andby  p r e s s u r i z e r  pump 
Low-pressure scram 
LSSS 
SL 
Primary pump c u t o f f  200 p s i a  

,250 
+150 
+125 
+ l o o  

+5 0 
+5 0 

0 
-2 5 
-50 

( c o r e  i n l e t )  
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B.6 APPLICATION OF RESULTS 

B.6.1 I l l u s t r a t i o n  for ODeration a t  100 MW 

For a nominal power l e v e l  of 100 md, the  inc ip i en t -bo i l ing  and, 
thus ,  LSSS power l e v e l  is 130 MW, and the  SL power l e v e l  is 136 MW, If 
t h e  nominal core- in le t  coolant  temperature i s  120°F, the  high-temperature 
scram, LSSS, and LS temperatures  are 130, 135, and 14Q°F, r e spec t ive ly .  
Thus, from Table B.1 ,  the  low-pressure-scram pressure  a t  t he  core  i n l e t  
is  564 p s i a ,  and the corresponding normal ope ra t ing  pressure  i s  664 p s i a  
(from Table B.3). 

and LSSS i n c i p i e n t  burnout power l e v e l s  and core i n l e t  temperatures  must 
be cons idered ,  as shown i n  Table 8.4, f o r  a nominal power of 100 MW, The 
corresponding p res su res  are obtained from Fig. B . 2 ,  and as ind ica t ed  i n  
Table B.4, the  SL pressure  is 410 p s i a ,  and the  LSSS pressure  is 461 ps i a  
( t h e  g r e a t e r  of the two values  designated LSSS). These values  are more 
than  25 and SO p s i  below the  low-pressure scram value ,  and, thus ,  t h i s  

To ob ta in  the  SL and LSSS p res su res t  t h ree  combinations o f  the  SL 

Table  B.4. LSSS and SL power, temperature ,  and p r e s s u r e ,  
based on i n c i p i e n t  burnout 

~ormal' I n c i p i e n t  Coolant b 
r e a c t o r  burnout i n l e t  
power power t empera tu re  
(mJ> (MU) ( O F )  

Fuel assembly Vessel p r e s s u r e  
i n l e t  p r e s s u r e  

( p i a >  ( p i a >  ( p s i g )  ( p s i d l  

100.0 
100.0 
100.0 

130 LSSS 135 LSSS 
136 SL 135 LSSS 
130 LSSS 140 SL 

410 SL 
461 LSSS 
424 LSSS 

424 
475 
438 

409 
460 
423 

399 
450 
413 

96.2 
96.2 

125 LSSS 135 LSSS 
131 SL 135 LSSS 

370 SL 
418 LSSS 

384 
432 

369 
4 17  

359 
407 

92.3 
92.3 

120 LSSS 135 LSSS 
126 SI, 135 LSSS 

337 SL 
378 LSSS 

351 
392 

336 
377 

326 
367 

115 LSSS 135 LSSS 
121 SL 135 LSSS 

306 SL 
342 LSSS 

320 
356 

88.5 
88.5 

30 5 
341 

29 5 
33 1 

84.6 
84.6 

110 LSSS 135 LSSS 
116 SL 135 LSSS 

278 SL 
314 LSSS 

292 
328 

277 
313 

267 
303 

8 0 - 8  
80.8 

105 LSSS 135 LSSS 
111 SL 135 LSSS 

250 SL 
282 LSSS 

264 
296 

249 
28 1 

239 
27 1 

75.9 
76.9 

100 LSSS 135 LSSS 
106 SL 135 LSSS 

231 SL 
255 LSSS 

245 
269 

230 
254 

2 20 
244 

%orma1 power = LSSS burnout power/ 1.3. 

bCorrected f o r  instrument  e r r o r .  
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l a t t e r  value i s  s a t i s f a c t o r y .  Also, these  values  are g r e a t e r  than t h a t  
s p e c i f i e d  f o r  the  main circulating-pump cutoff  another  condi t ion  t h a t  
has t o  be s a t i s f i e d .  

B.6.2 I l l u s t r a t i o n  €or Operation a t  85 MW 

A parametr ic  fracture-mechanics a n a l y s i s  €or the HFPR ves se l  ind i -  
c a t e s  t h a t  a nominal power l e v e l  of -85 MW and a nominal core  i n l e t  t e m -  
p e r a t u r e  of 120'F are reasonable  f o r  f u t u r e  opera t ion  of HFPR. The 
corresponding set of p re s su res ,  c o n s i s t e n t  with Table B.3 and based on 
t h e  d a t a  i n  Tables B.1 and B.4, is  presented i n  Table B.5. 

p ressures  could be set as low as 278 and 314 p s i a ,  respec t ive ly .  How- 
ever ,  the  h igher  pressures  included i n  Table B. 5 a r e  s u f f i c i e n t l y  below 
t h e  low-pressure-scram va lue  ( i n  accordance with Table B.3) and provide a 
g r e a t e r  margin on primary-circulating-pump c a v i t a t i o n .  

As i nd ica t ed  by the  resul ts  i n  Table B.4, the  core i n l e t  SL and LSSS 

Table B.5. Proposed HFIR pressure  s e t p o i n t s  f o r  
f u t u r e  ope ra t ion  a t  85 MW 

Pressures  

Condition Core 
i n l e t  

Rup t u r e  -d i s  c 
Vessel Vessel AP r a t i n g  
( p s i a )  ( p s i d )  

( p s i g )  (psis) 

650+6% 
-3% 

Rupt ure-di sc f a i l u r e  

No flow (maximum pres su re )  704 704 679 
F u l l  flow, plugged s t r a i n e r  672 68 0 655 

Pressurizer-pump cu to f f  525 533 508 
H i  gh-p r e s s u r  e a1 arm 500 508 
Normal ope ra t ion  475 483 458 
Low-pressure alarm 425 433 
S t a r t  standby p r e s s u r i z e r  pump 425 433 
Low-pressure scram 375 38 3 
LSSS 350 358 
SL 325 333 
Main circulating-pump cutof f  200 208 
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Appendix C 

PRESSURE-VESSEL INTEGRITY EVALUATION CONCEPTS 

J. G. Merkle 

C.1 MODES OF FRACTURE 

I n  the  des ign  and s a f e t y  a n a l y s i s  of a nuclear  p r e s s u r e  v e s s e l ,  a l l  
p h y s i c a l l y  p o s s i b l e  modes of f a i l u r e  must be considered and avoided by 
the  p rov i s ion  of adequate s a f e t y  margins. These modes of f a i l u r e  inc lude  
p l a s t i c  c o l l a p s e  and subsequent t e n s i l e  i n s t a b i l i t y ;  buckl ing;  c r ack  
formation by f a t i g u e  and environmental  e f f e c t s ;  and crack ex tens ion  by 
f a t i g u e ,  d u c t i l e  t e a r i n g ,  and cleavage ( b r i t t l e  f r a c t u r e ) .  It i s  t h e  
f i r s t  and l a s t  modes of f a i l u r e  t h a t  are of par t icu lar  i n t e r e s t  i n  t h i s  
e v a l u a t i o n  because both t h e  t e n s i l e  d u c t i l i t y  and t h e  r e s i s t a n c e  t o  crack 
ex tens ion  ( t h e  f r a c t u r e  toughness) a r e  reduced by neutron i r r a d i a t i o n ,  
The l a t t e r  is  t h e  most d i r e c t l y  r e l a t e d  t o  the  r e s u l t s  of t h e  recent  
s u r v e i l l a n c e  specimen tests,  and, t h e r e f o r e ,  i t  w i l l  be d iscussed  f i r s t .  

C .2  MEASURES OF FRACTURE RESISTANCE OF STEELS 

For p r a c t i c a l  reasons s e v e r a l  measures of the  f r a c t u r e  r e s i s t a n c e  of 
steels are i n  use i n  the  nuc lear  indus t ry .  Although the most d l r e c t  
method of measuring the  f r a c t u r e  r e s i s t a n c e  of s teels  is  a l i n e a r  e l a s t i c  
f r a c t u r e  mechanics (LEFM) test ,  the  specimen s i z e s  requi red  to  prevent  
y i e l d i n g  before  f r a c t u r e  are usua l ly  un feas ib l e  f o r  s u r v e i l l a n c e  program 
a p p l i c a t i o n s .  Therefore ,  o l d e r ,  s i m p l e r ,  and smaller, but l e s s - d i r e c t  
t e s t s  are o f t e n  employed. The Charpy V-notch specimen, which measures 
10 x 10 x 55 mm and con ta ins  a 2-mm-deep notch ,  is broken i n  bending by a 
hammer a t t ached  t o  a swinging pendulum, and t h e  impact energy absorbed by 
t h e  specimen is e m p i r i c a l l y  r e l a t e d  t o  f r a c t u r e  performance. The drop- 
weight t e s t ,  which uses  a somewhat l a r g e r  beam specimen, measures a 
temperature  c a l l e d  t h e  n i l - d u c t i l i t y  t r a n s i t i o n  (NDT) temperature ,  above 
which a crack running out  of a notch i n  a b r i t t l e  weld bead wi l l  not 
propagate completely ac ross  t h e  t ens ion  f a c e  of the  specimen a t  a speei- 
f i e d  def1ec t ion . l  These two tests a r e  used i n  combination i n  t h e  
Americarz Society of Mechan-kal Engh?ers (ASME) @ o h 2  t o  d e f i n e  a r e f e r -  
ence n i l - d u c t i l i t y  t r a n s i t i o n  temperature (RTNDT), which is  i t s e l f  used 
as a n  indexing parameter f o r  making lower-bound estimates of f r a c t u r e  
toughness as a func t ion  of temperature.  The RTNDT i s  e i t h e r  the  NDT or 
60°F below the  temperature  a t  which t r a n s v e r s e l y  o r i en ted  Charpy spec i -  
mens develop more than 50 f t - l b  of impact energy and 35 m i l s  of l a t e r a l  
expansion, whichever i s  higher .  
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C.3 VESSEL FRACTURE SAFETY EVALUATION APPROACHES 

C. 3.1 The F r a c t u r e  Ana lys i s  Diagram 

Before t h e  development of t h e  a n a l y t i c a l  p rocedures  u n d e r l y i n g  LEFM, 
a semiempi r i ca l  approach t o  t h e  p r e v e n t i o n  of f r a c t u r e  a s s o c i a t e d  w i t h  
f l a w s ,  based on t h e  F r a c t u r e  Ana lys i s  Diagram (FAD) (Fig.  C . l )  developed 
a t  the Naval Research Labora to ry  (NRL),  was i n  g e n e r a l  use.3 FAD i n c o r -  
p o r a t e s  two pr imary concep t s :  a Crack-Arrest-Temperature (CAT) cu rve  
below which c r a c k s  are no t  expec ted  t o  p ropaga te  and a f a m i l y  of c r a c k  
i n i t i a t i o n  c u r v e s  t h a t  p rov ide  a n  approximate r e l a t i o n s h i p  between 
stress, f l a w  s i z e ,  and t e m p e r a t ~ r e . ~  

a t  lower nominal stresses t h a n  are r e q u i r e d  t o  i n i t i a t e  t h e  same s i z e  
c r a c k ,  a t e s t  w a s  d e v i s e d  t o  measure t h e  minimum p r o p a g a t i o n  stress. 
Th i s  became known as t h e  Crack Arrest T e s t ,  and i t s  r e s u l t s  were c a l l e d  
t h e  CAT curve. The CAT curve i s  a p l o t  of minimum p r o p a g a t i o n  stress vs  
t e m p e r a t u r e ,  and i t  undergoes a t r a n s i t i o n  i n  t h e  same manner as Charpy 
V-notch impact energy. The minimum p r o p a g a t i o n  stress is  measured as t h e  
l a r g e s t  stress a t  which an a r t i f i c i a l l y  i n i t i a t e d  c r a c k  i n  a l a r g e  wide 
p l a t e  w i l l  n o t  c o n t i n u e  t o  p ropaga te  a t  a g i v e n  temperature .  D e s p i t e  

Because c r a c k s  may p ropaga te  th rough  s t r a i n - r a t e - s e n s i t i v e  materials 

ORNL-DWG 65-4260 

NDT NDT + 30°F NDT + 60°F 
TEMP. - 

Fig. C . l .  F r a c t u r e  a n a l y s i s  diagram (FAD). 

NDT + 120'F 
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observed s i z e  e f f e c t s ,  which would be expected on the  b a s i s  of f r a c t u r e  
mechanics a n a l y s i s ,  t h e  CAT curve was an Important p a r t  of t he  FAD.3,4 

The dashed l i n e s  i n  Fig. C . l  g i v e ,  as a func t ion  of temperature 
re ferenced  t o  the  NDT temperature ,  t he  stress a t  which a crack of a g iven  
s i z e  w i l l  s t a r t  t o  propagate.  The NDT temperature  i s  determined d i r e c t l y  
from a drop-weight test or  i n d i r e c t l y  by c o r r e l a t i o n  with the  s impler  
Charpy impact test .  The paramet r ic  crack-size curves  were determined 
p a r t i a l l y  by f r a c t u r e  mechanics a n a l y s i s  and p a r t i a l l y  by p l o t t i n g  a c t u a l  
f a i l u r e  data .  'For most s t r a i n - r a t e - s e n s i t i v e  s tee l s ,  t he  CAT curve 
c ros ses  the  y i e l d  stress curve a t  about the NDT temperature p l u s  60°F 
[ t h e  f r a c t u r e  t r a n s i t i o n  e l a s t i c  (FTE)] and j o i n s  t h e  u l t ima te  s t r e n g t h  
curve a t  about the  NDT temperature p l u s  120'F [ t h e  f r a c t u r e  t r a n s i t i o n  
p l a s t i c  (FTP)]. For temperatures  above the  FTE temperature ,  cracks 
supposedly w i l l  not  propagate  through regions ca r ry ing  a nominal stress 
below yie ld .  Because primary s t r e s s e s  a r e  l i m i t e d  t o  va lues  below y i e l d ,  
fu l l - load  ope ra t ion  w a s  gene ra l ly  permit ted above the  NDT temperature  
p lus  60°F wi th  only reduced loads permit ted below the  NDT temperature 
p lus  60°F t o  s t a y  below the  CAT curve. This was the  b a s i s  f o r  the mini- 
mum Eull-load ope ra t ing  temperature  of NDT + 60°F appl ied  t o  the  High 
Flux Isotope Reactor ( H F I R )  vesse l .  The l a r g e  f law s i z e s  corresponding 
t o  t h e  CAT curve w e r e  implicitly considered t o  provide a degree of con- 
s e rva t i sm f o r  smaller f laws more than s u f f i c i e n t  t o  compensate f o r  t h e  
l ack  of a n a l y s i s  of t h e  c rack-ar res t  temperature  tests. The small f law 
i n i t i a t i o n  curve d id  not  seem t o  involve  any d e l i b e r a t e  conservatism. 

convenience, NDT was sometimes es t imated  by a c o r r e l a t i o n  equat ing i t  t o  
t h e  temperature of occurrence o f  a s p e c i f i c  and material-dependent Charpy 
V-notch impact energy. In f a c t ,  t h e  t o  the  ASW Code f o r  
Nuclear Vessels contained t h e  information f o r  making such es t imates .  
This in rormat ion ,  shown i n  Table 6.1, i n d i c a t e s  t h a t  f o r  A 2 1 2  s t e e l  the  
Charpy V-notch impact energy tha t  occurs  a t  t h e  NDT is -15 f t - lb .  Simi- 
l a r  information f o r  weld metals  appears i n  g raph ica l  form i n  a book by 
Shank. 

contained i n  the  HFIR v e s s e l  were est imated8, '  a s  shown i n  Table C.2. 
Only one of t he  m a t e r i a l s ,  A - 2 1 2 ,  grade 8, appears e x p l i c i t l y  i n  Table 
(2.1. The NllT c o r r e l a t i o n  energy f o r  the  A-105, grade I1 fo rg ing  m a t e r i a l  
was apparent ly  es t imated as 15 f t - l b  bec.ause the  m a t e r i a l ' s  chemistry is 
c l o s e  t o  t h a t  of the  A-212 pla te .  The NDT c o r r e l a t i o n  energy f o r  t he  
A-350, grade LF3 forg ing  material w a s  no doubt es t imated as 30 f t - l b  
because the  material 's  y i e l d  stress exceeds 45 k s i .  

I n  a p p l i c a t i o n ,  drop-weight tests were not  always conducted. For 

Based on Table C . l ,  t he  NDT c o r r e l a t i o n  ene rg ie s  f o r  the  materials 

C.3.2 - Linear  E l a s t i c  F rac tu re  Mechanics 

LEFM i s  a c o l l e c t i o n  of a n a l y t i c a l  and experimental  techniques used 
i n  conjunct ion  wi-th s t r e s s  a n a l y s i s  t o  prevent  f r a c t u r e  a s soc ia t ed  wi th  
f laws i n  engineer ing  s t r u c t u r e s .  The bas i c  p r e m i s e  of f r a c t u r e  mechanics 
i s  t h a t  f r a c t u r e s  are caused by f laws.  Thus, f r a c t u r e  mechanics foci.ises 
i t s  a t t e n t i o n  on t h e  s t r e s s e s  and s t r a i n s  near  t he  t i p s  of f laws. A s  a 
conserva t ive  f i r s t  approximation, f laws a r e  t r e a t e d  mathematical ly  as 
c racks  wi th  zero  r a d i i  of curva ture  a t  t h e i r  ends. 
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Table C. l .  Estimated va lues  of Charpy V-notch impact 
energy occurr ing  a t  t h e  NDT €o r  s p e c i f i c  

s teels  and y i e l d  stress ranges 

a. Cor re l a t ion  f o r  s p e c i f i c  materials 

Charpy V-notch energy 
absorp t ion  ( f t - l b )  
cor  respondence t o  

Mater ia l  NDT temperature 

ASTM A-212 15 

ASTM A-302 30 
SAE 4340 35 

AIS1  Type 410 20 

b. Conservative c o r r e l a t i o n  f o r  use i n  the  absence of b e t t e r  d a t a  

Charpy V-notch energy 
Material c l a s s  by abso rp t ion  

y i e l d  s t r e n g t h  ( f t - l b )  

<45,000 p s i  20 
45,000 t o  75,000 p s i  30 
>75,000 p s i  40 

Table C.2. Estimated Charpy V-notch 
impact ene rg ie s  occurr ing  a t  t h e  
drop-weight NDT for  the  ma te r i a l s  

i n  t h e  HFIR p r e s s u r e  v e s s e l  

Ma te r i a l  
CVN a t  NDT 
( f t -1b) 

A-212, grade B 
A-105, grade I1 
A-350, grade LF3 

15 
15 
30 
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The a b i l i t y  of a material t o  s u s t a i n  a stress i n  t h e  presence of a 
sha rp  c rack  is c a l l e d  i ts  f r a c t u r e  toughness. I n  f r a c t u r e  mechanics, 
f r a c t u r e  toughness is represented  by the  value of a s i n g l e  stress analy- 
sis parameter t h a t  completely c o n t r o l s  t h e  stress condi t ions  near  t he  
c rack  t i p .  

The b a s i s  of LEFM is p a r t l y  experimental  and p a r t l y  a n a l y t i c a l .  l o  
The experimental  b a s i s  is the  observa t ion  t h a t  f o r  geometr ica l ly  similar 
specimens t h a t  con ta in  sharp  c racks ,  the  nominal f r a c t u r e  stress (J i s  
i n v e r s e l y  p ropor t iona l  t o  the  square root  of the crack s i z e ,  p r o v i h  
t h a t  the  crack s i z e  is g r e a t e r  than some minimum crack s i z e  and t h a t  t he  
f r a c t u r e  stress is  less than some stress near  the  y i e l d  stress. Mathe- 
ma t i ca l ly ,  the  inve r se  square  root  l a w  can be s t a t e d  as 

crf J;; = cons tan t  . (C. 1) 

The a n a l y t i c a l  basis of LEFM is the elastic stress a n a l y s i s  of sharp 
cracks.  The stress d i s t r i b u t i o n  near the  t i p  of a sharp  crack is  com- 
p l e t e l y  c o n t r o l l e d  by the  presence of t h e  crack so t h a t  t he  equat ions  f o r  
t he  e l a s t i c  stress d i s t r i b u t i o n  near  the t i p  of a sharp c rack  have t h e  
same asymptot ic  form f o r  a l l  cracks.  The equat ions  f o r  t h e  stresses near 
t h e  t i p  of a sharp  crack are a l l  of t h e  form 

where r is the  r a d i a l  d i s t ance  i n  inches  from the  crack t i p  and 8 is  the  
angle  measured counterclockwise from the  plane of extens ion  of the  crack. 
The magnitudes of the  stresses near t h e  t i p  of a sharp  crack are com- 
p l e t e l y  con t ro l l ed  by t he  f a c t o r  KI, c a l l e d  t h e  "stress i n t e n s i t y  f a c t o r , "  
a common f a c t o r  i n  t h e  equat ions  €or  a l l  t h e  stress components. The 
f a c t o r  KI is always given by an equat ion  of the  form 

K, = C c r 6  . 
In Eq. ( C . 3 )  C i s  
r e l a t i v e  s i z e  and 
loading ,  CT is the  

(C. 3 )  

a nondimensional "shape f ac to r "  t h a t  depends on the  
shape of t h e  f law and the  s t r u c t u r e  and on the  mode of 
nominal stress at  the  l o c a t i o n  of t he  flaw i n  k s i ,  and 

a i s  the  € l a w  s i z e  i n  inches.  
Eq. (C .3 )  gives  

A t  f r a c t u r e ,  (J = a f s  Thus, a t  f r a c t u r e ,  
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For geometr ica l ly  s i m i l a r  specimens, t he  f a c t o r  ( C G )  is  constant .  Fron 
Eq. (C.l) the  f a c t o r  ( a G )  is  a l s o  cons tan t  a t  f r a c t u r e .  
has R cons tan t  va lue  a t  f r a c t u r e .  

i nc reas ing  the  th ickness  i s  t o  inc rease  the  t r ansve r se  r e s t r a i n t  a g a i n s t  
c rack- t ip  y i e ld ing  and, thus ,  t o  raise the  maximum t e n s i l e  s t r e s s e s  near 
the crack t i p .  This  tends t o  reduce the ca l cu la t ed  value of KI a t  f r a c -  
t u r e  to i t s  minimum value ,  which is  designated as KIc and c a l l e d  the  
"p lane-s t ra in  f r a c t u r e  toughness." 
v a r i e s  with temperature and wi th  s t r a i n  rate. KIc t ends  t o  decrease  with 
both decreas ing  temperature and with inc reas ing  s t r a i n  rate. I n  summary, 
KI i s  an e l a s t i c  stress a n a l y s i s  parameter t h a t  is found exper imenta l ly  
t o  have a cons tan t  va lue  a t  f r a c t u r e  f o r  def ined  condi t ions  wi th in  a 
c e r t a i n  range of stress, flaw s i z e ,  and th ickness .  

f r a c t u r e  from a s t a t i o n a r y  flaw. The concept of the s t r e s s - i n t e n s i t y  
f a c t o r  a l s o  a p p l i e s  t o  the  s t r e s s  condi t ions  governing the arrest of a 
running crack. In  s t r u c t u r a l  s teels  the  c rack-ar res t  toughness, desig-  
nated as KIa9 i s  a p t  t o  be less than the s t a t i c - i n i t i a t i o n  toughness KIc 
a t  a given temperature.  It is  important t h a t  t h i s  f a c t  be considered 
when performing a s a f e t y  a n a l y s i s  f o r  a s t r u c t u r e  cons t ruc ted  of a mild 
or  an in te rmedia te  grade s tee l ,  inc luding  a nuclear  pressure  ves se l .  

To achieve s t r u c t u r a l  r e l i a b i l i t y ,  a margin of s a f e t y  i s  provided i n  
des ign  between the  est imated s t r e n g t h  of a s t r u c t u r e  and the  maxirnum load 
expected t o  occur i n  se rv i ce .  The s t r e n g t h  of a s t r u c t u r e  is def ined as 
a combination of loads t h a t  would cause f a i l u r e .  The ac tua l  s t r e n g t h  of 
a s t r u c t u r e  is o f t e n  not known exac t ly .  However, i t  i s  usua l ly  p o s s i b l e  
t o  underest imate  the  s t r e n g t h  of a s t r u c t u r e ,  based on a p l a s t i c  co l l apse  
a n a l y s i s ,  neglec t ing  s t r a i n  hardening. The underestimated s t r e n g t h  
d iv ided  by a f a c t o r  of s a f e t y ,  which is usua l ly  between 1.5 and 2.0, be- 
comes the  h ighes t  permiss ib le  load i n  serv ice .  

of a nuc lear  pressure  v e s s e l  a r e  presumed t o  be capable of reaching 
p l a s t i c  l i m i t  condi t ions  under primary s t r e s s e s .  Primary stresses a r e  
def ined  as those t h a t  are not  l imi t ed  by t h e  process  of deformation it- 
s e l f .  This is the  b a s i s  f o r  determining al lowable s t r e s s e s  as the  y i e l d  
stress divided by a f a c t o r  of sa fe ty .  When cons ider ing  the  e f f e c t s  of 
undetected f laws ,  the s a f e t y  f a c t o r s  are usua l ly  d i s t r i b u t e d  between the  
stress l e v e l ,  the  assumed f law s i z e  and t h e  es t imated  f r a c t u r e  toughness 
wi th  due cons idera t ion  being given t o  ensuring t h a t  a reasonable  s a f e t y  
margin e x i s t s  f o r  unan t i c ipa t ed  overloads,  as w e l l  as f o r  the  known 
ope ra t ing  condi t ions.  

Therefore ,  KI 

The va lue  of KI a t  f r a c t u r e  is a f f e c t e d  by thickness .  The e f f e c t  of 

For s t r u c t u r a l  s teels ,  KIc a l s o  

The foregoing d i scuss ion  has been concerned with the i n i t i a t i o n  of 

According t o  Sect. 111 of the  ASME Pressure  Vessel Code, a l l  par t s  
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Appendix D 

MATERIALS EVALUATION 

:TION (R. K. Nanstad) 

Evalua t ion  of the  materials i n  the  High Flux Iso tope  Reactor (HFIR) 
pres su re  ves se l  i s ,  of course,  an i n t e g r a l  p a r t  of the  o v e r a l l  assessment 
of vessel i n t e g r i t y .  I n  t h e  o r i g i n a l  des ign  and assessment of the  p res -  
s u r e  v e s s e l ,  base metals and welds were eva lua ted  according t o  s tandard  
s p e c i f i c a t i o n s  and some s p e c i a l  Oak Ridge Nat ional  Laboratory (ORNL) 
s p e c i f i c a t i o n s .  Typical  t e n s i l e  p r o p e r t i e s  of s t r e n g t h  and d u c t i l i t y ,  a s  
w e l l  as Charpy V-notch (CVN) impact toughnesses,  were measured and de te r -  
mined t o  be i n  compliance wi th  a l l  a p p l i c a b l e  s p e c i f i c a t i o n s .  A l l  of t he  
s t r u c t u r a l  materials used f o r  t h e  v e s s e l  are f e r r i t i c ,  and i t  w a s  recog- 
nized t h a t  neutron-induced embri t t lement  would occur dependent on the  
levels  of exposure. Various a c t i o n s  were implemented t o  mi t iga t e  the  
e f f e c t s  of embr i t t l ement :  f o r  example, t he  use of a low-temperature 
m a t e r i a l ,  A350 grade LF3,  f o r  t h e  two beam-tube nozzles  expected t o  
r ece ive  the h ighes t  exposures;  des ign  changes t o  reduce the  neutron Elu- 
ence; and a material s u r v e i l l a n c e  program t o  monitor t he  ex ten t  of em- 
b r i t t  lement. 

The pressure-vessel  s u r v e i l l a n c e  program w a s  e s t ab l i shed  before  
ope ra t ion  of HFIR on November 8, 1965. A d e t a i l e d  d e s c r i p t i o n  of the  
s u r v e i l l a n c e  program is contained i n  ORNL/TM-1372. The program inc ludes  
base metal  CVN specimens removed from pro longat ions  of t he  beam-tube 
nozz les  and dropouts  of vessel s h e l l  material removed before  i n s t a l l a t i o n  
of t he  nozzles .  

No welds were included i n  the  s u r v e i l l a n c e  program, however, and an 
i r r a d i a t i o n  t a s k  has been conducted t o  determLne i r r a d i a t e d  toughness of 
t he  welds i n  the  b e l t l i n e  region of the vesse l .  Addi t iona l ly ,  the v e s s e l  
s h e l l  m a t e r i a l  was t e s t e d  and i r r a d i a t e d  i n  th ree  d i f f e r e n t  o r i e n t a t i o n s  
t o  provide a d a t a  base f o r  a comprehensive eva lua t ion  of crack propaga- 
t i on .  The a v a i l a b i l i t y  o f  a r c h i v a l  m a t e r i a l  was seve re ly  l i m i t e d ,  and 
documentation regarding m a t e r i a l s ,  hea t  t rea tments ,  and f a b r i c a t i o n  pro- 
cedures  was incomplete. Because of those d e f i c i e n c i e s ,  the materials 
eva lua t ion  p r o j e c t  involved d e t a i l e d  m e t a l l u r g i c a l  examination of sur-  
v e i l l a n c e  specimens, q u a l i f i c a t i o n  weldments, and o the r  materials i d e n t i -  
f i e d  as candida tes  f o r  t he  i r r a d i a t i o n  task.  It a l s o  included the  f a b r i -  
c a t i o n  of a submerged-arc weldment t o  represent  t he  long i tud ina l  seam and 
c i r c u m f e r e n t i a l  g i r t h  welds of t he  p re s su re  ves se l .  

Addi t iona l  s t u d i e s  of materials included var ious  mic ros t ruc tu ra l  
examinations t o  r evea l  embri t t lement  mechanisms and mic ros t ruc tu ra l  
c h a r a c t e r i s t i c s  r e l evan t  t o  a f u l l  understanding of t he  m a t e r i a l s '  re- 
sponses t o  i r r a d i a t i o n .  Also, i n  the  event t h a t  thermal annea l ing  o€ the  
ves se l  i s  considered a p o t e n t i a l  method t o  extend vesse l  l i f e  beyond t h a t  
r e s u l t i n g  from t h i s  s tudy ,  mic ros t ruc tu ra l  c h a r a c t e r i z a t i o n s  w i l l  be 
necessary.  Many of these  examlnations a r e  e s s e n t i a l  i n  l a r g e  p a r t  be- 
cause the  HFIR ves se l  ope ra t e s  a t  120°F, compared with commercial l i g h t -  
water r e a c t o r s  (LWRs), which opera te  a t  -550"F, and the bulk of r a d i a t i o n  
damage knowledge f o r  f e r r i t i c  steels evolves from LWR technology. 



The materials e v a l u a t i o n  p r o j e c t  has  provided mechanical p r o p e r t y  
d a t a  and has  c h a r a c t e r i z e d  t h e  r e l e v a n t  materials t o  a l l o w  f o r  a f u l l  
e v a l u a t i o n  of v e s s e l  i n t e g r i t y  f o r  cont inued o p e r a t i o n .  The- fo l lowing  
s e c t i o n s  w i l l  summarize, and d e s c r i b e  i n  d e t a i l  where n e c e s s a r y ,  a b i b l i -  
ography r e l e v a n t  t o  t h e  HFIR vessel embr i t t l ement  , t h e  s u r v e i l l a n c e  pro- 
gram r e s u l t s ,  a d e s c r i p t i o n  of materials and p r o p e r t i e s ,  r e s u l t s  of t h e  
i r r a d i a t i o n s  t a s k ,  materials s t u d i e s  in tended  t o  provide i n f o r m a t i o n  
r e g a r d i n g  mechanisms of r a d i a t i o n  damage a t  low neut ron  f l u x e s  and low 
i r r a d i a t i o n  tempera tures ,  and t h e  concept f o r  r e o p e r a t i o n  s u r v e i l l a n c e .  

D.2 PRESSURE-VESSEL MATERIALS SURVEILLANCE RESULTS 
(R. K. Nanstad) 

The s u r v e i l l a n c e  program is  d e s c r i b e d  i n  Chap. 3. The materials i n  
t h e  program r e p r e s e n t  t h e  v a r i o u s  components of t h e  p r e s s u r e  v e s s e l ,  t h a t  
i s ,  t h e  s h e l l  and t h e  beam-tube nozz les  l o c a t e d  i n  r e g i o n s  of h igh  f l u x  
a t  t h e  reactor b e l t l i n e .  AEE d e s c r i b e d  i n  Ref. 1 ,  t h e  t e s t i n g  phi losophy 
i s  t o  tes t  t h r e e  CVN impact specimens a t  s e l e c t e d  tempera tures  t o  b r a c k e t  
t h e  n i l - d u c t i l i t y  t r a n s i t i o n  (NDT) tempera ture ,  fol lowed by t h r e e  tests 
a t  t h e  e s t i m a t e d  NDT temperature .  Also as d e s c r i b e d  i n  Ref. 1, t h e  NDT 
tempera tures  are indexed a t  CVN e n e r g i e s  of 15 f t - l b  f o r  A105 grade  I1 
and A212 grade  B and 30 f t - l b  f o r  A350 grade LF3. I n  some cases, only  
one c a p s u l e  ( t h r e e  CVN specimens) w a s  removed f o r  t e s t i n g .  Thus, t h e  
numbers of specimens are r e l a t i v e l y  small and are in tended  t o  provide 
estimates of t h e  materials toughness as exposure t i m e  i n c r e a s e s  e 

Specimens l o c a t e d  a t  keys 1 and 4 were cons idered  symmetric as were 
those  from keys 6 and 7 .  Thus, specimens from t h o s e  keys were combined 
f o r  t e s t i n g .  Tables  D.l-D.4 provide a l l  of t h e  test r e s u l t s  ob ta ined  i n  
t h e  s u r v e i l l a n c e  program, i n c l u d i n g  t h e  neut ron  f l u x  (@)  and f l u e n c e  ( a )  
( > 1  MeV). The u n i r r a d i a t e d  tests were conducted i n  1965 e x c e p t  f o r  addi-  
t i o n a l  tests a t  6 0 ,  90, and 120°F, which were conducted as p a r t  of t h i s  
ass e s s me n t . 

Although d e t a i l s  of t h e  ear l ier  tests are a n c l e a r ,  t h e  specimens 
removed a f t e r  15 and 17.5 e q u i v a l e n t  full-power y e a r s  (EFPY) were t e s t e d  
w i t h  a machine c a l i b r a t e d  i n  accordance wi th  American Socie ty  f o r  T e s t i n g  
and Materials (ASTM) E23 .2 A d d i t i o n a l l y ,  t h e  temperature  measuring sys-  
t e m  was c a l i b r a t e d  and v e r i f i e d  temperature  measurements w i t h i n  l 0 C  over 
t h e  test tempera ture  range. F i g u r e s  D.I-D.5 g r a p h i c a l l y  d e p i c t  t h e  sur -  
v e i l l a n c e  test r e s u l t s  f o r  each key l o c a t i o n .  The curve Eits shown i n  
t h e  f i g u r e s  a r e  computer-produced f i t s  f o r  each d a t a  set. Table D . l  and 
Fig.  D . l  show r e s u l t s  f o r  both h igh- f lux  and low-flux A105 grade  IT. 
specimens from t h e  17.5-EFPY case. The v a r i a t i o n  i n  neut ron  f l u e n c e  can  
be q u i t e  l a r g e  w i t h i n  a g iven  key l o c a t i o n  (see Appendix E on d o s i m e t r y ) ,  
and a c a p s u l e  w a s  removed from a low-flux reg ion  of key 4 .  No specimens 
were removed from key 5 a f t e r  17.5 EFPY because t h e  s h e l l  m a t e r i a l  tes t  
specimens a t  keys 6 and 7 v e r i f i e d  t h a t  the  f l u e n c e  a t  key 5 is  subs tan-  
t i a l l y  lower and key 6 and 7 r e s u l t s  provide t h e  h i g h e s t  NDT f o r  s h e l l  
m a t e r i a  1. 

v a l u e s  f o r  each d a t a  set were determined through c o n s t r u c t i o n  of hand- 
A summary of the  tes t  r e s u l t s  is given i n  Table D.5. The l i s t e d  NUT 



Table D . l .  Charpy impact surveillance test results for 
HFIR components HB1 and HB4, ~ 1 0 5  grade I1 steel 

Neutron 
f luence , 
>1 MeV 

Test Lateral Neutron flux, 

(OF) (mils) (n/cml*s x 10") (n/cm2 1017) 
>1 MeV 

Energy Appear a nce 
(ft-lb) ( X  shear) expansion Specimen Key temperature 

B-58 
B-67 
B-68 
B-79 
B-120 
B-18 
B-29 
B-30 
B-80 
B-89 
B-119 
8-39 
8-40 
B-49 
8-54 
B-90 
B- 100 
B-109 
B-110 
B-9 
B-10 
8-17 
B-53 
B-57 
8-99 
B-52 
B-50 
B-5 1 
8-98 

8- 1 
8-2 
B-3 
8- 7 
B-19 
B-8 
B-101 
B-102 
B-103 
B-104 
B-106 
B-105 

8-42 
B-4 
B-38 
B-5 
B-6 
B-37 
8-63 
B-83 
8-62 
B-84 
B-61 
8-85 

1 
1 
1 
1 
1 
1 
4 
4 
4 
4 
4 
4 

1 
1 
1 
1 
1 
1 
4 
4 
4 
4 
4 
4 

-80 
-80 
-70 
-70 
-70 
-60 
-60 
-60 
-50 
-50 
-50 
-40 
-40 
-40 
-40 
-40 
-30 
-30 
-30 
-20 
-2 0 
-20 

0 
0 
0 

40 
74 
75 

120 

-80 
0 

60 
-40 

0 
40 

-60 
0 

60 
-40 

0 
40 

- 4 2  
-22 

0 
40 
80 
90 

-20 
0 

20 
40 
60 
ao 

11.5 
7.0 

20.5 
19.0 
31.5 
19.5 
22.5 
21.5 
18.0 
27.5 
29.5 

26.5 
31.5 
27 
17.5 
25.5 
31.0 
30.5 
46.0 
43.5 
39.5 
42 
43.5 
45.5 
55 
83.0 
89 
78.0 

18.5 

Unirradiated 

0 13 
0 9 
8 20.2 

10 17.2 
5 27.7 

10 19.5 
0 22.9 
9 20.1 
5 19.7 

11 26.8 
0 27.7 
9 22.2 
0 26.9 

21.0 
5 21.2 

16 27.5 
18 30 
16 31.5 
27 40 
30 39 
26 34.8 

36.9 
53 42.9 
48 43 

48.2 
100 73.4 

60.2 
100 67.7 

10 30 

Irradiated (11-8-65 through 8-4-691 

14 5 
44 43 
65 66 
20 9 
43 26 
46 51 
14 5 
48 40 
44 57 
17 10 
30 37 
45 49 

Irrud-iated (11-8-65 through 2-14-74) 

20 
37 
39 
41 
67.5 
89 
22 
21 
29 
37 
69 
75 

13.8 
27.5 
29.9 
33.3 
51.6 
63.7 
14.6 
17.6 
26.1 
31.3 
49.4 
55.5 

4.16 
4.16 
4.16 

5.17 
5.17 

5.17 
5.17 
4.16 
4.16 
4.16 

5.17 

5.17 

3.73 
6.06 
3.73 
6.06 
6.06 
3.73 
3.73 
6.06 
3.73 
6.06 
3.73 
6.06 

0.31 
0.31 

$0.31 

0.38 
0.38 
0.38 
0.38 
0.38 
0.31 
0.31 
0.31 

0.38 

0.76 
1.23 
0.76 
1.23 
1.23 
0.76 
0.76 
1.23 
0.76 
1.23 
0.76 
1.23 



Table D.1 (conttnued) 

Neut con 
f luence , 
>1 MeV 

Test Lateral Neutron f l u x ,  
Specteen Key temperature Energy Appearance >I MeV 

(OF) 

8-44 
8-43 
8-45 
8-116 
8-117 
a-118 

8-36 
8-34 
8-35 
B-3 1 
8-32 
8-70 

8-65 
8-66 
B-64 

4 
4 
4 

I r d i a t e c l  ( I  1-8-65 through 10-1 8-83) 

-40 9.7 10 8.5 6.06 
0 20.1 30 4.5 6.06 
40 30.0 30 19.0 6.06 

-20 19.5 10 6.5 3.73 
-20 17.1 20 4.5 3.73 
-20 13.4 10 1.0 3.73 

I w a d i a t e d  111-8-65 t h w u g h  11-15-86) - high flu 

-50 15.4 5 1.7 7.27 
-20 5.7 5 0.7 7.27 
50 61.8 55 31.7 7.27 

-50 11.6 20 0.2 7.27 
-20 15.3 20 1.3 7.27 
-20 13.9 10 0.7 7.27 

I r rad ia ted  111-8-65 through 11-15-86) - low f lux  

-50 6.1 5 1.2 3.34 
-20 18.1 20 0.7 3.34 
50 41.8 55 22.6 3.34 

2.87 
2.87 
2.87 
1.77 
1.77 
1.77 

4.02 
4.02 
4.02 
4.02 
4.02 
4.02 

1.85 
1.85 
1.85 
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Table D.2. Charpy impact s u r v e i l l a n c e  t e s t  results for 
HFIR component HB2, A350 grade Le3 s t e e l  

Neutron Lateral  Neutron f l u x ,  
> I  MeV 

(mils) (n/cmZ.s x 108) >' MeV 

Energy Appearance f luence , 
( f t - l b )  ( X  shear) expansion 

Test 
Specimen Key temperature 

(n/cmz 1017) 
(OF) 

c-55 
c-45 
C-46 
c-5 
c-34 
c-44 
C-13 
c-35 
C-36 
c-7 
c-12 
c-43 
c-53 
c-54 
C-56 
c- 2 
c- 3 
C-4 
C-24 
C-25 
c-33 
C-23 
C-15 
c-22 
c-59 
C-14 
C-6 1 

c-18 
c-19 
c-20 
c-37 
C-32 
C-31 

C-29 
C-4 1 
c-28 
c-49 
C- 30 
c-48 

c-38 
C-40 
c-39 

c-21 
C-16 
C-17 
c-27 
c-10 
C-26 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 

2 
2 
2 

2 
2 
2 
2 
2 
2 

-160 
-140 
-1 30 
-120 
-120 
-120 
-110 
-1 10 
-1 10 
-104 
-100 
-100 
-100 

-90 
-90 
-80 
-80 
-80 
-60 
-60 
-60 
-40 

0 
0 

40 
74 

120 

-140 
-80 
-20 

-140 
-60 

0 

-100 
-60 
-40 

-4 
0 

60 

-2 5 
-10 

25 

-20 
15 
15 
15 
40 
40 

17.5 
19.5 
27.5 
23.5 
25.5 
29.5 
32.5 
25.5 
32.5 
36 
33.0 
34.5 
21.5 
37.0 
40.5 
38.5 
42.5 
38.5 
39.5 
45.5 
54 .O 
67.0 
84.0 
87.5 

106 

119 
95.5 

mirradiated 

15 
17.8 
26.1 
23.5 

16.7 24.5 
27.2 

18.9 30.5 
26.5 
31.3 
30.3 

17.8 33.4 
31.6 
27.3 

32.9 37.2 
27.6 38.9 
35.9 36.7 

40.9 
31.5 37 

42 
24.3 46 
40.0 50.2 
40.5 58.9 
65.9 71 
95.1 73 

83.4 
100 43.2 
100 87.6 

Irradiated (11-8-65 through 8-4-69) 

1 7  0 
30 6 
52 58 
16 0 
43 44 
66 77 

Irradiated 111-8-65 through 2-14-74) 

9 
31 
47 
49 
53 
95 

4.9 
20.9 
35.8 
42.3 
46.6 
73.8 

Irradiated (11-8-65 through 10-18-831 

24.0 30 6 .O 
26.2 25 8.5 
53.6 40 25.0 

Ivrndiated 111-8-65 through 11-15-86) 

17.8 25 2.1 
25.8 40 4.0 
34.2 30 9.0 
36.9 50 17.8 

48.8 60 17.8 
56.0 55 28.8 

11-10 
11.10 
11.10 
11.10 
11.10 
11.10 

11.10 
11.10 
11.10 
11.10 
11.10 
11.10 

11.10 
11.10 
11.10 

11.10 
11.10 
11.10 
11.10 
11.10 
11.10 

0.82 
0.82 
0.82 
0.82 
0.82 
0.82 

2.26 
2.26 
2.26 
2.26 
2.26 
2.26 

5.26 
5.26 
5.26 

6.14 
6.14 
6.14 
6.14 
6.14 
6.14 
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Table D.3. Charpy impact s u r v e i l l a n c e  t e s t  r e s u l t s  for  
HFIR component HB3. A350 grade LY3 s t e e l  

Neutron 
f luence ,  

(n/cmz x 1017) 

Test Lateral  Neutron f l u x ,  
Specimen Key temperature Energy Appearance >1 MeV ( f t - l b )  ( X  shear)  (n,cmz.s >I MeV 

( O F )  

D-39 
D-40 
D-4 1 
D-13 
D-10 
D-11 
D-12 
D-32 
D-42 
D-49 
D-19 
D-20 
D-2 1 
D- 1 
D-2 
D-9 
D-14 
D-30 
D-31 
D-29 
D-18 
D-22 
D-7 

D-4 3 
D-44 
D-45 
D-56 
D-57 
D-58 

D-55 
D-26 
D-54 
0-27 
D-53 
D-28 

D-25 
D-23 
0-24 

D-17 
D-16 
D-47 
D-48 
D-15 
D-46 
D-36 
D-37 
D-38 

3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 

3 
3 
3 

3 
3 
3 
3 
3 
3 
3 
3 
3 

-120 
-120 
-120 
-110 
-100 
-100 
-100 
-100 

-90 
-90 
-80 
-80 

-65 
-6 5 
-65 
-6 5 
-40 
-40 
-20 

75 
78 

120 

-ao 

-120 
-40 

20 
-1 00 

-20 
40 

-60 
-40 
-20 

0 
30 
60 

-20 
20 
60 

0 
35 
35 
35 
80 
80  

120 
120 
120 

21.5 
22.0 
19.0 
21 
14.5 
21.5 
27.5 
26.5 
29.5 
27.5 
28.5 
28.5 
31.5 
35.5 
33.5 
40.5 
38 
43.0 
40.5 
57 .O 

101 
109 
107 

Unirmdia ted  

14.5 20.3 
23 

16.5 
18 
23.1 
27 

20 27.2 
25 29.5 

29.5 
19 30.5 

31 
31.7 
35.1 

27 24.2 
27 39.6 

32.5 
38 44.2 
38 40.9 
46 54.4 

85.1 
100 91 
100 90 

Irradiated (11-8-65 through 8-4-69) 

8 0 
32 28 
58 65 
20 0 
48 57 
04 100 

Irradiated I 1  -8-65 through 2-1 4- 7 4 )  

20 
23.5 
29 
40 
63 
95 

14.4 
18.9 
21.7 
33.6 
48.6 
76.0 

Irradiated (11-8-65 through 10-18-83) 

18.6 25 
28.6 35 
44.4 40 

3.0 
11.5 
29.0 

Irradiated (1 1-8-65 through 11 - 15-86] 

14.8 20 
22.0 40 
34.4 45 
37.7 40 
57.5 50 
49.1 55 
79.8 85 
70.5 80 
75.2 85 

0.4 
6.7 

17.0 
15.0 
38.8 
30.7 
62.4 
59.3 
53.1 

11.70 
11.70 
11.70 
14.20 
14.20 
14.20 

17.80 
10.30 
17.80 
10.30 
17.80 
10.30 

10.30 
10.30 
10.30 

11.70 
11.70 
9.10 
9.10 

11.70 
9.10 

17.80 
17.80 
17.80 

0.86 
0.86 
0.86 
1.05 
1.05 
1.05 

3.23 
2.09 
3.23 
2.09 
3.23 
2.09 

4.88 
4.88 
4.88 

6.47 
6.47 
5.03 
5.03 
6.47 
5.03 
9.84 
9.84 
9.84 



93 

Table D.4. Charpy impact s u r v e i l l a n c e  test r e s u l t s  f o r  
HFIB s h e l l  a t  IC3, H B l A ,  and EB4A, A212 grade B 

Neutron 
f luence ,  Test L a t e r a l  Neutron f l u x ,  

Specimena Key temperature Energy Appearance >1 MeV 
(OF) 

A-17 
A-2 1 
A-22 
A-64 
A-70 
A-7 5 
A-49 
A-56 
A-63 
A-34 
A-35 
A-46 
A-24 
A-26 
A-29 
ND-2C 
ND-6C 
ND-ZD 
A-83 
ND-6B 
D94-E 
D94-L 
D94-A 
D94-P 
D94-K 
D94-J 
A-80 
A-53 
A-14 
ND-29 

A-30 
A-36 
A-3 1 

A- 1 
A-7 
A-2 
A-94 
A-95 
A-92 

A-136 
A-145 
A-140 
A-141 
A-135 
A-142 
A-96 
A-120 
A-97 
A-99 
A-161 
A-124 

5 
5 
5 

6 
6 
6 
7 
7 
7 

6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 

-20 
-20 
-20 
-10 
-10 
-10 
0 
0 
0 

10 
10 
10 
20 
20 
20 
20 
20 
20 
60 
60 
60 
60 
90 
90 
90 
90 

100 
120 
120 
120 

0 
30 
60 

11.5 
5.5 

10.0 
9.0 

24.5 
9.5 

21.5 
13.5 
11.0 
21.0 
17.5 
17.5 
19.5 
28.5 
26.5 
20.4 
26.5 
26.1 
39.5 
43.8 
41.8 
40.8 
63.6 
60.9 
65.5 
72.8 
71.5 
77.5 

81.3 
78.2 

20 9.0 
16.8 
10 10 
10 27.5 
20.7 11.9 
5 23.9 

27.8 17.5 
20 14.2 
21.2 22.0 
28.3 18.2 
10 19.5 
32.9 22.0 
29.5 31.2 
31.7 26.2 
34 26 
25 28 

42.6 40.3 
45 40 
41 43 
38 40 
51 58 
45 55 
49 58 
57 61 
94.0 66.0 
99 64.5 

100 66.0 
99 65 

39 2a 

IC.?, i r r a d h t s d  (11-8-65 through 10-18-83) 

5.6 10 1 .o 0.253’ 
22 25 8.5 0.253’ 
41.3 25 21 .o 0.253’ 

f i B l A ,  R B I A ,  i d i a t s d  (31-8-65 through 10-18-85) 

0 3.6 10 1.5 2.38 
40 7.4 20 1.5 2.38 
80 35.1 35 10.0 2.38 
55 22.4 25 8.5 2.50 
55 24 20 7.5 2.50 
60 19.3 25 6.5 2.50 

HBlA, 8841, iW&td (31-8-65 through 11-15-86) 

55 
55 
65 
65 

120 
150 
65 
65 
85 
85 

120 
a5 

7.6 30 
14.9 20 
10.9 30 

37.1 65 
70.6 90 

6.2 20 
18.6 35 
36.7 45 
23.5 35 
20.1 30 

8.5 25 

38” 65 

0.4 
0.7 
0.3 
0 

18.8 
39.6 
0 
5.0 

17.5 
7.8 
7.2 

24.4 

2.40 

2.40 
2.21 
2.40 
2.21 
2.76 
2.37 
2.76 
2.76 
2.37 
2.37 

2.21 

0.12’ 
0.12b 
0.12b 

1.13 
1.13 
1.13 
1.19 
1.19 
1.19 

1.33 
1.22 
1.33 
1.22 
1.33 
1.22 
1.53 
1.31 
1.53 
1.53 
1.31 
1.31 -- 

aA-xxx a r e  o r l g i n a l  s u r ~ e i l l a n c e  samples from HB-2 nozzle dropout. 

h e t i m a t e d  values .  

’Determined by measuring a r e a  under load-t ine t race .  

All o t h e r s  are from 
t h e  NDE c a l i b r a t i o n  block. 



94 

- 0 U n i r r a d i a t e d  

e I r r a d i a t e d  (8 -4-69)  --- - - 
0 I r r a d i a t e d  (2-14-74) - ---- 

- A I r r a d i a t e d  (10-18-83) - -  - - -  - - - -  - 
V I r r a d i a t e d  (11-15-86) (Low f l u x )  

I r r a d i a t e d  (11-15-86) (H lgh  f l u x ) -  - -  - o m  
0 

- 

4- 15 f t - l b  

I I 

Table D.5. Summary of NDT t empera tu res  f o r  HFIR s u r v e i l l a n c e  tests 

Nil-duc t ili t y  t r a n s  i t  i o n  tempera t u  rea 
(OF) 

Component Key 
( l o c a t i o n )  

b 
No. Equ iva len t  f u l l  power y e a r s  20-year M a t e r i a l  

p r e d i c t i o n  
0 2.34 6.45 15.01 17.53 

HB1, HB4 A105 grade  I1 1, 4 -80 - 6 2  -50 -2U -17' -28 

HB4 (low A105 g r a d e  XI 4 d d  d d -20 -28 
f l u x )  

HB 2 A350 grade  LF3 2 -110 -84 -58 -10 8 -3 5 

S h e l l  (IC3) A212 g r a d e  B 5 -5 d d 20 d 0 
S h e l l  (HBlA, A212 g r a d e  B 6, 7 -5 d d 47 70 0 

HB3 A350 g rade  LF3 3 -80 4 6  -20 1 7  35 -18 

HE4A) 

A 

12 

I 
+J 
ct 

c 

v 

> 
U 
IY 
LlJ 
Z 
W 

%tima ted  e r r o r  of mean NDT t empera tu res  is i10"F. 

bFrom ORNL/TM-1372, Table 2. 

'Rough estimate based on s e v e r e  d a t a  scat ter .  

tests. 

ORNL-DWG 87-4904 ETD 
150 I I 1 I I 1 1 I I I I 1 I I I I 1 

125  

100 

7 5  

50 

2 5  

0 

HF 1R SURVEILLANCE 
A105 grade I 1  (HE1 and HB4) 

-200 -100 0 100 2 00 

TEMPERATURE ( O F >  

Fig. D.l. Charpy V-notch impact s u r v e i l l a n c e  test r e s u l t s  f o r  A105 
grade 11, components HBl and HB4 (key Nos. 1 and 4). 
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150 

125 - 
u 
I 
+J 
9- 

100 c 

7 5  
v 

>- 
L7 
Ik: 50 W 
Z 
W 

2 5  

0 

ORNL-DWG 87-4905 ETD 
I I I I I r I I I I I I 

HFlR SURVEILLANCE 
A350 grade  L F 3  (H02)  
--...........I__ 

0 0 Uni rrad i  a t e d  * I r r a d i a t e d  (8-4-69)- - - - 
@ I r r a d i a t e d  ( 2 - 1 4 - 7 4 )  - - - - - -- 

- A I r r a d i a t e d  (10-18-83)- --- 
I I r r a d i a t e d  (11-15-86)--- - 

I 1 I 1 I I I 1 , 

-200 -100 0 100 2 08 

TEMPERATURE ( O F )  

Fig. D.2. Charpy V-notch impact survei l lance  test resu l t s  for A350 
grade LF3, component HB2 (key No. 2 ) .  

150 

125 
A 

I;) 

I 
+J 
ct 

100 .---. 

7 5  v 

>- 
b 

50 W 
Z 
W 

2 5  

€3 

QRNL-DWG 87-4906 ETD 
I I 1 I I I 1 I 1 1 , I I I 1 

Hf I R  SURVEILLANCE 
A 3 5 0  grade  L F 3  (W83) 
__. . . . . . . _- -- 

- 0 U n i r r a d i a t e d  

I r r a d i a t e d  (8-4-69) - - - - 
I r r a d i a t e d  ( 2 - 1 4 - 7 4 )  - - - - - - - - 

- A I r r a d i a t e d  (10-18-83)- - - -- 
V I r r a d i a t e d  (11-15-86)--- - 

f t - l b  

-200 -100 0 100 2 0 0  

TEMPERATURE ( O F )  

Fig. D.3. Charpy V-notch impact survei l lance  t e s t  results for A350 
grade LF3, component HB3 (key No. 3 ) .  
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150 

125 
A 

L2 

I 
t' + 

100 ,--.- 

7 5  W 

>- 
U 

50 w z 
W 

2 5  

0 

ORNL-DWG 87-4907 ETD 
-'r- 

H F I R  SURVE ILLAVCE 
A212 grade  B ( I C 3 1  

0 U n i r r a d i a t e d  

A I r r a d i a t e d  (10 -18 -83 )  --- 

_ _ _ _ . . _ ~  

+--- 15 f t - l b  

-200 -100 0 100 2 00 

TEMPERHTURE ( O F >  

Fig. D . 4 .  Charpy V-notch impact surveillance test results for A212 
grade B, HFIR shell material, location IC3 (key No. 5). 

W 
Z 
W 

ORNL-DWG 87-4908 ETD 

A212 grade  B (HBlA and HB4A) 

A I r r a d i a t e d  ( 1 0 - 1 8 - 8 3 ) - -  - - 
V l r r a d l a t e d  (11 -15 -86 )  - - - - 

-100 0 100 2 0 0  -200 

TEMPERATURE ( O F )  

Fig. D.S .  Charpy V-notch impact surveillance test results for A212 
grade B, HFIR shell material, locations HBlA and HB4A (key Nos. 6 and 7). 

I 
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drawn curves f i t  t o  t he  mean energy va lues  determined f o r  each tes t  t e m -  
pera ture .  
l e v e l  (15 o r  30 f t - l b )  from each curve w a s  g r a p h i c a l l y  determined and 
l i s t e d  as the  NDT temperature.  As s t a t e d  i n  Table D.5, t h e  es t imated  
e r r o r  of the  mean NDT temperatures  i s  i l O O F .  The f i g u r e s  and Table D . 5  
a l l  show d i s t i n c t .  reduct ions  i n  CVN toughness with exposure time. I n  
s p i t e  of f e w  test: specimens, i t  is  c l e a r  t h a t  embri t t lement  has taken 
place. Consistency of r e s u l t s  i s  demonstrated by those  f o r  KB2 and HB3 
(keys 2 and 3)  t h a t ,  f o r  about equal  f l uences ,  show MDT s h i f t s  of 118 and 
115"F, r e spec t ive ly .  Although those nozzles  have d i f f e r e n t  initlal N D T s ,  
presumably because of d i f f e r e n t  amounts of work, they were f a b r i c a t e d  
from the  same hea t  of s teel .  The s u r v e i l l a n c e  r e s u l t s  do not  i n d i c a t e  
any s i g n i f i c a n t  reduct ion  i n  upper-shelf toughness. That is  a r e l evan t  
r e s u l t  p r imar i ly  because i t  suppor ts  the  observa t ion  t h a t  t h e  general. 
shape of CVN energy vs tes t  temperature  has not changed s i g n i f i c a n t l y .  
This  i s  of p a r t i c u l a r  importance t o  t h e  i r r a d i a t i o n  task .  

t he  s h e l l .  The changes f o r  t h e  nozzles can be f i t  q u i t e  w e l l  wi th  a 

The temperature  corresponding t o  the  appropTiate CVN energy 

Figure D.6 shows a p l o t  of change i n  NDT vs EFPY f o r  t h e  nozzles  and 
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linear expression starting from about the 2-EFPY point. The shell mate- 
rial has only two data points, and a curve fit is more uncertain. The 
data appear to provide a basis upon which relatively short-term extrapo- 
lations can be confidently based. Figure D.7 shows a plot of the sur- 
veillance program increases in NDT relative to fast-neutron fluence ( > 1  
MeV). The figure shows that the A 2 1 2  grade B steel exhibits a greater 
sensitivity to irradiation than the nozzle materials that all responded 
similarly. Appendix E presents detailed discussions of dosimetry and 
neutronics calculations t o  include analyses of exposures in displaeeuents 
per atom (dpa), as well as neutron fluences for neutron energies > 1  and 
0.1 MeV. Examination of these results revealed no significant changes in 
the relative sensitivities of the materials. 

Figure D.8 shows the HFIR surveillance results for the A 2 1 2 B  com- 
pared with low-temperature test reactor irradiations with similar mate- 
r i a l ~ . ~  The HFIR surveillance results (low flux) show an NDT shift of 
95°F at a neutron fluence more than one order of magnitude less than the 
test reactor irradiations (high flux). This observation implies a sig- 
nificant dose rate effect, which is discussed in more detail later. 
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Fur the r ,  Fig. D . 9  shows a comparison of t he  HFIR s u r v e i l l a n c e  
r e s u l t s  f o r  the  A 2 1 2 B  compared with the  r e s u l t s  of two i r r a d i a t i o n s  pe r -  
formed i n  t h e  Oak Ridge Research Reactor (ORR). The H F I R  A 2 1 2 B  and an 
A212B from t h e  former experimental  gas-cooled r e a c t o r  (EGCR) vesse l  were 
i r r a d i a t e d  i n  ORR as p a r t  of t h i s  study (descr ibed  i n  d e t a i l  i n  Sect. D . 5  
of t h i s  appendix).  
i r r a d i a t i o n  had been performed a t  ORR with the  same EGCK ma te r t a l ,  and 
the  r e s u l t s  of each a r e  shown i n  Fig .  D . 9 ,  The f i g u r e  i n d i c a t e s ,  as d i d  
Fig. D.8, t h a t  damage occurs a t  a much g r e a t e r  r a t e  i n  a low-flux. environ- 
ment. A t  t he  f l u x  l e v e l s  i nd ica t ed ,  a given NDT s h i f t  occurs  a t  an expo- 
sure l e v e l  about an order  of magnitude lower i n  the  low-flux surveFl lance  
environment than i n  the  high-f lux tes t  r e a c t o r  environment. Sec t ions  1). 5 
and D . 6  of t h i s  appendix d i s c u s s  the  ORR experiments and m e t a l l u r g i c a l  
i n v e s t i g a t i o n s  in more d e t a i l .  

Information from t h e  f i l es  showed t h a t  a previous  
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D . 3  BIBLIOGRAPHY ON THE EFFECTS OF IRRADIATION ON 
HFIR RPV MATERIALS (S. K. I s k a n d e r )  

The purpose of t h i s  b i b l i o g r a p h y  is t o  provide  a means f o r  judging  
t h e  reasonableness  of the r e s u l t s  from t h e  exper imenta l  program. 

Note t h a t  t h e  h igh  confidence r e q u i r e d  f o r  t h e  H F I R  d a t a  d i c t a t e s  
t h e  use of d a t a  obta ined  from a c t u a l  HFIR m a t e r i a l s  whenever p o s s i b l e .  
The very  l i m i t e d  amounts of a v a i l a b l e  d a t a  and t h e  need f o r  f a b r i c a t i n g  a 
weld t o  s i m u l a t e  t h e  a c t u a l  seam weld of t h e  HFIR r e a c t o r  p r e s s u r e  v e s s e l  
(RPV) make t h e  use of any a v a i l a b l e  d a t a  t o  v e r i f y  a c t u a l  d a t a  on t h e  
H P I R  RW a reasonable  approach. 

A s e r i o u s  l i m i t a t i o n  t o  t h e  use of t h e  d a t a  a v a i l a b l e  i n  t h e  l i t e ra -  
t u r e  i s  t h e  l a c k  of in format ion  on t h e  chemistry of t h e  materials used i n  
t h e  i n v e s t i g a t i o n s .  For example, t h e  d e l e t e r i o u s  e f f e c t  of copper on t h e  
i r r a d i a t e d  behavior  of s teels  w a s  n o t  d i scovered  u n t i l  about  1970. A l s o ,  
o t h e r  e lements ,  such as n i c k e l  and phosphorus,  a r e  now known t o  a f f e c t  
t h e  i r r a d i a t e d  behavior .  Copper and n i c k e l  were not  g e n e r a l l y  r e p o r t e d  
u n l e s s  they were a l l o y i n g  elements.  Moreover, t h e  i n f l u e n c e  of chemistry 
on t h e  i r r a d i a t e d  behavior  has  been thoroughly researched  f o r  i r r a d i a t i o n  
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temperatures  of 550'F. The e f f e c t  of chemistry on the  i r r a d i a t e d  behavior 
a t  120°F is more uncer ta in .  

Among the  l i m i t a t i o n s  on the  use of the  a v a i l a b l e  'data base is t h a t  
i t  i s ,  by and l a r g e ,  f o r  i r r a d i a t i o n  temperatures  of 550'F and f o r  
f luences  of -1 x 10l9 neutrons/cm2 ( > 1  MeV). The HF'IR RPV w a l l  ope ra t e s  
a t  +--120°F, and the  f luences  of i n t e r e s t  are of the order  of 10" t o  1018 
neutrons/cm2 (>1 MeV). The s h i f t s  of NDT repor ted  i n  the  l i t e r a t u r e  for  
s e n s i t i v e  s t e e l s  a t  t he  h igher  f luences  are gene ra l ly  i n  the range of 200 
t o  300'F; s h i f t s  of i n t e r e s t  f o r  € F I R  are -100°F. It may not be poss ib l e  
t o  e x t r a p o l a t e  t he  d a t a  f o r  high f luences  back t o  low f luence  because of 
p o s s i b l e  s a t u r a t i o n  and rate e f f e c t s .  

r ials of i n t e r e s t  i n  t h i s  program. 
a few of those  r e fe rences  searched t h a t  con ta in  material on t h e  I r r a d i -  
a t ed  p r o p e r t i e s  of materials of i n t e r e s t  (A212 grade B ,  A350 grade LF3, 
A105 grade 111, and welds). 

A very l a r g e  number of r e fe rences  were searched f o r  d a t a  on mate- 
The bibliography below conta ins  only 

Of p a r t i c u l a r  i n t e r e s t  were the  fol lowing items: 

1. s h i f t  i n  NDT f o r  welds compared wi th  t h a t  of base metal; 
2. drop weight NDT temperature  and corresponding Charpy energy f o r  

3. comparisons between t h e  s h i f t s ,  due t o  i r r a d i a t i o n ,  of the  droy- 
materials of i n t e r e s t ;  and 

weight NDT and the  CVN t r a n s i t i o n  temperature.  

The l i t e r a t u r e  review confirms the  scat ter  of da t a  a s soc ia t ed  with 
Charpy t e s t i n g ,  even f o r  material obtained from the  same p l a t e  but from 
d i f f e r e n t  areas of the  p l a t e .  For example, i n  a s tudy conducted by U.S. 
S t e e l  on so-cal led r e fe rence  pressure-vessel  steels t h a t  included A212 
grade B 4-in. p l a t e ,  material from d i f f e r e n t  a r eas  of t h e  p l a t e  subjected 
t o  the  same hea t  t rea tments  gave average va lues  of 28 and 38 f t - l b  a t  
1OOF f o r  t he  " longi tudina l"  d i r e c t i o n  ( i . e . ,  a d i f f e r e n c e  of -36%). 
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DESCRIPTION OF MATERIALS AND PROPERTIES (R. K. Nanstad) 

The materials of i n t e r e s t  are those  used € o r  f a b r i c a t i o n  of the  f o u r  
beam-tube nozz les  , t h e  v e s s e l  s h e l l ,  t h e  l o n g i t u d i n a l  seam and circumfer-  
e n t i a l  g i r t h  welds i n  the s h e l l ,  and t h e  nozz le- to-she l l  welds. Table  
D.6 i s  a sumnary of t h e  conponent f a b r i c a t i o n  d e t a i l s  gleaned from a v a i l -  
a b l e  documents. The i n f o r m a t i o n  i s  incomplete ,  but  a number of impor tan t  
itenis a r e  known: 

1. only  one h e a t  of submerged-arc weld w i r e  and one lot of f l u x  were 
used f o r  both t h e  l o n g i t u d i n a l  s h e l l  seam weld and t h e  circumferen-  
t i a l  weld j o i n i n g  t h e  s h e l l  and bottom head, 

2. t h e  sane l o t  of s h i e l d e d  metal-arc welding e l e c t r o d e s  was used f o r  
a l l  f o u r  nozz le- to-she l l  welds ,  

3 .  t h e  s h e l l  c o n s i s t s  of on ly  one r o l l e d  and formed p l a t e ,  
4. nozz les  HB1 and HB4 were formed froitl t h e  same h e a t  o f  A105 grade  

5. nozzles  H 8 2  and HB3 were formed from t h e  same h e a t  of A350 grade  
s t e e l ,  and 

s teel .  

11 

LF 3 

Those items a r e  very  impor tan t  i n  s i m p l i f y i n g  t h e  e v a l u a t i o n  of the  
v e s s e l  m a t e r i a l s ,  e s p e c i a l l y  t h e  welds f o r  which t h e r e  are no s u r v e i l -  
l a n c e  specimens. Table  D.7 p rovides  a summary of vendor t e n s i l e  proper- 
t ies  f o r  t h e  v a r i o u s  m a t e r i a l s .  S e c t i o n  D.4.3 provides  a d d i t i o n a l  ten-  
s i l e  tes t  r e s u l t s  of A212 grade  B conducted dur ing  t h i s  s t u d y  and shows 
t h a t  t h e  m a t e r i a l  has an u n i r r a d i a t e d  y i e l d  s t r e n g t h  of 47 k s i  and a n  
u l t i m a t e  s t r e n g t h  of 82  k s i .  

D.4.1 S u r v e i l l a n c e  Specimen Examination (R. K. Nanstad 
and J. A. C a r t e r )  

Table  D.8 g i v e s  t h e  chemical composi t ion of the  base metals, d e t e r -  
mined from a n a l y s e s  of u n i r r a d i a t e d  s u r v e i l l a n c e  specimens. The a n a l y s e s  
show the materials have chemical c o n p o s i t i o n s  w i t h i n  expected ranges.  



Table D.6. Summary of HFIR p res su re -vesse l  component f a b r i c a t i o n  in fo rma t ion  

Mat c r  i a  1 
Component 

s p e c i f i c a t i o n  
Form Reheai' 

t r ea t  menta. 

H B l ,  HB4 A105 grade  11 

HB2 A350 g rade  LF3 

HB3 A350 g rade  LF3 

Nozzle-to- 7018-A1, 3/16-in. 
s h e l l  welds rod 

Seam weld Am 1436, 3!16-in. 
copper-coated 
wire, 7018-A1 
r o o t ,  3/ 16-in. 
rod  

Vessel s h e l l  A212 grade  B 

Carbon steel 
f o r g i n g  

3.5% N i  f o r g i n g  

3.5% N i  forging 

Shie lded  metal- 
a rc  weld 

Submerged-arc, 
s h i e l d e d  metal-  
arc 

Carbon steel 
p l a t e ,  3 in. 
t h i c k  

6335890 

3336610 

3336610 

OC11A 

P5480B, 
OC1 LA 

PO8 18 

Taylor  
Forge 

Tay lo r  
Forge 

A l l i s  
Chalmers 

A l l i s  
Chalmers 

Lukens 
S t e e l  

1525'F, 4 h, AC 1625'F, 4 h, AC 
1525'F, 4 h,  AC 1525OF, 4 h, AC 
1100'F, 8 h ,  AC llOO°F, 8 k ,  AC 

1525'F, 4 h, AC 
1525'F, 4 h, AC 
llOO°F, 8 h,  AC 

950'F, 17 h 

950'F, 17  h 

2000°F 
1650'F, 3 h, WQ 
1225'F, AC 

aAC = a i r  cooled ;  WQ = water  quenched. 



Table  D. 7. Vendor-supplied t e n s i l e  p r o p e r t i e s  of 
HFIR p r e s s u r e - v e s s e l  m a t e r i a l s  

S t r e n g t h  
( k s i )  

E l o n g a t i o n  Reduct ion  
i n  2 in. of a r e a  I ten M a t e r i a l  Melt 

( X )  ( X )  Yield  T e n s i l e  

S h e l l  A212B PO818 41 76 28 
Hemi-heat A212B 22650 74 

flOZaZC28 

HB2 A350LF3 3336610 62/64 77/78 34/35 66/68 
HB3 A350LF3 3336610 61/60 77/78 34/33 64/64 
HB1, HB4 A10511 6335890 57 82 29 65 

Weld Are deposit 

Seam 7018 Al OCllA 69 82 29 72 
ACM 1436 P5480B 58 80 28 65 

Nozzle 7018 Al OCllA 69 82 29 72 

Qualif<catim test oelde 

Seama 49/54 83/87 15/17 
72!74b 

Nozzle/ 47/47 a m i  171 20 
s h e l l a  

aBroke in b a s e  metal .  

bRequal i f  i c a t i o n  test. 

Table  D.8. Chemical composi t ion  of base 
m e t a l s  for H F I R  p r e s s u r e  v e s s e l  

A2 12B A10511 A350LF3 A350LF3 
Element S h e l l  HBl, HB4 HB2 HB3 

(Vt X )  ( u t  X )  ( w t  X )  ( u t  X )  

C 
Al 
co 
Cr 
cu 
Mn 
Mo 
Nb 
N i  
si 
Sn 
T i  
V 
W 
Zr 
P 
S 
As 
B 
N 
0 

0.26 
0.07 
0.015 
0.075 
0.15 
0.85 
0.02 

<0.001 

0.29 
0.02 
0.01 
0.0005 
<0.005 
<0.001 
0.006 
0.04 
0.007 
<0.0005 
0.0060 
0.0024 

0.20a 

0.24 
0.06 
0.005 
0.042 
0.030 
1.12 
0.07 

<0.001 
0.14 
0.21 

<O. 005 
<0.001 

<0.005 
(0.001 
0.003 
0.02 
0.002 
<0.0005 
0.0063 
0.0033 

0.0005 

0.18 
0.08 
0.03 
0.090 
0.11 
0.55 
0.03 
<0.001 
3.3 
0.29 
0.02 
<0.001 
0.001 
<0.005 
<0.001 
0.01 
0.02 
0.01 
<O. 0005 
0.0090 
0.0027 

0.17 
0.08 
0.03 
0.080 
0.10 
0.50 
0.03 

<0.001 
3.2 
0.27 
0.02 

<0.001 
(0.001 
<0.005 
<0.001 
0.007 
0.01 
0.009 

<0.0005 
0.0083 
0.0026 

aBelieved t o  be h igh;  independent  a n a l y s i s  a t  
a n o t h e r  l a b o r a t o r y  showed 0.09. 
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The su l fur  content of 0.04 w t  X i n  the A212 grade B is quite high and 
resulted i n  a re la t ive ly  high su l f ide  density and gave rise t o  concerns 
about s ign i f icant  or ientat ion e f fec ts  in the plate.  
veil lance specimens were removed in the loxrgitudi~al-tran~verse CLT) 
orientat ion in accordance with the Aawrican Society of Me 
neem (ASHE) Code proceduredl l a  a f fec t  at that time. 
this appendix provides detai l@ of orienltarion effects.  

fabricated f tom Nitrogen coat t 8  were ansllyead 

temperature irra 
but ,the crittcal 8 well ad most of the other 
elements, a ~ e  not w e l l  undsrs €ations at 120°F. The 
eonpos i t i n s  of weld aaeta 

@ X a  era1 microstructure e orientat ion effectis 
resul t ing Erom varying 8 interest is the A212 
grade B plate. 

The original sur- 

%&tion D,4.3 of 

The A350 grade LF3 arpal$ses veri fy  that aozzles Ha2 and HB3 were 

because of -ape irpricrn sensit i  y during low- 
be present i n  normarl amunta,  

in later 8ections. 
l metallogragby w w  gated specimens t o  

EUcrqgraphs are ahown &A and D. 11, unetched 
._  

Fig. D.10. Unetched micrograph of A212B HFIR surveil lance material. 
(Original reduced 3%) 
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M&C PHOTO Y20T107 

and etched, respectively. The figures reveal the sulfide stringers that 
lie in the rolling plane and amplify concern that toughness in the roll- 
ing direction is significantly lower than that in the transverse direc- 
tion. The microstructure consists generally of ferrite and pearlite 
consistent with the heat treatment and thickness. 

The A350 grade LF3 forgings (Figs. D. 12 and D. 13) have a ferrite 
microstructure and show no microstructural evidence of significant orien- 
tation differences. The A105 grade I1 forgings (Pig. D.14) likewise show 
no orientation differences with a microstructure of some pearlite but 
predominantly ferrite. The grain size is smaller than that for the A212 
grade B plate, and the amount of pearlite is substantially less. 

. 



M I C  PHOTO Y207233 
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M&C PHOTO Y207249 

,.,gig. D.13.  Etched micrograph of A350 LF3 (HB3) H F I R  surveillance 
material. (Original reduced 3%) 



V 
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D.4.2 Evaluation of the HB2 and HB3 Nozzle Material and 
Their Welds (W. R. Corwin and G. M. Goodwin) 

D.4.2.1 Introduct ion 

The two beam-tube nozzles,  HB2 and HB3, which by t h e i r  placement see 
the g r e a t e s t  f luence i n  the  vesse l ,  were f ab r i ca t ed  from A350 grade LF3 
forging steel se lec ted  because of i ts  very low i n i t i a l  NDT values. The 
nozzles, which are nominally a 3.5X-Ni steel, were welded t o  the carbon 
steel A212 grade B vessel s h e l l  material by using 3/16-inm-diam shielded 
metal arc carbon steel class E7018A1 electrodes.  Both HB2 and HB3 noz- 
z l e s  were fab r i ca t ed  by Taylor Forge from the  same heat of A350 grade LF3 
steel, No. 3336610. 

surve i l lance  program. To examine i r r a d i a t i o n  e f f e c t s  on these welds, a 
weld q u a l i f i c a t i o n  block produced by the  vessel f a b r i c a t o r  was u t i l i zed .  
This block was about 3 in. th ick ,  9 in. wide, and 9 in. long ( i n  the  
d i r e c t i o n  of welding) and clad on both s i d e s ,  as is  the vessel .  It is 
composed of A212 grade B welded t o  A350 grade LF3 by using 3/16-in.-diam 
shielded metal arc class E7018A1 e lec t rodes ,  the  i d e n t i c a l  procedure as 
t h a t  used i n  the  vessel. The A350 grade LF3 was o r ig ina l ly  i n  the  form 
of a 3 x 6 x 36 in. forging. The weld was made using a single-J geometry 
with the  angled s ide  lying i n  the A212. Two weld passes per layer  were 
used f o r  most of the weld thickness ,  increasing t o  three  i n  the wider pa r t  
of the  jo in t .  A sec t ion  through the weldment is shown i n  Fig. Dm15(a), 
and the  f ine-scale  f e r r i t e  microstructure  is shown i n  Fig. Dm15(b). 
Following welding, the block was given a postweld heat treatment (PWHT) 
of 1 7  h a t  950'F. 

Tracing of the  i d e n t i t y  of the weld materials did not conclusively 
i d e n t i f y  the  welding rod as  the same heat  used i n  the ac tua l  vesse l  fab- 
r ica t ion .  However, because only a s ing le  batch of 3/16-inm-diam E7018A1 
w a s  procured f o r  the HFIR vesse l  f ab r i ca t ion  and used throughout the  
ves se l ,  it is extremely l i k e l y  tha t  it w a s  a l s o  used i n  the  q u a l i f i c a t i o n  
weld. Likewise, the  absolute  t r a c e a b l i l t y  of the A212 grade B p l a t e  and 
A350 grade LF3 forgings used i n  the  q u a l i f i c a t i o n  weldment has not been 
es tab l i shed ,  although they are a l s o  very l i k e l y  from the  ac tua l  ves se l  
materials with checks of t h e i r  chemistry reveal ing exce l len t  matches t o  
those made on the  actual vesse l  materials. 

No nozzle weld metal specimens were included i n  the  i r r a d i a t i o n  

D.4.2.2 Weld metal evaluat ion 

CVN impact specimens were fabr ica ted  from the  weld metal such tha t  
the a x i s  of the  specimen w a s  perpendicular t o  the  welding d i rec t ion .  
Four specimens were machined across  each sec t ion  cut from the weldment. 
Of these,  th ree  were considered representa t ive  of the  bulk weldment and 
were used i n  i r r a d i a t i o n  e f f e c t s  determinations. The four th  specimen 
from each s l ab ,  taken near the weld root ,  was used only for scoping pur- 
poses. 
reported i n  Table D.9. 

contents ,  and recognizing the de le t e r ious  e f f e c t s  of nickel  on the  

Chemical composition of the weld material was  determined and i s  

Because the weld j o i n s  base metals of subs t an t i a l ly  d i f f e r e n t  nickel  
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Table D . 9 .  Weld metal chemical compositions 

Element 

Nozzle 
q u a l i f i c a t i o n  

weld 

HFIR seam weld 
d r i l l i n g s  Seam weld 

(wt %) reproduction 

(wt %) (wt %) 
5 7 

~~ 

C 
A1 
CO 
C r  
cu 
Mn 
Mo 
Nb 
Ni 
si 
Sn 
T i  
V 
W 
Z r  
P 
S 
As 
B 
N 
0 

0 080 
0.02 
0.01 
0.05 
0.16 
1.5 
0.58 
<0.001 
0.06 
0.54 
0.01 
0.001 
0 . 002 

<O 005 
<0.001 
0.008 
0.02 
0.007 

<0.0005 
0.0069 

0.075 
0.03 
0.01 
0.05 
0.17 
1.5 
0.56 
<0.001 

0.05 
0.51 
0 008 
0.002 
0.002 

<O 005 
<0.001 
0.014 
0.04 
0.009 
(0 0005 
0.0067 

0 058 
0.006 
0.007 
0-04 
0.18 
1.5 
0.48 
0.002 
0.01 
0.54 
0.003 
0.001 
0 004 
<0.001 
<o . 001 
0.015 
0.02 
0.004 
(0 . 001 

0.0070 
0.0074 

0.045 
0.007 
0.02 
0.04 
0.05 
0.92 
0.52 
0.01 
0.10 
0.55 
0.01 
0.02 
0 005 
<0.005 
<o . 002 
0.008 
0.04 
0.005 

<O. 0005 
0.0105 
0.0320 

* 

i r r a d i a t i o n  performance of pressure-vessel steels, at least a t  550 F, an 
ana lys i s  of the n icke l  content across the weld metal was made using the  
microprobe. Only a modest va r i a t ion  of nickel content ex is ted  between 
the  weld passes on the high-nickel (A350) s ide  of the  weld, 0.20%, and 
those on the low-nickel (A212B) s ide  of the weld, 0.06%. As a fu r the r  
check, a sec t ion  through the complete weldment was metallographically 
prepared and examined for  uniformity of microstructure; no de tec tab le  
d i f fe rences  were evident. Similar microprobe ana lys i s  of copper content 
revealed a very uniform l e v e l  of 0.045% throughout the weld. 
nickel and copper l eve l s  measured with the microprobe compared very 
favorably with bulk weld metal chemical ana lys i s  of 0.10 and 0.05%, re- 
spectively.  
ex is ted  across the weld, it was decided simply to  center the specimen 
within the weld. 

To examine the e f f e c t  of crack propagation within the weld, CVN 
specimens were notched such tha t  the crack ran e i t h e r  through the thick- 
ness of the p l a t e  perpendicular t o  the d i r ec t ion  of welding (orienta- 
t i o n  l) or  i n  the d i r ec t ion  of welding (o r i en ta t ion  2). The root pass  

Both the 

Once it w a s  determined tha t  only minor chemistry va r i a t ions  

8 
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scoping specimens were used f o r  these  tests with a few of the  bulk weld- 
metal specimens t e s t e d  f o r  comparison. Tests were performed a t  -100, 0 ,  
and 120°F, and both o r i e n t a t i o n s  produced d a t a  wi th  similar mean energy 
l e v e l s  a t  any temperature.  Or i en ta t ion  2 specimens exh ib i t ed  s l i g h t l y  
less scat ter  and were, the re f  o r e ,  chosen f o r  subsequent acce le ra t ed  i r r a -  
d i a t i o n  experiments.  

Addi t iona l  bulk weld-metal  specimens were then t e s t e d  (Fig. D.16) t o  
d e f i n e  t h e  NDT of t h e  weld metal and i t s  behavior a t  120°F. The r e s u l t s  
ag ree  w e l l  wi th  those  from t h e  root  pass specimens. The da ta  a l s o  com- 
pare  very w e l l  wi th  t h r e e  tes ts  performed and repor ted  as p a r t  of t he  
o r i g i n a l  weld q u a l i f i c a t i o n  procedure a t  10°F ( o r i e n t a t i o n  undetermined). 
Because f r a c t u r e  appearance measurements showed t h a t  the  weld metal  was 
not  on the  upper she l f  a t  120"F, one a d d i t i o n a l  specimen w a s  t e s t e d  a t  
150°F and exh ib i t ed  a very small percentage of b r i t t l e  f r a c t u r e .  The 
temperature  a t  which the  weld metal e x h i b i t s  20 f t - l b  (corresponding t o  
the  NDT energy l e v e l  i n  the  weld metal) i s  0°F. A t  120°F the  mean impact 
energy is -86 f t - l b  wi th  80% shear .  

Also shown i n  Fig. D.16, obtained from vendor documentation, are the  
CVN r e s u l t s  f o r  hea t -a f fec ted  zone (HAZ) tests on the  nozzle  q u a l i f i c a -  
t i o n  weld. A s t r a i g h t  l i n e  w a s  drawn through the  mean energy value 
approximately p a r a l l e l  t o  t h a t  of t he  A212B (LT) curve. The NDT w a s  
es t imated  ( a t  the  15-ft-lb energy l e v e l )  t o  be -20°F, below t h a t  of the 
weld metal and the  A212B. 

ORNL-DWG 87-4899 ETD 
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Fig. D. 16. Uni r rad ia ted  Charpy impact p r o p e r t i e s  of the  HB2/HB3 
nozzle q u a l i f i c a t i o n  weld metal and A212 hea t -a f fec ted  zone. 
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D.4.2.3 Evaluat ion of A350 LF s teel  (nozz les  HB2 and HB3) 

To examine p o t e n t i a l  o r i e n t a t i o n  e f f e c t s  i n  the  A350 fo rg ings ,  
meta l lographic  eva lua t ions  of t he  A350 i n  both the  nozzle  q u a l i f i c a t i o n  
weldment and an a c t u a l  nozzle  were performed t o  e s t a b l i s h  primary working 
o r i e n t a t i o n .  The r e s u l t s  d e f i n i t i v e l y  revealed t h a t  the  p r i n c i p a l  work- 
ing  d i r e c t i o n  of the A350 i n  the  q u a l i f i c a t i o n  weld was p a r a l l e l  t o  t he  - 
welding d i r e c t i o n  i n  agreement wi th  the  l o g i c a l  layout  of t h e  3 x 6 x 36 
in .  forg ing  used f o r  t he  weld. The un i r r ad ia t ed  HB2 s u r v e i l l a n c e  speci- 
mens were f a b r i c a t e d  from the  pro longat ion  of the  pipe end of the  nozz le  
wi th  the a x i s  of the  specimen ly ing  i n  the  r a d i a l  d i r e c t i o n .  Examining 
one of t he  HB2 specimens d e f i n i t i v e l y  revealed the  p r i n c i p a l  working t o  
have been the  a x i a l  d i r ec t ion .  Thus, t he  r ad ia l - c i r cumfe ren t i a l  (RC) 
o r i e n t a t i o n  of the  s u r v e i l l a n c e  specimens corresponds t o  specimens taken 
i n  the  th ickness- t ransverse  (ST) o r i e n t a t i o n  from the  A350 fo rg ing  i n  the  
weld q u a l i f i c a t i o n  block. Charpy impact specinens were then taken from 
the  A350 i n  the  q u a l i f i c a t i o n  block i n  the  ST, TS, and thickness-longi- 
t u d i n a l  (SL) o r i e n t a t i o n s .  Mul t ip le  specimens were t e s t e d  a t  s e v e r a l  
temperatures  from low i n  the  t r a n s i t i o n  t o  the  upper s h e l f ,  and no e f f e c t  
of o r i e n t a t i o n  was observed. Even the  p o t e n t i a l l y  weaker SL-oriented 
specimens with t h e i r  crack propagat ion i n  the  working d i r e c t i o n  gave 
r e s u l t s  t h a t  agreed very w e l l  wi th  the  o the r  o r i e n t a t i o n s .  The r e s u l t s  
a l s o  agree w e l l  wi th  the  CVN da t a  ( o r i e n t a t i o n  undetermined) obtained as 
p a r t  of t h e  weld q u a l i f i c a t i o n  procedure. Thus, i t  was concluded t h a t  
t he  RC o r i e n t a t i o n  of t he  HB2 and HB3 s u r v e i l l a n c e  specimens is  very 
l i k e l y  r e p r e s e n t a t i v e  of the  nozzle  p r o p e r t i e s  i n  a l l  d i r e c t i o n s .  

The NDT (determined a t  30 f t - l b )  of the  A350 i n  the  q u a l i f i c a t i o n  
weld i s  approximately -45°F. This i s  s u b s t a n t i a l l y  higher  than the  -110 
and -80°F determined f o r  the  HB2 and HB3 nozz les ,  respec t ive ly .  It is  
not  known why the  NDT i s  so much higher.  Likely reasons inc lude  var ia -  
t i o n s  i n  e i t h e r  the amount of working or  t h e  hea t  t reatment  ( i n t e r i m  o r  
f i n a l )  between the  nozzles  and the  forg ing  i n  the  q u a l i f i c a t i o n  weldment. 
Also, i t  is  poss ib l e  t h a t  the  ma te r i a l  i n  t he  q u a l i f i c a t i o n  weldment i s  
not f ron  the  saue heat .  The meta l lographic  s t u d i e s  done on the  q u a l i f i -  
c a t i o n  weldment and a c t u a l  specimens from both HB2 and HB3 nozzles  show 
t h a t  the g r a i n  s i z e  of the A350 i n  the  weldment is the  l a r g e s t ,  followed 
by t h a t  i n  HB3, and then followed by t h a t  i n  HB2. This corresponds 
e x a c t l y  t o  both the observed order  of decreasing NDT temperature and t h a t  
which would be p red ic t ed  purely on the  bas i s  of the r e l a t i v e  g r a i n  s i z e ,  
a l l  o the r  th ings  being equal.  However, whatever the cause,  i n  t he  
present  condi t ion  the A350 i n  the  weld q u a l i f i c a t i o n  block is not  wholly 
r e p r e s e n t a t i v e  of the  nozzles  HB2 and HB3 and could be used only with 
caut ion  i n  any mechanical or i r r a d i a t i o n  s tud ie s .  

During the  course of the  i n v e s t i g a t i o n ,  t he  remaining po r t ion  of t he  
r ing  from which the  o r i g i n a l  HB2 s u r v e i l l a n c e  impact specimens were taken  
w a s  loca ted .  The po r t ion  of the  r i n g  remaining is -170" of t he  o r i g i n a l  
annular  s e c t i o n ,  which was 0.434 in .  t h i c k  by 23.26 in .  i n  i nne r  diameter 
by 27.74 in .  i n  ou te r  diameter.  This material i s  being c a r e f u l l y  archived 
f o r  poss ib l e  f u t u r e  use. 
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D.4.2.4 Evalua t ion  of the  A212 grade B plate ( i n  the  
nozz le  q u a l i f i c a t i o n  weldment) 

Because t h e r e  appears  t o  be s u b s t a n t i a l l y  more A212 material a v a i l -  
a b l e  from a dropout used f o r  a HFIR nondes t ruc t ive  examination s t anda rd ,  
which has been v e r i f i e d  t o  be from the  H F I K  v e s s e l  s h e l l  p lace ,  only a 
cursory  examination of the A 2 1 2  i n  the  q u a l i f i c a t i o n  weldment has been 
made. Only m i c r o s t r u c t u r a l  examination and chemical a n a l y s i s  were per- 
formed, However, s p e c i a l  care was taken i n  sec t ion ing  the  weldment so 

t h a t  i t  w i l l  be poss ib l e  t o  ob ta in  CVN specimens notched i n  the  ‘K4Z i f  
des i r ed .  Charpy t e s t i n g  performed f o r  t h e  weld q u a l i f i c a t i o n  procedure 
produced an  average energy of 25 f t - l b  f o r  t he  A212 HA2 a t  10’F. 

D.4.3 Tests Performed on A212 Grade B Nozzle Dropouts 
(S. K. Iskander  and We R. Corwin) 

D.4.3.1 In t roduc t ion  

As mentioned elsewhere,  CVN s u r v e i l l a n c e  specimens had been placed 
i n  the  H F I R  p re s su re  ves se l .  They were made from A105 grade 11, A212 
grade B,  and A350 grade LF3 as r e p r e s e n t a t i v e  of materials used i n  the 
c o n s t r u c t i o n  of t he  RPV. The A212 grade B (which w i l l  be r e f e r r e d  t o  as 
simply A212B f o r  b r e v i t y )  s u r v e i l l a n c e  specimens were from the  LT or ien-  
t a t i o n .  There were no weld metal s u r v e i l l a n c e  specimens. 

and A212B material from TI, and TS o r i e n t a t i o n s  were t e s t e d  i n  both 
u n i r r a d i a t e d  and i r r a d i a t e d  condi t ions .  The o b j e c t i v e s  of t he  t e s t s  on 
i r r a d i a t e d  CVN specimens were t o  measure the s h i f t  i n  the  GVN t r a n s i t i o n  
temperature.  Tests were a l s o  performed on CVN specimens from the LS 
o r i e n t a t i o n  i n  t h e  u n i r r a d i a t e d  cond i t ion  only.  The  o b j e c t i v e  of t h e  
t e s t i n g  on t h e  LS o r i e n t a t i o n  was  t o  ob ta in  a q u a l i t a t i v e  i n d i c a t i o n  o f  
the  r e s i s t a n c e  of the  material t o  propagat ion of a x i a l  cracks i n  t h e  
th i ckness  d i r e c t i o n .  

e f f e c t s  and d i f f e r e n c e s  i n  spectrum, it was necessary t o  index the  rad ia-  
t i o n  damage experienced i n  ORR to t h a t  of the HFIK s u r v e i l l a n c e  a p e t i -  
mens. Far t h i s  purpose,  a r c h i v a l  A212B specimens (remaining from t h e  
o r i g i n a l  H F I R  s u r v e i l l a n c e  program) were included i n  the  ORR i r r a d i a t i o n  
capsules  as indexing material. 

and drop-weight specimens from A 2 1 2 B ,  as w e l l  as some of t he  t e s t s  per- 
formed t o  v e r i f y  t h a t  t h e  material used is indeed t h e  same as t h a t  used 
t o  manufacture the  s u r v e i l l a n c e  CVN specimens. Then, t he  r e s u l t s  of t h e  
t e s t i n g  program w i l l  be presented.  

c a t i o n  phase of t he  t e s t i n g  program are presented.  The v e r i f i c a t i o n  
phase consumed a cons iderable  propor t ion  of the t o t a l  effort i n  t e s t i n g  
thc  A 2 1 2 B ,  and a more d e t a i l e d  r epor t  i s  planned i n  the  future. 

To assess the  i n t e g r i t y  of the  R P V ,  CVN specimens from weld mter ia l  

The i r r a d i a t i o n  w a s  performed i n  ORK. To assess poss ib l e  dose ra te  

This  s e c t i o n  w i l l  de sc r ibe  the  m a t e r i a l  used t o  f a b r i c a t e  the  CVN 

For the  purposes of t h i s  r epor t ,  only p a r t i a l  r e s u l t s  of the v e r i f i -  
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D.4.3.2 D e s c r i p t i o n  of materials, v e r i f i c a t i o n ,  and 
h e a t  t rea tment  

A t  t h e  beginning of the  tes t  program on A212B, t h e  only  a r c h i v a l  
material a v a i l a b l e  was an 18-in.-diam b l o c k ,  -3 in .  t h i c k .  'It was 
r e p o r t e d  t o  be a nozz le  dropout  from t h e  WIR RPV and is  used as a non- 
d e s t r u c t i v e  examinat ion (NDE) c a l i b r a t i o n  block. Presumably f o r  NDE, i t  
had been c u t  i n t o  a s e m i c i r c u l a r  segment and two 90" segments and then  
welded back i n t o  a c i r c u l a r  shape [Fig.  D.l7(a)]. For purposes of t h i s  
program, a 105' segment of t h e  c a l i b r a t i o n  block was sawed out  f o r  manu- 
f a c t u r i n g  CVN specimens [Fig. D.l7(b) and ( e > ] .  The 105' segment w i l l  be 
r e f e r r e d  t o  as t h e  "NDE block." A l l  CVN specimens were machined from t h e  
NDE b l o  ck 

Toward t h e  end of t h e  t e s t i n g  program on A212B, more A212B a r c h i v a l  
material, c o n s i s t i n g  of f o u r  b locks  remaining from the  manufacture of t h e  
s u r v e i l l a n c e  specimens from t h e  HB-2 nozz le  dropout ,  was loca ted .  

remaining HB-2 nozz le  dropout  p i e c e s  t h a t  would i d e n t i f y  i t  as represen-  
t a t i v e  of t h e  RPV material  and i t s  h e a t  t rea tment  could not  be found. 
Tests were performed t o  a s c e r t a i n  t h a t  t h e  material i s  t r u l y  r e p r e s e n t a -  
t i v e  of t h e  HFIK WV i n  i t s  u n i r r a d i a t e d  c o n d i t i o n .  

The only i d e n t i f i c a t i o n  on t h e  NDE c a l i b r a t i o n  block were t h e  
l e t t e r s  "NP4," "4," and t h e  remainder of what appears  t o  be a "7" [Fig.  
D.l7(b)]. Documentation on f i l e  states ' I .  . . 1 YC marked NP-471 t a k e n  
from S h e l l  Plate ."  Handwri t ten le t ters  t h a t  reques ted  12 n o z z l e  dropouts  
be s u b j e c t e d  t o  a s t r e s s - r e l i e f  h e a t  t r e a t m e n t  a t  a tempera ture  of 950°F 
f o r  51 h were a l s o  found, a p p a r e n t l y  t o  correspond t o  t h e  3 s e p a r a t e  h e a t  
t r e a t m e n t s  of t h e  RPV a t  950'F f o r  17 h. 

vided s u b s t a n t i a l  ev idence  t o  t h e i r  o r i g i n s ,  but  a g a i n  t h e r e  was no docu- 
menta t ion  of t h e  h e a t  t r e a t m e n t  t h e  f o u r  p i e c e s  had undergone. 

The A212B s u r v e i l l a n c e  specimens were a l l  manufactured from material 
-1/4 in .  from t h e  i n n e r  RPV clad-to-base metal  i n t e r f a c e .  The i n n e r  
s u r f a c e  of t h e  RPV is roll-bond c l a d ,  and t h e  o u t e r  i s  weld-overlay c lad .  
Thus, t h e  i n t e r f a c e  r e g i o n  of each c l a d d i n g  would have d i f f e r e n t  mechani- 
c a l  p r o p e r t i e s .  Because of t h e  very  l i m i t e d  amounts of A212B NDE block 
material a v a i l a b l e ,  it w a s  assumed t h a t  material from t h e  same depth ,  as 
measured from t h e  base-to-clad i n t e r f a c e ,  would have t h e  same p r o p e r t i e s .  
All of t h e  CVN specimens manufactured from t h e  NDE block were machined 
from e i t h e r  a l a y e r  - 1 / 4  o r  1 in .  from t h e  i n t e r f a c e  and w i l l  be r e f e r r e d  
t o  as simply "1/4-in." o r  "1-in." material i r r e s p e c t i v e  of whether it was 
manufactured from t h e  i n n e r  o r  o u t e r  p o r t i o n  of t h e  A212B NDE block. 

The NDE block ' s  c i r c u l a r  s u r f a c e s  are both c lad .  The s u r f a c e  t h a t  
appears  t o  be t h e  i n s i d e  one has roll-bond c l a d d i n g ,  and t h e  o t h e r  has a 
weld o v e r l a y  c l a d ,  as was t h e  case  f o r  t h e  HFIR RPV. The block appears  
t o  be c u t  from a c y l i n d e r  because of t h e  c u r v a t u r e  of t h e  c i r c u l a r  s u r -  
f a c e s :  they  are curved i n  one d i r e c t i o n  and s t r a i g h t  a long t h e  normal 
d i r e c t i o n .  Measurements of t h e  c u r v a t u r e  from t h e  9-in. NDE block i n d i -  
c a t e d  a r a d i u s  s i m i l a r  t o  (-10% g r e a t e r )  t h a t  of t h e  HFIR WV. 

Metal lographic  examinat ion and chemical a n a l y s i s  confirmed t h a t  t h e  
c a l i b r a t i o n  block is t h e  same m a t e r i a l  a s  t h e  A212B used f o r  t h e  RPV. 

A complete documentation t r a i l  of t h e  NDE c a l i b r a t i o n  block o r  t h e  

The shape of t h e  reroaining p i e c e s  from t h e  HB-2 nozz le  dropout  pro- 
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Fig. D.17. NDE c a l i b r a t i o n  block used t o  f a b r i c a t e  CVN speci.mens. 

(a> O r i g i n a l  p i e c e ,  ( b )  and (c) segment c u t  o u t ,  and ( d )  d e t a i l s  of t h e  
c ladding .  The L and T r e f e r  t o  the l o n g i t u d i n a l  ( r o l l i n g  d i r e c t i o n )  and 
t r a n s v e r s e  o r i e n t a t i o n s ,  r e s p e c t i v e l y .  
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However, diamond pyramid microhardness (DPH) tests performed on the sur-  
v e i l l a n c e  specimens and 1/4-in. CVN specimens from the NDE block showed 
t h a t  t h e  l a t t e r  was s i g n i f i c a n t l y  harder ,  194 vs 172 DPH. As shown i n  
Table D . l O ,  the  CVN energy of 1/4-in. LT-oriented specimens from the NDE 
block and t e s t e d  a t  0 and 20°F is lower than t h a t  of su rve i l l ance  speci-  
mens a t  these  temperatures.  

Thus, i t  appeared t h a t  t he  NDE block had received no PWHT. Accord- 
ing ly ,  t h ree  LT-oriented CVN specimens were given a PWHT f o r  51 h a t  
950°F and t e s t e d  a t  20°F. The average CVN energy a f t e r  the  PWHT of the  
th ree  specimens agreed very wel l  with the  average of t he  s u r v e i l l a n c e  
specimens (Table D.lO), and the  hardness decreased t o  172 DPH. The 
remainder of the  NDE block was then subjec ted  t o  t h e  same PWHT- 

Table D. lO.  Comparison of CVN impact energy 
of A212B su rve i l l ance  specimens with 

specimens from 1/4-in. l oca t ion  of 
NDE block (LT o r i e n t a t i o n )  

before  and a f t e r  PWHT 
a t  950°F f o r  51 h 

Average 

energy 

Test F rac tu re  
Specimen f r a c t u r e  

temperature energy 

(OF) (ft-lb) ( f t - l b )  
NO 

A-49 
A-56 
A-63 

A-24 
A-26 
A-29 

ND-6D 
ND-6E 

ND-2A 
ND-6A 

ND-2C 
ND-6 C 
ND-2D 

Surveillance test resutts 

0 21.5 
0 13.5 15.3 
0 11.0 

20 
20 
20 

19.5 

26.5 
28.5 24.8 

As-received (no PWHT) 

0 
0 

20 
20 

After PWHT 

20 
20 
20 

7.8 
10.9 

13 .O 
17.8 

9.4 

15.4 

20.4 
26.5 24.3 
26.1 



1 2 1  

I n  s p i t e  of the  e x c e l l e n t  agreement d iscussed  above, because of t he  
u n c e r t a i n t i e s  about t he  NDE block and because of t i m e  c o n s t r a i n t s ,  spa re  
u n i r r a d i a t e d  s u r v e i l l a n c e  samples of A212R were used a s  a re ference  or 
indexing material i n  t h e  f i r s t  two i r r a d i a t i o n  capsules .  The NDE block 
m a t e r i a l  was archived f o r  i r r a d i a t i o n  needs beyond the  a v a i l a b l e  spare 
s u r v e i l l a n c e  samples. 

D-4 .3 .3  CVN tes t  r e s u l t s  

CVN specimens from each of t he  LT, TL, TS, and LS o r i e n t a t i o n s  have 
been machined from the  NDE block and t e s t e d .  The o b j e c t i v e s  of t e s t i n g  
the  LT o r i e n t a t i o n  a r e  explained below. The ob jec t ive  of tests on TI, and 
TS o r i e n t a t i o n s  w a s  t o  o b t a i n  t h e  s h i f t  i n  t r a n s i t i o n  temperature as a 
r e s u l t  of i r r a d i a t i o n .  The LS o r i e n t a t i o n  was t e s t e d  t o  ob ta in  a qiiali-  
t a t i v e  i n d i c a t i o n  of the  r e s i s t a n c e  of t h e  material t o  propagat ion of 
a x i a l  c racks  i n  t h e  th ickness  d i r e c t i o n .  

ous temperatures  t o  o b t a i n  a b e t t e r  d e f i n i t i o n  of the  Charpy energy vs 
temperature  curve. Of  imporrance were two regions of t he  curves One 
reg ion  w a s  the v i c i n i t y  of 50 f t - lb .  The temperature a t  which t h i s  
energy l e v e l  is a t t a i n e d  is used t o  estimate KrNDT, as explained i n  Sec t ,  
11.4.5. The o t h e r  was t he  Charpy upper-shelf energy (USE) region. Two 
spare u n i r r a d i a t e d  s u r v e i l l a n c e  specimens, as w e l l  as one specimen from 
t h e  NDE block t e s t e d  a t  120"F, exh ib i t ed  almost 100% shear  on t h e i r  Frac- 
t u r e  su r faces  and, t hus ,  def ined  the  USE region. 

The r e s u l t s  of r ecen t  u n i r r a d i a t e d  t e s t i n g  of TAT-oriented CVN speci- 
mens have been included i n  Table D.4. The specimen numbers i n  Table D.4 
t h a t  begin wi th  an "A" are o r i g i n a l  s u r v e i l l a n c e  speeiinens; a l l  o ther  
numbers are from t h e  NDE block. 

The r e s u l t s  of t e s t i n g  both the  TS and TL o r i e n t a t i o n s  i n  the 
u n i r r a d i a t e d  cond i t ion  from the  A212B NIIE block are shown i n  Tables D.17 
and D . 1 8 ,  r e s p e c t i v e l y  ( see  Sect.  D . 5 . 6 ) .  These r e s u l t s ,  toge ther  wi th  
the  Charpy energy va lues  obtained from t e s t i n g  these  o r i e n t a t i o n s  a f t e r  
i r r a d i a t i o n  i n  Om, have been p l o t t e d  i n  Figs.  D.27 (Sect .  D.5.6) and 
0.18, r e spec t ive ly .  Note t h a t  a 50-ft-lb level. was not achievcd f o r  t h e  
TL o r i e n t a t i o n ,  and t o  estimate the  RT DT, the  temperature a t  whi.cti 
35-mils l a te ra l  expansion is achieved !as been used in s t ead  (Fig .  D.18)* 

0.19). The Charpy energy obtained f o r  the  u n i r r a d i a t e d  mter ja l .  at 20°F 
exceeded the  150-ft-lb range. A t  60'F the  Charpy energy was -233 f t - l b .  
I n  f a c t ,  all four specimens t e s t e d  a t  these two temperatures did not 
Eracture  completely i n  t h e  Charpy tes t  but remained a t tached  toge the r  
with a l a r g e  ligament. I n  Fig. D.19 t h e  CVN r e s u l t s  f o r  t he  LT, Ti,, and 
'CS o r i e n t a t i o n s  have a l s o  been p l o t t e d  f o r  comparison. 

The tests performed on A212B (LT) specimens were performed a t  v a r i -  

Of p a r t i c u l a r  i n t e r e s t  is the  LS o r i e n t a t i o n  (Table D . l l  and Fig.  

D.4 .3 .4  Uni r rad ia t ed  drop-weight and crack-ar res t  t e s t i n g  

Limited drop-welght t e s t i n g  w a s  performed on specimens removed f ~ s m  
t he  H82 nozzle  dropout (A212B). The specimens were f a b r i c a t e d  in the  HT 
o r i e n t a t i o n  from the  o u t e r  ha l f - th ickness  of t he  dropout t h a t  remained 
fol lowing machining of the  o r i g i n a l  A212 grade B s u r v e i l l a n c e  specimens. 
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Fig. D . 1 8 .  E s t i m a t i o n  of RTNDT from t h e  0.035-in. l a t e ra l  expansion 
of A 2 1 2 B  TL-oriented CVN impact specimens because t h e  50-ft-lb impact 
energy was not  a t t a i n e d .  

To conserve material, two l a y e r s  of drop-weight specimens were machined 
at  a l l  l o c a t i o n s ,  r e s u l t i n g  i n  p a i r s  of specimens: one good, unadul- 
t e r a t e d  specimen and one specimen c o n t a i n i n g  a t h i n  s k i n  (0.03 t o  0.05 
in . )  of weld-overlay c ladding .  I n  a d d j t i o n ,  only the c e n t r a l  3.5 in .  of 
t h e  specimen was composed of t h e  a c t u a l  t e s t  material. The remainder of 
t h e  5-in. t o t a l  specimen l e n g t h  was composed of s i m i l a r  A212 steel  t h a t  
had been EB welded t o  t h e  c e n t r a l  t e s t  s e c t i o n .  The specimens c o n t a i n i n g  
t h e  c l a d d i n g  were welded and t e s t e d  such t h a t  t h e  c l a d  s u r f a c e  was t h e  
compressive s u r f a c e  i n  t h e  tes t  t o  minimize any nonuniform e f f e c t s ,  and 
t h e i r  r e s u l t s  were used only  t o  scope t h e  tes t  tempera tures  of t h e  more 
homogeneous specimens. T e s t i n g  of t h e  specimens w i t h  t h e  t h i n  l a y e r  of 
c l a d d i n g  r e s u l t e d  i n  an NDT of OOF. However, t e s t i n g  of t h e  specimens 
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Table D. 11. Unir rad ia ted  Charpy impact  tes t  r e s u l t s  
f o r  A212 grade B, LS o r i e n t a t i o n  

(material from 1-in. depth)  

Test Frae t u re  Frac ture  L a t  era1 
appearance expansion Specimen 

temperature  energy 
No. ( O F )  ( f t -1b) ( %  shea r )  ( m i l s )  

D92H 
D9 2E 
D9 2L 
D92A 
D9 2K 
D92F 
D92J 
D92D 
D92N 

-2 0 
-2 0 

0 
0 
0 
20 
20 
20 
60 

10.2 
12.8 
119.2 
24.1 
17.3 

211.3 
165.3 
183.4 
2 33 

12 
15 
30 
15 
21 
100 
99 
100 
100 

9 
14 
89 
23 
18 
94 
90 
9 4  
U 

150 

125 
A 

a 
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Fig. D.19. Charpy p r o p e r t i e s  of u n i r r a d i a t e d  A212 grade B W I R  
vessel. s tee l  as a func t ion  of o r i e n t a t i o n .  
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t h a t  d i d  not  con ta in  cladding f a i l e d  t o  produce any breaks a t  tempera- 
t u r e s  as low as -1O0F, which would suggest  an NDT of -20'F or  lower €o r  
t h e  unadul te ra ted  p l a t e .  

P repa ra t ions  were a l s o  made t o  perform crack-ar res t  t e s t i n g  on t h e  
same dropout. To aga in  conserve material, t he  use of an EB-welded spec i -  
men conta in ing  only a nugget of t h e  material of i n t e r e s t  w a s  i nves t iga t ed .  
Specimens were f a b r i c a t e d  from another  p iece  of A212 grade B and success- 
f u l l y  t e s t e d  t o  ensure t h e i r  experimental  v i a b i l i t y .  It was, however, 
even tua l ly  decided t h a t  c rack-ar res t  t e s t i n g  of the  HB2 nozzle dropout 
would not be performed and t h a t  t h e  material would be archived f o r  f u t u r e  
use. 

D.4.3.5 Tens i l e  t es t  resul ts  on u n i r r a d i a t e d  A212B material 

The e f f e c t  of i r r a d i a t i o n  on t h e  t e n s i l e  p r o p e r t i e s  of A212B s h e l l  
material has been assessed  by means of small ,  f l a t  specimens, -0.03 in .  
th ick .  These t e n s i l e  specimens were machined from u n i r r a d i a t e d  and 
i r r a d i a t e d  broken ha lves  of Charpy specimens. The results of t he  tests 
on these  small specimens are d iscussed  i n  Sect. D . 6 .  To determine the  
e f f e c t ,  i f  any,  of specimen s i z e  on the  t e n s i l e  p r o p e r t i e s ,  two longi- 
t u d i n a l l y  o r i en ted  (1-in.-deep) Charpy specimens were machined i n t o  ten- 
s i l e  specimens with a gage diameter  of 0.2 in .  and t e s t ed .  The averages 
of the  p r o p e r t i e s  determined are shown below. 

S t r eng th  Elongat ion 
(73 Red uc t i on 

of area 
0.2% Yield U l t i m a t e  Uniform To ta l  ( 2 )  

47 .1  82.4 17 31 69 

D.4.4 Fabr i ca t ion  and Evaluat ion of Submerged-Arc Weld 
(G. M. Goodwin, R. K. Nanstad, and W. R. Corwin) 

A s  mentioned previous ly ,  no a rch ive  weldments t h a t  r ep resen t  the  
l o n g i t u d i n a l  seam and c i r cumfe ren t i a l  g i r t h  welds i n  the  HFIR v e s s e l  are 
ava i l ab le .  Welding procedure and welder q u a l i f i c a t i o n  test  documentation 
are a v a i l a b l e  and provide the  d e t a i l s  of t he  welding procedures,  mate- 
r ia ls ,  tes t  r e s u l t s ,  etc.,  used f o r  f a b r i c a t i o n  of the  submerged-arc 
welds. A s  d i scussed  i n  a sepa ra t e  chapter  of t he  r e p o r t ,  d r i l l i n g s  were 
removed from the  seam weld of the  v e s s e l ,  and chemical composition w a s  
determined. Linde 40 (AWS type EA3), 3/16-in.-dian, copper-caated weld 
w i r e  and Linde 80 f l u x  were ordered t o  reproduce the  v e s s e l  weld as 
c l o s e l y  as poss ib le .  

A weld pad w a s  made t o  determine chemical composition and showed 
copper composition t o  be lower than the  v e s s e l  seam weld. A mock-up tes t  
weld w a s  a l s o  made t o  q u a l i f y  procedures. A subsequent weld pad was made 
with added copper whereby a l eng th  of t h i n  (-0.009-in.) copper wire w a s  
tack-welded i n  the  weld groove before  each weld pass. The v i o l e n t  a c t i o n  
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i n  the weld puddle is believed to  d i s t r ibu te  the melted copper throughout 
the weld beads. Chemical analyses and microprobe analyses show t h i s  t o  
be a successful procedure. 

A double-J weld groove was prepared, and 1/4-in.-diam E7018-A1 
shielded metal-arc rod was used i n  two layers i n  the root region. The 
base metal used was from a 2 1/2-in0-thick A212 grade B dropout from the 
HFIR vessel bottom head. The weld w a s  completed with 30 passes of sub- 
merged-arc weld. 
to  duplicate the seam-weld qualification. The 15-in. weldment w a s  sec- 
tioned, and one piece was given an additional 34-h heat treatment at 
950'F t o  reproduce the stracrss-mlief time of the WIR vessel. 

Chemical analyses given i n  Tab per content of the 
reproduction weldaent to be on the vessel  seam 
weld. Overall, the chemistry weld are considered a 
successful reproduction of the vessel 
(195 readings across the weld) of cop 
weld showed the copper content varied 
the weld -tal, which is vary siailar to  Elm variat ion shown by similar 
analyses of the A212 grade B plate.  
have provided uniform d i  

with l ines drawn on the  
the microprobe scans. F d mkrostrtzcture of 
the submerged-arc weld 
r e l a t ive ly  ramall gra in  riae. 

€€FER seaa-weld reproduction (0.18 Cu) were 
as part  of the original qua l i f ica t ion  proc 
In  both caes ,  the weldmeats received a 17 
mens were fabricated about the center l ine of the weld with the i r  axis 

The weldment was then stress relieved a t  95OOF for  17 h 

ctoprobe analysis 
in the reproduction 
t the mean value i n  

The copper wire additions appear t o  

ched photograph of the weld 
i n  the weld. 

Figure D.20(a) sh 
traverae paths fo r  

r i l y  eerrite with 

The r e su l t s  of Charpy h p a c t  t e s t e  performed on the newly fab 
mpared with thoee performed 
re fo r  the WIR 
PWT &t 950'F. 

ndicular t o  the weld centerline and the di rec t ion  of crack propaga- 
l l e l  t o  the welding direction. The comparison showed an excel- 
espondence of ti- between the welds. At LOOF six 
of the seanrw &on produced atl average i m p a c t  energy 

of 28.7 f t - lb  with a stand ion of 12.0 ft- lb;  the average impact 
of the or ig ina l  qua l i f ica t ion  weld at 10°F, however, was 28.4 f t - lb  
standard deviation of 7.4 ft-lb. 

To obtain EDaterial aa similar to the seam weld in the vess 
possible, the seam-weld reproductlon wats then g an addi t ional  34-h 
€WHT 8t 950°F for  a totaP time of 51 h. TIM temperature at which the 
unirradiated Charpy impact properties og the ceearareld reptoduetLon (Fig. 
D.21) produced an average energy of 20 ft- lb,  the leve l  equated with NDT 
f o r  the weld, w a s  -5'F. 

One minor complication developed in examining the data fo r  the seam 
weld reproduction. The impact energy through the thickness of the weld 
var ies  modestly but reproducibly over the temperature range examined; the 
toughest portion lies a t  the top of the 'weld corresponding to  the outer 
surface of the vessel. !Phe reason for  t h i s  was not investigated but is 
l ike ly  a consequence of the the rm1  his tory of the individual weld 
passes. Because impact specimens were only taken a t  one location, mid- 
thickness, during the or ig ina l  weld qua l i f ica t ion  procedure, it is not 
known whether or not such a var ia t ion exists i n  the actual  HFIR vessel,  
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20. Submerged-arc reproduction seam weld 
ostructure (lings ah 

probe scans, 
reduced 3%) 

4 



127 

158 

125 
n 

B 

I +' 
'-1- 

180 - 

75 v 

>- 
c3 

W 
T 
W 

58 

25 

ORNL-BWG 87-4914 ETD 

0 Reproduction weld metal ____ 
0 Qualification weld HAZ ---1- 

-288 -100 0 180 2B 

TEMPERATURE ( O F )  

Fig. D.21. Uni r rad ia ted  Charpy impact p r o p e r t i e s  of t he  subnnerged- 
a r c  reproduct ion  seam weld metal and q u a l i f i c a t i o n  weld A212B heat -  
a f f e c t e d  zone. 

but i t  is  l i k e l y  because t h e  same procedure w a s  used f o r  both welds. The 
approach taken i n  ana lyz ing  the  d a t a  f o r  the  seam-weld reproduct ion was 
t o  d i s r ega rd  t h e  p r o p e r t i e s  from the  bottom 1 i n .  of t he  weld th ickness  
corresponding t o  a hypo the t i ca l  1-in.-deep flaw on the  v e s s e l ' s  inner  
su r f  ace and simply t o  average the  impact p r o p e r t i e s  through rema-ining 
th ickness .  

Also shown i n  Fig. D.21 are t h e  CVN results obtained from vendor 
documentation f o r  the  NAZ tests on the  ves se l  q u a l i f i c a t i o n  seam weld. 
A s t r a i g h t  l i n e  w a s  drawn through the  mean energy va lue  approximately 
p a r a l l e l  t o  t h a t  of t he  A212B (GT) curve,  The NDT was est imated (a t  t h e  
15-ft-lb energy l e v e l )  t o  be ---68"F, f a r  below those o f  the  weld m e t a l  and 
t h e  A212B (LT). 

D.4.5 Determination of RTNDT (R. K. Nanstad and T. L. Nebble) 

The ASME Code, Sect. 111, Subsect. NB (Cl-ass 1 Components),4 re- 
q u i r e s  the  establ.ishment of a r e fe rence  temperature  RTNDT. The procedure 
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i n v o l v e s  t h e  t e s t i n g  of drop-weight specimens t o  determine t h e  NDT and 
CVN specimens t o  determine a tempera ture  a t  which t h r e e  CVN specimens 
each e x h i b i t  a t  least  50 f t - l b  and 35-mils l a t e ra l  expansion ( T S 0 ) .  This  
is normally accomplished by de termining  t h e  NDT tempera ture  TNDT wi th  
drop-weight tests,  followed by t h r e e  CVN tests a t  a tempera ture  not  
g r e a t e r  t h a n  TNUtr + GOOF. I f  t h e  CVN minimum toughness requirements  are 
m e t ,  then  TNpT is t h e  RTNDT, I f  t h e y  are not  met, t h e n  t h e  CVN test 
tempera ture  is i n c r e a s e d  u n t i l  t h e  requirements  are met  and t h e  RTNDT is  
determined by T50 - bO°F. A s  s t a t e d  ear l ie r ,  t h e  H F I R  s u r v e i l l a n c e  plan1 
d e f i n e d  t h e  NDT a t  a s p e c i f i c  CVN energy v a l u e ,  and mean curves have been 
used t o  determine t h e s e  NDTs.  I n  t h e  case of t h e  A 2 1 2  grade  B,  however, 
s u f f i c i e n t  m a t e r i a l  was l o c a t e d  t o  provide f o r  t h e  conduct of l i m i t e d  
drop-weight t e s t s  accord ing  t o  ASTM E 2 0 8  (Ref, 5 ) .  The test r e s u l t s  
showed t h e  drop-weight NDT f o r  A212 grade  B t o  be not h i g h e r  t h a n  0°F and 
p o s s i b l y  as low as --20°F, very c l o s e  t o  t h e  v a l u e  of -5'F determined from 
t h e  CVN 15-f t - l b  temperature .  

BFlK m a t e r i a l s  w i t h  t h e  ASME Coxe procedures ,  an  a l t e r n a t i v e  procedure 
was developed us ing  t h e  a v a i l a b l e  CVN da ta .  Because t h e  ASME Code method 
r e q u i r e s  t h a t  a l l  t h r e e  CVN specimens e x h i b i t  50 f t - l b  o r  g r e a t e r  a t  t h e  
so-ca l led  50-ft-lb tempera ture  T S 0 ,  use  of t h e  mean curve  f i t  t o  t h e  CVN 
d a t a  i s  n o t  cons idered  s i m i l a r l y  conserva t ive .  

t u r e  energy from Charpy impact tests on i r r a d i a t e d  m a t e r i a l ,  an approach 
us ing  a c o e f f i c i e n t  of v a r i a t i o n  was adopted. Numerous o t h e r  approaches 
exist . ;  however, c o e f f i c i e n t  of v a r i a t i o n  i s  s imple and e a s i l y  understood. 
The unknown, n o n l i n e a r  c h a r a c t e r  of t h e  r e l a t i o n s h i p  between f r a c t u r e  
energy and t e s t  temperature  and l a r g e  v a r i a n c e s  make t h e  use of methods 
such as conf idence  i n t e r v a l s  more d i f f i c u l t  and t i m e  consuming t o  apply.  

The c o e f f i c i e n t  of v a r i a t i o n  i s  d e f i n e d  as t h e  r a t i o  of t h e  s t a n d a r d  
deviation t o  t h e  mean f r a c t u r e  energy a t  a p a r t i c u l a r  temperature .  It i s  
wi thout  u n i t s  and may be expressed  a s  a f r a c t i o n  o r  as a percent .  Prab- 
l e m s  do e x i s t  when apply ing  t h e  c o e f f i c i e n t  of v a r i a t i o n  (e.g., e s t a b -  
l i s h i n g  a smooth boundary curve t h a t  monotonical ly  i n c r e a s e s  wi th  t e m -  
p e r a t u r e  t o  e l i m i n a t e  t h e  confus ion  of m u l t i p l e  v a l u e s )  The c o e f f i c i e n t  
of v a r i a t i o n  f o r  f r a c t u r e  toughness d a t a  i s  n o t  c o n s t a n t  because both  t h e  
v a r i a n c e  and f r a c t u r e  energy change w i t h  temperature .  To f i n d  a reason- 
a b l e  c o e f f i c i e n t  of V a r i a t i o n  f o r  our purpose,  v a r i a n c e  estimates were 
made from t h e  d a t a .  The corresponding s t a n d a r d  d e v i a t i o n s  and r e s u l t i n g  
c o e f f i c i e n t s  of v a r i a t i o n  are g i v e n  i n  Table  D.12. 

v a r i a n c e  could be es t imated .  I f  t h e  c o e f f i c i e n t  of v a r i a t i o n  w a s  based 
on t h e  v a r i a n c e  from a s i n g l e  se t ,  t h e  s o u r c e  of v a r i a n c e  w a s  denoted 
11 ind iv idua l . "  I f  t h e  v a r i a n c e  w a s  d e r i v e d  by pool ing  t h e  v a r i a b i l i t y  
from a l l  se ts  w i t h i n  a g i v e n  material, the source  w a s  denoted "pooled." 
Thc v a r i a n c e  i s  t h e  s q u a r e  of t h e  s t a n d a r d  d e v i a t i o n .  

Because v a l u e s  of t h e  RTND could n o t  be determined f o r  most of t h e  

To main ta in  s i m p l i c i t y  and t o  provide a c o n s e r v a t i v e  bound f o r  f r a c -  

Each m a t e r i a l  conta ined  s e v e r a l  se ts  of o b s e r v a t i o n s  from which a 
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Table D.12. Standard deviations and coefficients of 
variation for HFIR surveillance materials 

Standard Coefficient Median 
Sources Of deviation of variation coefficient 

( f  t-lb) ( X )  ( X I  variance Material 

HB1 and HB4 
A105 grade I1 

HB2 
A350 grade LF3 

HB3 
A350 grade LF3 ' 

IC3, HBlA, HB4A 
A212 grade B 

Individual 1 . 6 6 . 8  
Pooled 4.9 

Individual 2.3-7.3 
Pooled 4.2 

Individual 1.4-6 . 0 
Pooled 3.7 

Individual 2 . H . 8  
Pooled 5.1 

3 2 9  17 
11-52 21 

3 1 6  12 
5-16 11 

4-27 ' 7 
9-18 13 

1-62 27 
7-57 30 

From these and other resu l t s ,  the following values for  the coeffi-  
c ien ts  of variat ion are considered reasonable and w i l l  be wed: 

Coefficient of 
var ia t ion 

Na t er i a l  (a 
A350 grade LF3 10 
A212 grade B and 15 

Seam weld 20 
Nozzle weld 20 

A105 grade II 

The application of the Coefficients of var ia t ion t o  determine the 
The mean CVN curve for  a given unirradfated RT 

material is usepTo ident i fy  the tebperature a t  which the mean CVN energy 
less one standard deviation is equal to  50 ft-lb. For example, the coef- 
f i c i e n t  of variation for  A212 grade B is 15%; thus, a mean CVN energy of 
58.8 f t - lb  gives a standard deviation of about 8.8 ft- lb (coefficient of 
variat ion times the maan energy), and the mean value less the standard 
deviation is 50 ft-lb. 
achieves a mean CVN energy of 58.8 f t - lb  is, therel'ore, defined as TSO, 
and RTNm is determined from the higher of T50 - 60°F or the NDT, T . 
This procedure was applied t o  a l l  materials except the A212B (TL), %ch 
did not achieve 50 ft-lb. For tha t  case, the RT w a s  estimated by 
determining the temperature a t  which it achievedVT035-in. (35-1s) 
l a t e r a l  expansion less 60°F (Pig. D.18). For i r radiated material, t h e  
MME Code references ASTM E185, "Standard Practice for  Conducting Sur- 
veil lance Tests f or Light-Water Cooled Nuclear Power Reactor Vessels."6 
The RTm is determined by adding the difference i n  the 30-ft-lb tempera- 
tu re  from the mean CVN curves before and a f t e r  i r rad ia t ion  to  the unirra- 
diated RT . The results of these analyses are  summarized i n  Sect. 

is straightforward. 

The temperature a t  which the A212 grade B 

D.5.6 w i t  PT the resu l t s  of the i r rad ia t ion  program. 



130 

D.5 IRRADIATION PROGRAM I N  THE ORR 

D.5.1 Materials (R. K. Nanstad) 

As s t a t e d  previously, the  pressure-vessel surve i l lance  program does 
not include welds. An i r r a d i a t i o n  program w a s  conducted, f i r s t ,  t o  com- 
pare the effects of neutron i r r a d i a t i o n  on the HFIR vesse l  seam weld and 
nozzle welds with the vesse l  s h e l l  material. Second, the A212 grade B 
surve i l lance  specimens were machined from a nozzle dropout with the LT 
o r i en ta t ion  (ax is  of the specimen i n  the longi tudina l  or  r o l l i n g  direc- 
t i o n  and the notch oriented f o r  crack propagation transverse t o  the 
r o l l i n g  d i rec t ion) .  
etc., p l a t e  steels can exh ib i t  d i f fe rences  i n  toughness with or ien ta t ion ,  
and the i r r a d i a t i o n  program includes the TL and TS or ien ta t ions  as w e l l  
( s ee  Sect. D.4.3). 

HFIR vessel  has a r e l a t i v e l y  high s u l f u r  content and metallographic evi- 
dence of su l f ide  s t r i n g e r s  t h a t  can adversely a f f e c t  toughness. 
there  are r epor t s  of grea te r  e f f e c t s  of i r r a d i a t i o n  on t ransverse  
or ien ted  specimens, the e f f e c t s  on t h i s  material a t  these r e l a t i v e l y  low 
exposures was qu i t e  uncertain. As presented i n  Sect. D.4.3, the CVN 
toughness of TL specimens from the  HFIR vessel  s h e l l  w a s  low r e l a t i v e  t o  
the LT-oriented surve i l lance  specimens. As expected, the g r e a t e s t  d i f -  
ference is i n  the  upper-shelf toughness. The ac tua l  upper-shelf tough- 
nesses following i r r a d i a t i o n ,  however, are not very relevant f o r  t he  
A212B because the s h i f t s  of the CVN curves put f u l l y  d u c t i l e  behavior 
higher than the current operating temperature of 120°F. 

i n  the LT, TL, and TS or ien ta t ions ;  t h e  nozzle qua l i f i ca t ion  weld metal; 
and the reproduction seam weld fabr ica ted  a t  OWL. 
specimens i n  the LT o r i en ta t ion  were se lec ted  from a group of spare 
uni r rad ia ted  surve i l lance  specimens. The material is described i n  Sect. 
D.4.1, 
machined t o  accommodate crack propagation i n  the  welding d i r ec t ion  and 
located i n  the bulk area of the weldment (described i n  Sect. D.4.2). 
Specimens of A212 grade B with TL and TS o r i en ta t ions  were removed from a 
nozzle dropout (described i n  Sect. D.4.3). The specimens included i n  the  
i r r a d i a t i o n  capsule were removed from the same depth i n  the  p l a t e  thick- 
ness as were the o r i g i n a l  surve i l lance  specimens. F ina l ly ,  CVN specimens 
from the seam-weld reproduction were machined and notched i n  the same 
manner as those fo r  the nozzle weld. Fabrication of the seam weld is  
described i n  Sect. D.4.4. 

Depending on chemical composition, cross r o l l i n g ,  

As shown i n  Sect. D.4.1, the A212 grade B s h e l l  material f o r  the 

Although 

The materials f o r  t h i s  i r r a d i a t i o n  task  are the A212 grade B p l a t e  

The A212 grade B 

The nozzle q u a l i f i c a t i o n  weld was sectioned and CVN specimens 

D.5.2 I r r ad ia t ion  Conditions (K. R. Thoms, R. K. Nanstad, 
and W. R. Corwin) 

D. 5.2.1 Introduction 

. 

Specimens were i r r a d i a t e d  i n  core pos i t ion  A9 of the ORR. Reactor 
coolant water flowed d i r e c t l y  over the specimens, which were contained i n  
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capsules described i n  Sect. D.5.3. To minimize specimen corrosion, 
specimens were coated with a s tab le  black oxide (Fe3Ob). 
tha t  coating is the resu l t  of a coatings evaluation task described i n  
Sect. D.5.4. 

housed i n  each capsule. 
centered ax ia l ly  about the expected f lux  peak (Le., -3 in. below the 
core midplane). Table  D.13 summarizes the thermal hydraulic analysis fo r  
the capsules. 
posit ion,  which is symmetrical t o  the A9 posit ion used fo r  these i r radia-  
tions. The peak heating rate in steel a t  the deviation of the test  
specimens was found to  be 1.2 W/gm7 To predict  accurately specimen t e m -  
peratures, the e f f ec t  of the  s t ab le  black oxide coating w a s  incorporated 
i n  the thermal analysis. Metallographic examination of coated specimens 
showed the average coating thickness t o  be 0.001 in. The thermal con- 
duct ivi ty  of Fe30b at  these temperatures is reported to  be 3.1 Btu/h-ft2- 
O F  (0.055 W/COI-K).~ Based on these assuaptions, the specimen center l ine 
temperature is predicted to  be -123'F and the surface temperature -119'F. 
Because neutron i r rad ia t ion  of oxides is known t o  reduce their thermal 
conductivity by as much as 5Q% at temperatures where annealing of defects  
does not occurs8 t h i s  was also taken in to  account but only increased the 
specimen center l ine temperature by -0.2'F. Additionally, the conse- 
quences of the gamma-heating rate being twice the measured value were 
investigated. A summary of the specimen heat-transfer analyses using 
various assumptions is presented i n  Table D.14. 

su l e  was inser ted in to  posit ion A9 on December 22, 1986. Three long bars 
equal i n  length t o  four CVN specimens and equal i n  cross sect ion to  a CVN 
specimen, along with eight  CVN specimens of another A212 grade B material, 
were contained i n  the capsule. 

The basis  f o r  

Twenty CVN specimens, along with f lux  m n i t o r  gradient wires, were 
The capsule was positioned with the specimens 

Gamma-heating rate measurements were made i n  the A1 core 

To determine exposure leve ls  i n  core posit ion A9, a dosimetry cap- 

An -0.200-in.-ID hole was d r i l l e d  along 
the center l ine of each bar, f lux 
bar ends were seal welded closed 
The CVN epecimens were variously 
photograph of the capsule during 
The capsule was i r rad ia ted  a t  30 
from t h i s  capsule formed par t  of 
of the HE'IP specimen capsules. 

monitors were inserted therein,  and the 
i n  a helium atmosphere and leak checked. 
coated and notched or unnotched. A 
f i n a l  assembly is shown i n  Fig. D.22. 
MW f a r  4.08 h. The dosimetry resu l t s  
the basis for  select ion of exposure t i m e  

D.5.2.2 I r rad ia t ion  dose rate experiment on A212 grade B steel 

The neutron f lux i n  the core of the ORR is about 4 to  5 orders of 
magnitude greater  than ex i s t s  at the HFIR pressure vessel. 
the  s h i f t  i n  the NDT of A212 grade B steel a t  the Ugh f lux levels  to  be 
used In  the ORR i r rad ia t ion  experiments, an experiment was, therefore,  
conducted u t i l i z ing  the Om dosimetry measurement capsule. 

ously examined fo r  the EGCR Program were coated with various corrosion- 
r e s i s t an t  coatings (see Sect. D.5.4) and placed within the capsule used 
f o r  establishment of i r r ad ia t ion  exposure conditions in the core of ORR. 
The capsule w a s  i r rad ia ted  a t  f u l l  power f o r  4.08 h and received an ex- 
posure of 1.54 x lo1' neutrons/cm* (>1 MeV) at  a f lux of 1.05 x l o r3  

To evaluate 

Eight CVN impact specimens from a heat of A212 grade B steel previ- 
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Table D.13. Summary of thermal hydraulics analysis  of 
HFIR material Charpy specimen i r r ad ia t ion  capsules 

Parameter Value 

Coolant water 

I n l e t  temperature, O F  

Pressure drop across  capsule, p s i  
Viscosity ( a t  120°F), lb/f  t-s 
Prandt l  No. ( a t  120°F) 
Conductivity ( a t  12OoF), Btu/ft(h)"F 
Density, lb/f  t3 
Speci f ic  heat, Btu/lb-OF 

Gamma heating rate, w/g 

Peak 
Average 

Coolant channels 

Channel between capsule and core piece 
Flaw ra t e ,  gpm 
Reynolds No. 
Water temperature rise, O F  

Specimen channels 
Flow rate/channel,  gpm 
Reynolds No. (around specimens) 
Reynolds No. (remainder of channel) 
Water temperature rise, O F  

Total  heat generated, kW 

Aluminum par t s  
S tee l  specimens 

118 
25 
0 000373 
3.64 
0.370 
62 
1.0 

1.2 
1.0 

41 
42,741 
1 

5.8 
33,900 
44,000 
1 

5.9 
1.4 

Table D.14. Specimen temperatures fo r  various values of 
gamma heating and coating thermal conductivity 

Assumptions Temperature drop 
(OF) 

Gamma Thermal 
heating conductivity Through Through Through 

r a t e  of Fe304 surface Feg04 body of 
(w/g) (Btu/h-ft2-'F) f i lm layer  specimen 

1.2 3.1 1.2 0.3 3.5 
1.2 1.5 1.2 0.5 3.5 
2.4 3.1 2.4 0.5 7.0 
2.4 1.5 2.4 1.0 7.0 

Specimen 
center l ine  
temperature 

( O F )  

122.9 
123.1 
127.9 
128.4 
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neutrons/cm2/s 0 1  MeV) 
t e s t ed ,  and the  s h i f t  i n  NDT of the material w a s  determined to be 1 8 O F .  
Based on extensive coatings evaluat ions (Sect. D.5.4), it is apparent 
t h a t  the  e f f e c t s  of the coatings on these specimens were negl igible .  
the  earlier EGCR s tud ie s  on the  same heat of A212 grade B steel, a l s o  
i r r a d i a t e d  a t  ORR under very similar conditions of both temperature and 
f l u x  t o  a f luence of 9.8 X 10l8 neutrons/cm* (>1 MeV), the NDT w a s  deter-  
mined t o  s h i f t  185'F. In t e rpo la t ion  between the  two high-flux-induced 
NDT s h i f t s  i n  semilog space predicted t h a t  a f luence of -1 x lo1* neu- 
trons/cm2 (>1 MeV) would be required a t  that high f l u x  t o  produce a s i m i -  
lar  degree of damage exhibi ted by the  CW specimens of A212 grade B ves- 
sel s h e l l  mater ia l  exposed f o r  17.5 EFPY i n  HFIR, even though the HFIR 
specimens received an exposure of only -1.5 x 1017 neutrons/cm2 (>1 MeV) 
during tha t  period. The apparent dose rate e f f e c t  is, therefore ,  sub- 
s t a n t i a l  and w a s  considered i n  se l ec t ing  the exposure time f o r  the HFIR 
materials. A de ta i l ed  discussion of dose rate effects is contained i n  
Sect. D.6. 

Following i r r a d i a t i o n ,  the  specimens were 

I n  

D.5.3 Capsule Fabricat ion (KO R. Thorns, B. H. Montgomery, 
and R. K. Nanstad) 

As s t a t e d  earlier, the  ORR capsules w i l l  house up t o  20 standard CVN 
specimens. The capsule design is described i n  drawings M-11511-01<-001-E 
and M-11511-OR-002-E. The capsules w i l l  be inser ted  i n  a dummy core 
piece (Drawing M-11552-EM-114-D) (Fig. D.22) used f o r  previous ORR ex- 
periments (none of the  referenced drawings is Included i n  t h i s  report) .  

A schematic showing specimen placements i n  the capsule i s  shown i n  
Fig. D.23. There are f i v e  independent channels i n  which CVN specimens 
were located. Each channel contains four  specimens with the  specimens 
centered a x i a l l y  about the expected f l u x  peak. Two aluminum f i l l e r  
pieces  occupy the remainder of each 30-in.-long channel and serve t o  
loca t e  and r i g i d l y  hold the specimens i n  place. 

t i f i e d  H F I K  stock material. Five flux-monitor gradient  wires were con- 
ta ined i n  each aluminum tube mounted i n  the water gap along each specimen 
V-notch. Gradient wires were Fe, N i ,  T i ,  Cu, and C O A L  The CVN speci-  
m e n s  and dosimeter tubes,  along with loca tor  and retainer bars ,  were 
mounted i n  the  capsule. A l i f t i n g  ba i l  was at tached t o  the dummy core 
piece t o  accommodate handling, and a pos i t ion ing  lug on the  core piece 
allowed f o r  proper o r i en ta t ion  i n  the  core posi t ion.  

The capsules were fabr ica ted  of 6061-T6 aluminum obtained from cer- 

D.5.4 Corrosion-Resistant Coatings Studies (W. R. Corwin) 

To remove adequately the i n t e r n a l l y  generated gamma heat from CVN 
specimens during acce lera ted  i r r a d i a t i o n  s tud ie s  i n  the core of ORR a t  
-120°F, i t  w a s  necessary t o  place the  specimens i n  d i r e c t  contact with 
the  coolant r a the r  than within a pro tec t ive  capsule. I n  the l imi ted  pre- 
vious experience with such i r r a d i a t i o n s ,  s i g n i f i c a n t  corrosion of mild 
steel specimens occurred, and there  was concern t h a t  corrosion might be 
s u f f i c i e n t  i n  the planned i r r a d i a t i o n s  t o  a f f e c t  adversely the  r e su l t s .  
Hence, a study was undertaken t o  examine pro tec t ive  coatings f o r  the 
specimens . 

. 
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The types of coa t ings  t h a t  could be used were l imi t ed  by ( 1 )  a v a i l -  
a b i l i t y  w i th in  the  s h o r t  t i m e  frame requi red ,  ( 2 )  r eac to r  c o n s t r a i n t s ,  
( 3 )  p o t e n t i a l  adverse e f f e c t s  on impact  t e s t i n g ,  and ( 4 )  coat ing  appl ica-  
t i o n  temperatures  wi th  the  concern t h a t  i t  might a t  some t i m e  be neces- 
s a r y  t o  coat  prev ious ly  i r r a d i a t e d  specimens. After due cons ide ra t ion  
f i v e  types of p r o t e c t i v e  coa t ings  were s e l e c t e d  f o r  eva lua t ion :  e l e c t r o -  
p l a t ed  n i cke l ,  e l e c t r o l e s s  p l a t ed  n i cke l ,  both aluminum and t i t an ium 
coat ings  appl ied  by phys ica l  vapor depos i t i on  (PVD) ,  and a s t a b l e  black 
oxide coa t ing  r o u t i n e l y  used f o r  p r o t e c t i o n  of too l ing .  A l l  coa t ings  
were appl ied  t o  CVN specimens f a b r i c a t e d  i n  a s i n g l e  o r i e n t a t i o n  from one 
hea t  of A212 grade B steel .  Spec ia l  concern over coa t ing  e f f e c t s  w i th in  
the  CVN specimen notch r e s u l t e d  i n  the  coa t ings  being appl ied  both before  
and a f t e r  notching. Coated specimens were eva lua ted  f o r  both cor ros ion  
r e s i s t a n c e  wi th in  the  r e a c t o r  environment and any e f f e c t  t h a t  the  coa t ing  
might have on impact toughness. 

ORR i r r a d i a t i o n s )  would normally cause only l i m i t e d  r u s t i n g  of mild s t ee l  
specimens. However, experiments were conducted t o  examine the  e f f e c t s  of 
both the  bulk composition of t h e  demineral ized water used f o r  the ORR 
coolan t  and the  very shor t - l ived  but h ighly  cor ros ive  r a d i c a l s  pos tu l a t ed  
t o  e x i s t  wi th in  the  high-flux regions of the  core  on the  cor ros ion  be- 
havior  of the  A212 grade B CVN specimens. Specimens, both uncoated and 
coated as previous ly  descr ibed ,  were exposed i n  the core of ORR f o r  -4 h 
a t  f u l l  power during the  i r r a d i a t i o n  of the  f i r s t  i r r a d i a t i o n  capsule  
(used f o r  dosimetry measurements), as w e l l  as i n  flowing r e a c t o r  coolan t  
(away from the  core)  f o r  -4 d. I n  both exposures,  the  uncoated specimens 
corroded apprec iab ly  while  those  with coa t ing  were b e t t e r  but  va r i ab le .  
The n i cke l  coa t ing  provided the  b e s t  p ro t ec t ion ,  followed by the  black 
oxide coat  and then by the PVD coat ings.  

p r o p e r t i e s  of the  CVN specimens, mu l t ip l e  tests were conducted a t  tem- 
pe ra tu res  ranging from low i n  t h e  t r a n s i t i o n  region to  j u s t  beyond onse t  
of upper she l f .  I n  comparing the r e s u l t s  of the  coated and uncoated 
specimens, i t  became apparent  t h a t  both of t he  n i cke l  coa t ings  s u b s t a n t i -  
a l l y  a l t e r e d  the  CVN tes t  resul ts ;  t he  o the r  coa t ings ,  however, had v i r -  
t u a l l y  no e f f e c t  whether the  specimens were notched before  o r  a f t e r  coat-  
ing. 

r e s i s t a n c e  of the  coa t ings  acceptab le  from t e s t i n g  a spec t s ,  a d d i t i o n a l  
prenotched and then black-coated specimens (up t o  s i x  a t  any temperature)  
were t e s t e d  f o r  a b e t t e r  s t a t i s t i c a l  eva lua t ion ,  and t h e i r  r e s u l t s  were 
compared with uncoated specimens. The r e s u l t  w a s  t h a t  no d i s c e r n i b l e  
e f f e c t  of the  presence of the black coat  on the  Charpy impact toughness 
could be de tec ted .  Moreover, the  a b i l i t y  t o  notch the specimens before  
coa t ing  e l imina ted  the  need f o r ,  and complicat ions o f ,  notching the  
specimens a f t e r  the  i r r a d i a t i o n .  The black oxide coa t ing  w a s ,  theref  o r e ,  
chosen f o r  specimen p r o t e c t i o n  i n  subsequent i r r a d i a t i o n  experiments. 
The s t a b l e  black oxide coa t ing  is appl ied fol lowing r igo rous ly  con t ro l l ed  
cleaning by bo i l ing  the  specimens a t  290°F i n  a concentrated s a l t  solu- 
t i o n  conta in ing  p r i n c i p a l l y  sodium hydroxide f o r  -112 h. The coa t ing  
produced is  a nons to ich iometr ic  form of magnet i te ,  Fe304; it is  a 
s t anda rd ,  c o n s i s t e n t ,  and reproducib le  coa t ing  procedure. 

Immersion i n  water from 1 t o  4 d ( the  a n t i c i p a t e d  du ra t ion  of the  

I n  the  para l le l  e f f o r t  t o  eva lua te  coa t ing  e f f e c t s  on the  impact 

Because the black oxide coa t ing  appeared t o  have the  bes t  cor ros ion  
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To determine what e f f e c t  the  black oxide coa t ing  might have on the  
thermal t r a n s f e r  c h a r a c t e r i s t i c s  of the  specimens, the  th ickness  of the 
coa t ing  was determined by tak ing  a small-angle s e c t i o n  through the  coat-  
ing  and examining it v i s u a l l y  under high magnif icat ion.  The t h i ckness  
va r i ed  s u b s t a n t i a l l y  as a func t ion  of the l o c a l  sur face  f i n i s h .  Any 
srnalA l o w  s p o t s ,  such as p i t s  o r  s c r a t c h e s ,  t h a t  were present: on t h e  
su r face  before  coa t ing  tended to be f i l l e d  i n ,  r e s u l t i n g  i n  l o c a l  t h i c k  
spo t s .  Out of 60 measurements, the  maximum and mininum coat ing  th i ckness  
ranged from 0.0023 t o  0.0003 in .  with an average th ickness  of 0.0009 
in .  Ca lcu la t ions  of t he  e f f e c t  on hea t  t r a n s f e r  of t h e  specimens f o r  a 
coa t ing  i n  t h i s  t h i ckness  range were found t o  be very small ( see  Sect.  
D , 5 . 2 ) .  

D.5.5 I r r a d i a t i o n  Plan and Analysis  Methods (R. K. faanstad) 

The o b j e c t i v e  of t h e  i r r a d i a t i o n  t a s k  was t o  determine the toughness 
of the  seam weld, nozzle  welds,  and A 2 1 2  grade B s t e e l  of the  HPIR pres-  
su re  vesse l .  To accommodate t h a t  o b j e c t i v e  i n  a reasonable  t ime,  CVN 
specimens were i r r a d i a t e d  i n  the  core  of QRK where t h e  neutron f luxes  are 
much h igher  than near t he  HPIR p re s su re  vesse l .  

A s  s t a t e d  earlier,  each tes t  specimen capsule  contained 20 CVN 
specimens of var ious  materials. The con ten t s  of t he  four  capsules  are 
shown i n  Table D . 1 5 .  Because of t he  s t r i c t  l i m i t a t i o n s  on a v a i l a b l e  H F I R  
v e s s e l  m a t e r i a l s ,  t he  p lan  was formulated t o  o b t a i n  t h e  informat ion  
deemed m ~ s t  necessary with the  l e a s t  amount of ma te r i a l .  

ORR r e s u l t s  t o  t h e  HFIR s u r v e i l l a n c e  resu l t s .  This was deemed necessary 
because of u n c e r t a i n t i e s  i n  the  neutron spec t rum and dose-rate  e f f e c t s  as 
a resu l t  of the  a c c e l e r a t e d  i r r a d i a t i o n s  (hours i n  ORR vs years  f o r  H F I R  
v e s s e l ) .  A s  d i scussed  i n  Sect.  D.5.2, an exposure time i n  ORR was se- 
l e c t e d  t o  resu l t  i n  the  r a d i a t i o n  damage necessary f o r  t he  A212 grade B 
(LT) t o  e x h i b i t  an NDT s h i f t  somewhat g r e a t e r  than t h a t  exh ib i t ed  by t h e  
IIFIR s u r v e i l l a n c e  specimens. That allowed o ther  ma te r i a l s  t o  be s i m i -  
l a r l y  exposed and t e s t e d  and the r e s u l t s  r e l a t e d  to  the  HFXR vesse l .  
Obtaining a s l i g h t l y  g r e a t e r  s h i f t  al lows f o r  short-t ime c x t r a p o l a t i o n  
f o r  the  extended s e r v i c e  p r e d i c t i o n s ,  

assuming t h a t  d a t a  a t  only one t e s t  temperature arc a v a i l a b l e .  An un- 
i r r a d i a t e d  CVN energy vs tes t  t e m p e r a t u r e  curve i s  a v a i l a b l c  f o r  each 
material being i r r a d i a t e d .  Following i r r a d i a t i o n  of capsule  2 ,  t he  f i v e  
A 2 1 2  grade B (LT) specimens were t e s t e d  a t  a temperature es t imated t o  
provide an average CVN energy of -15 Ft-lb (NOT). Figure D . 2 4  shows 
t h r e e  sets of f i v e  da t a  po in t s  a t  the same t e s t  temperature t o  i l l u s t r a t e  
t he  a n a l y s i s  procedure,  which is  based on the  observa t ion  from the HPkK 
s u r v e i l l a n c e  program t h a t  t he  s lopes  of the  CVN curves have not decreased 
s i g n i f i c a n t l y  as a r e s u l t  of einbrit t lement.  A t  t he  r e l a t i v e l y  low values  
of ANDT observed, t h a t  i s  an expected observat ion.  For case 1, i f  the 
i r r a d i a t e d  CVN test  r e s u l t s  are above 15 f t - l b ,  a curve i s  drawn through 
the  mean oE t he  d a t a  set  and p a r a l l e l  t o  the t r a n s i t i o n  regiou of t h e  
u n i r r a d i a t e d  curve, The i n t e r s e c t  ion of t he  cons t ruc ted  curve with the 
CVN 15 f t - l b  energy va lue  determines the  NDT temperature.  The ANDIP is 

The A 2 1 2  grade B (LT)  v e s s e l  s h e l l  ma te r i a l  was used t o  index t h e  

F igure  D . 2 4  is  a schematic t h a t  desc r ibes  the  concept of a n a l y s i s  by 
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Table D.15. Capsule complement f o r  ORR i r r a d i a t i o n  

Comp l eme n t  Material T e s t  procedures  

Capsule 1 

Carbon s teel  3 long b a r s  w i t h  
dos i m e  t ers 

Dosimetry € o r  ORR 

8 CVN specimens A 2 1 2 B ,  not  HFIK material Determine ANDT a t  low 
f l u e n c e ,  dose r a t e  
i n f o r m a t i o n  

Capsule 2 

A 2 1 2 B  (LT) HFIK 
s u r v e i l l a n c e  specimens 

Determine ANDT, index  t o  
HFIK s u r v e i l l a n c e  

5 CVN specimens 

5 CVW specimens A 2 1 2 B  (TL) HFIR nozzle  
drop -ou t spec imens 
wi thout  stress rel ief  

Determine ANDT f o r  TL 
o r i e n t a t i o n  

Nozzle q u a l i f i c a t i o n  
weld metal 

Determine ANDT f o r  nozz le  
welds 

10 CVN specimens 

Capsule 3 

A 2 1 2 B  (LT) 'HFIR 
s u r v e i l l a n c e  specimens 

Detern ine  ANDT, index t o  
HFIR s u r v e i l l a n c e  

5 C V N  specimens 

5 CVN specimens A2 1 2 B  (TL) H F I R  nozz le  
d r o p -out s pe c i m e  ns  
wi th  stress r e l i e f  

Determine ANDT f o r  TL 
o r i e n t a t i o n  

Determine ANDT f o r  v e s s e l  
seam weld 

10 CVN specimens Vessel seam weld 
reproduct  i o n  

Capsute 4 

5 CVN specimens 

5 CVN specimens 

10 CVN specimens 

Nozzle q u a l i f i c a t i o n  
weld metal 

I n c r e a s e  d a t a  base 

Vessel seam weld 
r e p r o d u c t i o n  

I n c r e a s e  d a t a  base 

A 2 1 2 B  (TS)  XFIR nozz le  
drop-out specimens 

Determine ANDT f o r  TS 
o r i e n t a t  i o n  
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Fig. D.24, Concept € o r  d e t e r m i n a t i o n  of NDT and ANDT from ORR 
i r r a d i a t i o n  r e s u l t s .  

determined as shown by t h e  h o r i z o n t a l  arrow. The same method o f  con- 
s t r u c t i o n  i s  used for c a s e  3 where t h e  tes t  r e s u l t s  are below 15 f t - l b .  
For e a s e  2 t h e  mean energy is 15 f t - l b ,  s o  the test tempera ture  is t h e  
i r r a d i a t e d  NDT, and t h e  ANDT i s  determined i n  t h e  same manner. For the 
case where d a t a  are o b t a i n e d  a t  more t h a n  one tes t  tempera ture ,  a curve 
i s  c o n s t r u c t e d  through t h e  mean energy va lues .  

shows how t h e  ORR r e s u l t s  a r e  usedp  The s o l i d  curve is an approxlmate 
f i t  t o  t h e  HFIR s u r v e i l l a n c e  r e s u l t s  € o r  t h e  A212 grade I% (LT) that 
p a s s e s  through t h e  or ig in .  If t h e  Om i r r a d i a t i o n  produces a ANDT of 
1 O O O F  f o r  t h e  A212 grade  B (LT), a p o i n t  i s  p l o t t e d  on the  curve a t  a 
ANDT corresponding  t o  100'F. That indexes  t h e  r e s u l t  t o  t h e  EFPY of HPIR 
opera t ion .  A t  t h a t  v a l u e  of EFPY, t h e  ANDT measured i n  Om f o r  the 
nozz le  weld, for example, i s  p l o t t e d  and a l i n e  drawn from t h e  o r i g i n  
through the data p o i n t .  I n  t h a t  manner, then ,  resiiltls f o r  t h e  weld meta l  
can be i n t e r p o l a t e d  or e x t r a p o l a t e d  as needed. The same proccdure i s  
fol lowed fop. the  A212 grade  B (TL and TS) and t h e  seam-weld reproduct ion .  

The specimens from c a p s u l e  2 were t e s t e d  before  i r r a d i a t i m n  o f  cap- 
s u l e  3 t o  provide  a b a s i s  f o r  s e l e c t i o n  o€ exposure t i m e  Ear c a p s u l e  3 .  
As mentioned ea r l i e r ,  u n c e r t a i n t i e s  regard ing  dose- ra te  e f f e c t s  requi red  

Using t h e  resul ts  from t h e  ORR i r r a d i a t i o n ,  Fig.  U.25 scl ' iematically 
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Fig. D.25. Concept of indexing ORR i r r a d i a t i o n  r e s u l t s  t o  HFIR 
s u r v e i l l a n c e  program. The method g ives  the  expected ANDT i n  H F I R  a t  
key 7 ,  p o s i t i o n  8 ,  a f t e r  17.5 EPFY. 

t h a t  a c t i o n  to  maximize e f f i c i e n t  use of t h e  a v a i l a b l e  material. Because 
the  r e s u l t s  from capsule  2 were s a t i s f a c t o r y  with -70 h of i r r a d i a t i o n ,  
capsules  3 and 4 were s i m i l a r l y  exposed. 

provide a d i r e c t  comparison of i r r a d i a t e d  toughness f o r  base metal and 
welds a t  the  same exposure l e v e l  i n  ORR, a tes t  r eac to r .  Using t h e  
l i n e a r  technique o f  i n t e r p o l a t i o n  presented previous ly ,  then, the  r e l a -  
t i v e  e f f e c t s  of r a d i a t i o n  s e n s i t i v i t y  can be compared f o r  each material 
of in terest  i n  the  IWIR ves se l  a t  17.5 EFPY. To determine the  a c t u a l  
toughness f o r  each material, however, r equ i r e s  knowledge of the neutron 
€luences a t  s p e c i f i c  l o c a t i o n s  of i n t e r e s t .  Appendix E desc r ibes  the  
method used f o r  d e t e r a i n a t i o n  of the  neutron f l u x  d i s t r i b u t i o n  i n  the  
HFIR vesse l .  The f r a c t u r e  mechanics ana lyses  i n  Chap. 5 incorpora te  the  
neutron f luence  f o r  each s p e c i f i c  a rea  r e l a t i v e  t o  t h a t  fo r  t he  A212 
grade B (LT). I n  t h a t  way, the  QRR r e s u l t s  f o r  each material are ad- 
j u s t e d  f o r  higher  or lower f luence  as appl icable .  

pressure-vessel  s teels  t o  neutron i r r a d i a t i o n  a t  120°F i s  very l imi t ed .  
The genera l  t rend  is one of increased  s e n s i t i v i t y  with decreasing ten-  
pe ra tu re  from the  nominal ope ra t ing  temperature of LWRs, 550°F. It is  
gene ra l ly  held t h a t  the  s e n s i t i v i t y  reaches a threshold i n  the range of 
400°F such t h a t  lower i r r a d i a t i o n  temperatures produce no f u r t h e r  damage 
€o r  most low-alloy pressure-vessel  steels.  It is  a l s o  recognized by many 

The r e s u l t s  from t h i s  i r r a d i a t i o n  program, presented i n  Sect. D.5.6, 

As mentioned ear l ie r ,  the  information concerning s e n s i t i v i t y  o f  
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t h a t  i n d i v i d u a l  s teels  l i k e l y  e x h i b i t  s i g n i f i c a n t l y  d i f f e r e n t  behavior .  
The e f f e c t s  of composi t iona l  v a r i a t i o n s  on s e n s i t i v i t y  a t  550°F is much 
b e t t e r  known because Cu, N i ,  stid P are accepted  %ad a c t o r s , "  e i t h e r  
i n d i v i d u a l l y  o r  s y n e r g i s t i c a l l y .  The composi t ion c o n t r l b u t i o n  cannot. be 
s e p a r a t e d  f rorn i r r a d i a t i o n  tempera ture ,  howeve P because the  mechanisms 
o p e r a t i v e  a t  550°F are not  n e c e s s a r i l y  o p e r a t i v e  a t  12O0F. 

Various s t u d i e s  have examined t h e  r o l e s  oE c e r t a i n  e lements  ( e a g r p  
B, N i ,  P ,  0, Cu, V, N, A l ,  and S i ) .  S t e e l e 9  d i s c u s s e s  the r e s u l t s  of 
many r e s e a r c h e r s  who have v e r i f i e d  t h a t  l i i t rogen  i n  s o l i d  s o l u t i o n  is a 
major Fac tor  a t  i r r a d i a t i o n  t e n p e r a t u r e s  below -482°F. The o b s e r v a t i o n  
i s  t h a t  n i t r o g e n  p l u s  low-temperature rad ia t ion- induced  d e f e c t s  are rela- 
t i v e l y  s t a b l e  complexes t h a t  d i s s a l v e  at h i g h e r  tempera tures  w i t h  t h e  re- 
t u r n  o€  n i t r o g e n  t o  s o l u t i o n .  Many of t h e  i n v e s t i g a t i o n s  a t  low-exposure 
tempera tures  involved  i n t e r s t i t i a l  elements.  

dency of damage on t h e  m o b i l i t y  of i n t e r s t i t i a l s  and t h e  r e s u l t a n t :  e f f e c t  
on i n t e r s t i t i a l - p o i n t  d e f e c t  c l u s t e r s .  The r o l e  of s u b s t i t u t i o n a l  ele- 
ments i s  probably impor tan t  mainly because they  may modify t h e  a c t i o n  o f  
i n t e r s t i t i a l s . 1 °  For example, aluminum is  a s t r o n g  n i t r i d e  former and i f  
p r e s e n t  i n  a h i g h  enough c o n c e n t r a t i o n  may remove t h e  n i t r o g e n  from s o l i d  
s o l u t i o n  so  it  caimot i n t e r a c t  w i t h  p o i n t  d e f e c t s .  I n  a t r a n s m i s s i o n  
e l e c t r o n  microscope s t u d y  of A212 grade  B steel  i r r a d i a t e d  st about  2OO0P, 
B i r k l e  and R a l l l l  proposed t h a t  a s tee l  w i t h  a h i g h  d i s l o c a t i o n  d e n s i t y  
and a low i n t e r s t i t i a l - i m p u r i t y  c o n t e n t  would have improved r e s i s t a n c e  t o  
neutron-induced notch  e n b r i t t l e m e n t .  Few papers  reviewed i n  t h i s  assess- 
ment p r e s e n t e d  s p e c i f i c  composi t iona l  l e v e l s  a t  which t h e  i n t e r s t i t i a l  
e lements  are e f f e c t i v e  f o r  producing r a d i a t i o n  s e n s i t i v i t y .  

a b l e  i n s i g h t  concerning t h e s e  mechanisms. O f  s p e c i a l  i n t e r e s t  is a corn- 
p a r i s o n  of t h e  d e f e c t  s t r u c t u r e s  of tshe H F I R  s u r v e i l l a n c c  specimens and 
t h e  n a t e r i a l s  i r r a d i a t e d  i n  t h e  ORR. This  comparison conplenzents t h e  
toughness  s t u d y  and proposes  some e x p l a n a t i o n s  of t h e  observed dose- ra te  
e f f e c t s .  

The tempera ture  i n  t h i s  range may be c r i r i c a l  because oE t h e  depen- 

The m i c r o s t r u c t u r a l  s t u d i e s  d e s c r i b e d  i n  Sect. D.6 may provide  valu-  

D.5 .4  R e s u l t s  of t h e  ORR I r r a d i a t i o n  Program (R. K. Nanstad, 
W, K. Corwin, S. K. I s k a n d e r ,  and T. L. Hebble) 

The r e s u l t s  of t e s t i n g  t h e  A212 grade B s tee l  from c a p s u l e  1 were 
d i s c u s s e d  ear l ie r  and demonstrated t h e  apparent  dose- ra te  effect .  A.3 n 
r e s u l t ,  c a p s u l e  2 was exposed f o r  70 h. Capsules 3 and 4 were_ s i m i l a r l y  
exposed so t h a t  t h e  average  neut ron  f l u x  (>1  MeV) f o r  all specimens was 
9.59 x 1012 neutrons/cm2*s with one s t a n d a r d  d e v i a t i o n  of 4 . 2 ~ ~  T ~ ~ U S ,  

t h e  average neut ron  f l u e n c e  (>1 M e V )  f o r  a l l  specimens was 2.43 x 10 l8  
neuL:rons/cm2 (see Appendix E). 

T a b l e s  D . l b D . 1 8  g ive  t h e  t a b u l a r  d a t a  f a r  a l l  of the A212B CVN 
specimens exposed i n  c a p s u l e s  2 ,  3 ,  and 4 .  F i g u r e  D.26 shows t h e  r e s u 1 . t ~  
f o r  t h e  A212B (LT). Those specdmcns were a c t u a l  s p a r e  s u r v e i l l a n c e  
specinnens machined i n  1965 from t h e  same nozz le  dropout  used f o r  t h e  s u r -  
v e i l l a n c e  specimens. A l i n e a r  curve w a s  f i t  LO the  mean energy v a l u e s  a t  
t h e  two t e s t  tempera tures  wi th  a r e s u l t a n t  ANLIT of 100'V. F i g u r e s  D.21 
and D . 2 8  show t h e  r e s u l t s  f o r  t h e  A212 grade €3 TS and TJ, o r i e n t a t i o n s ,  
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Table D.16. Charpy impact t e s t  r e s u l t s  for A212 grade B 
archival  s u r v e i l l a n c e  samples, LT o r i e n t a t i o n ,  

irradiated in the ORKa 

Test Fracture Fracture Lat era 1 
temperature energy appearance expansion Specimen 

( f t - l b )  ( X  shear)  (oils) 

Capfiute I I  
- (OF) 

No. 

A-7 1 90 6.3 25 1 
A-155 90 15.7 30 6 
A- 130 120 21.5 45 10 
A-151 120 36.1 40 18 
A- 158 120 21.7 40 14 

Cupsul e I I I  

A-125 90  5.4 10 0 
A-127 90 25.8 35 LO 
A-I39 90 6.8 15 0 
A-143 120 25.4 40 12 
A-162 120 34.3 40 1 4  

I- __ 
= 9.59 x 1012 neutrons/cm**s; @ = 2.43 x lo1' 

neutrons/cm2 ( > 1  %vj. 

Table D.17. ChaKpy impact t e s t  r e s u l t s  for A212 grade B ,  
TS orientat ion (material  from 1-in. depth) 

Trs t Fracture Fracture La t era1 Specimen 
temperature energy appearance expanston 

( O F )  ( f t - l b )  ( 4 ;  shear)  (mils) 
No. 

ND7B -20 
ND8 2 -20 
m5 7 20 
ND87 20 
ND7A 20 
N D 8 8  20 
ND7 6 60 
ND83 60 
ND86 60 
ND73 60 
ND55 120 
QDP3 120 
ND25' 120 

QDPB 95 
ND33 95 
QDP7 95 
ND31 95 
ND32 95 
QDP2 120 
QDPC 120 
ND36 I20 
ND56 120 
ND52 I20 

Onirradiated 

4.6 14 
16.6 12  
31.6 31 
15.0 36 
26.1 40 
21.3 34 
56.6 96 
65.3 99 

56.3 98 
70.7 IO0 
67.3 100 
47.6 99 

60.5 9a 

Iwmiiated in OR$ 

21.2 55 
11.7 45 
66.2 100 
52.5 85 
17.3 55 
24.7 75 
33.7 80 
60.1 99 
26 65 
24.2 70 

7 
19 
32 
22 
30 
27 
60 
61 

59 
60 
58 
49 

5a 

I 1  
3 

42 
33 
9 
9 

21 
39 
1 3  
16 

"From 1/4-in. layer .  

b$N- 9.59 x 1 0 l 2  2utrons /cm2-s;  0 = 2.43 x IO1' 

neutrons/cm* ( > I  M~v). 



143 

Table  D.18. Charpy impact test  r e s u l t s  fo r  
A212 grade  B, TL o r i e n t a t i o n  

T e s t  F r a c t u r e  F r a c t u r e  Lateral  
tempera ture  energy appearance expansion 

(OF) ( f t - l b )  ( W  s h e a r )  ( m i l s )  

Specimen 
NO" 

ND78 
N D 8  1 
ND84 
ND7C 
ND7 1 
ND8C 
ND79 
N U 8 8  
ND89 
N U 8  5 

D9 3U 
D93N 
D93S 
D93Q 
QDP6 
N D 3 7  
NU53 

ND2 4 
NU26 
N136 1 
ND67 
N D 6  h 

Unirradiated, 1/4-in. depth 

20 
20 
20 
20 
60 
60 
60 
60 

120 
120 

14.3 
18.0 
15.2 
16.8 
26.5 
22.6 
27.6 
22.0 
37.5 
38.0 

20 
37 
21 
27 
6 1  
60 
6 3  
48 
99 
99 

UnirradCated, I-in. depth 

20 14.9 31 
20 17.5 35 
60 24.7 41 
60 28.8 63 

120 42.2 99 
120 41 .O 97 
120 39.1 100 

I~radiated in ORR,a 1/4-in.  d e p t h  

120 19 .o 40 
120 19.7 65  
120 20.0 60  
120 22.7 65  
120 19.1 40 

21  
23 
22 
22 
34 
29 
35 
26 
44 
46 

18 
21  
31 
36 
49 
47 
46 

a$N = 9.59 x 1 0 l 2  neutrons/cm2*s;  CP = 2.43 x l o l a  

neutrons/cm2 (>1 MeV). 

r e s p e c t i v e l y .  As shown, the  TS o r i e n t a t i o n  e x h i b i t e d  a ANDT of 100°F 
whi le  the TT., o r i e n t a t i o n  s h i f t e d  85'F. 

t h a t  were given  t h e  f u l l  s t r e s s - r e l i e f  h e a t  t r e a t n e t i t  of 950°F f o r  51 h. 
Although t h e  i r r a d i a t e d  d a t a  were obta ined  a t  o n l y  a couple of t e s t  t e m -  
p e r a t u r e s ,  the. resu l t s  i n d i c a t e  t h a t  t h e  i r r a d i a t e d  Charpy curves have 
s l o p e s  similar t o  t h o s e  f o r  t h e  u n i r r a d i a t e d  da ta .  

A l l  of t h e  d a t a  shown f o r  A212 grade B are based only on specimens 
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Fig. D.26. Charpy p rope r t i e s  of A212 grade B HFIR v e s s e l  s t e e l  i n  

LT o r i e n t a t i o n ,  u n i r r a d i a t e d  and i r r a d i a t e d  i n  the ORR. 
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Fig. D.27. Charpy p r o p e r t i e s  of A212 grade B HFIR vesse l  s teel  i n  
TS o r i e n t a t i o n ,  u n i r r a d i a t e d  and i r r a d i a t e d  i n  the  ORR. 
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Pig. D.28. Charpy p r o p e r t i e s  of A212 grade B U F I R  v e s s e l  s tee l  i n  
TL o r i e n t a t i o n ,  u n i r r a d i a t e d  and i r r a d i a t e d  i n  the ORR. 

Figure 13.27 for the  TS o r i e n t a t i o n  shows a r e l a t i v e l y  l a r g e  degree 
of s c a t t e r  compared with the  A212 grade R i n  both the  LT and TI, o r i en ta -  
t i o n s .  No mechanical problems wi th  the t e s t s  were i d e n t i f i e d  t o  exp la in  
the  obse rva t ions ,  and they were s t a t i s t i c a l l y  analyzed using o u t l i e r  
tests. 

O u t l i e r  d e t e c t i o n  determines whether one o r  more observa t ions  do not  
come from a comnoti d i s t r i b u t i o n .  Most tests are s e n s i t i v e  t o  the  assumed 
underlying d i s t r i b u t i o n ,  u sua l ly  t h e  normal d i s t r ihu t . i on .  Concluding 
t h a t  an observa t ion  is  an o u t l i e r  does not n e c e s s a r i l y  mean t h a t  i t  
should be removed from the d a t a ,  on1.y t h a t  i t  should be giyen ind iv idua l  
cons idera t ion .  Unless it can be demonstrated t h a t  an observa t ion  was 
improperly measured or  repor ted ,  i t  should remain a p a r t  o f  tkc? data .  
Depending on t h e  ques t ions  being asked, an o u t l i e r  deemed real need not  
be p a r t  of the  a n a l y s i s ;  however, i t s  ex i s t ence  must be noted. 

The o u t l i e r  tests were app l i ed  to t h r e e  observa t ions  a t  two tempera- 
t u r e s  on specimens from the A212 grade B (TS). The 60.1-J va lue  a t  120°F 
was determined t o  be an o u t l i e r  a t  t he  0.05 s i g n i f i c a n c e  l eve l .  However, 
the two va lues  (66.2 and 52.5 J> a t  95'F were not found t o  be o u t l i e r s .  
I n  the  l a t t e r  case, when there are a t o t a l  of only f i v e  va lues ,  i t  i s  
d i f f i c u l t  t o  know which group conta ins  the  o u t l i e r s ,  and the  tests re- 
f l e c t  t h i s  unce r t a in ty .  I n  determining the  ANDT, the  t h r e e  analyzed d a t a  
po in t s  were not used t o  determine t h e  man energy values ,  That I s  a con- 
s e r v a t i v e  approach because all t h ree  va lues  were high i n  t h e i r  r e s p e c t i v e  
d a t a  sets. 
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Close examinat ion of the  t h r e e  suspec ted  specimens d i d  r e v e a l  small 
c racks  normal t o  t h e  f r a c t u r e  s u r f a c e s .  Those small c racks  impede t h e  
f r a c t u r e  process  i n  t h e  primary p lane  of f r a c t u r e  and undoubtedly cause 
an i n c r e a s e  i n  the  energy r e q u i r e d  t o  f r a c t u r e  t h e  specimen. 

and t h e  nozz le  q u a l i f i c a t i o n  weld; t h e  d a t a  are t a b u l a t e d  i n  Tables  D.19 
and D.20, r e s p e c t i v e l y .  I n  each case, 15 i r r a d i a t e d  CVN specimens were 
t e s t e d  t o  d e f i n e  t h e  ANDTs.  As Fig. D.29 shows, two d a t a  p o i n t s  are f a r  
o u t s i d e  t h e  d i s t r i b u t i o n  of t h e  o t h e r  f o u r  specimens t e s t e d  a t  t h e  same 
temperature .  No mechanical problems w i t h  t h e  test i n  e i t h e r  case were 
i d e n t i f i e d  t o  e x p l a i n  t h e  o b s e r v a t i o n s ,  and t h e  two o b s e r v a t i o n s  were 
t e s t e d  us ing  two o u t l i e r  tests. Both t h e  h igh  va lue  a t  30°F and t h e  low 
v a l u e  a t  120°F were found t o  be o u t l i e r s  a t  t h e  0.05 s i g n i f i c a n c e  l e v e l  
o r  b e t t e r .  However, a g a i n  a d o p t i n g  a c o n s e r v a t i v e  approach,  t h e  h i g h  
v a l u e  a t  30°F was not  inc luded  i n  c a l c u l a t i n g  t h e  mean energy while  t h e  
low v a l u e  a t  120°F was used t o  c a l c u l a t e  mean energy. Even i f  t h e  low 
v a l u e  a t  120°F was not inc luded  i n  t h e  a n a l y s i s ,  t h e  ANDT d e t e r m i n a t i o n  
changes by only a couple  of degrees .  The f i g u r e s  show t h a t  t h e  two weld 
metals have e s s e n t i a l l y  t h e  same s e n s i t i v i t y  t o  i r r a d i a t i o n  under t h e  
c o n d i t i o n s  used. The seam-weld reproduct ion  e x h i b i t e d  a ANDT of 85°F; 
t h a t  f o r  t h e  nozz le  q u a l i f i c a t i o n  weld was 80°F. 

i n  Pig. D.25, t h e  r e s u l t s  from t h e  ORR i r r a d i a t i o n s  were p l o t t e d  as shown 

F i g u r e s  D.29 and D.30 show r e s u l t s  f o r  t h e  seam-weld r e p r o d u c t i o n  

Using t h e  technique  d i s c u s s e d  i n  Sect. D.5.5 and shown g r a p h i c a l l y  

1 5 0  

125 
n 

D 

I 
t' 
Lt- 

100 c 

7 5  W 

>- 
U 
O1 5 0  w 
Z 
W 

2 5  

0 

ORNL-DWG 87-4920 ETD 
I I I 1 1 1 I I I 1 1 7  I I I 

_______ ORR I R R A D I A T I O N S  
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A Irradiated 

0 
A 4 - 85' 0 

A A 0 

I I 1 I 1 I I I I 1 I I 1 I I 

-200 -100 0 100 2 0 0  

TEMPERATURE ( O F )  

Fig. D.29. Charpy impact p r o p e r t i e s  f o r  HFIK seam weld reproduc- 
t i o n ,  both u n i r r a d i a t e d  and i r r a d i a t e d  i n  t h e  ORR. 
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Table D.19. Charpy impact test results f o r  H F I R  seam 
weld reproduct ion  fol lowing 51-h PWHT a t  950°F 

Test F rac tu re  F r a c t u r e  L a t e r a l  
temperature energy appearance expansion 

( O F )  ( f  t - l b )  ( X  shear) ( m i l s  ) 

S pe  e I men 
NO" 

HFE 7 B 
HFE 8 C 
HFD4B 
HFD4C 
11PF11C 
HFE8R 
HFF9C 
HFFlOB 
IiFF 1 OC 
IIFF9B 
HFE5B 
I-IFE7C 
HPE4C 
HFD5B 
HFFl lB 

HFE 1 B 
HFE4B 
H F E l C  
WE2C 
HFE5C 
HFI) 1 B 
H F D l C  
HFDSC 
HFD613 
tIFD6C 
HFE2B 
HFE 3 B 
I-IFESB 
HFE 3 C 
HFE6C 

10 
10 
10 
10 
10 
50 
50 
50 
50 
50 

120 
120 
120 
120 
120 

30 
30 
30 
30 
30 
75 
75 
75 
75 
75 

120 
120 
120 
120 
120 

Unirradiatad 

33.7 
11.3 
20.6 
30.9 
29.7 
47.2 
54.3 
37.5 
58.4 
13.6 
51.6 

79.0 

51.4 

69.1 

58.1 

6.3 
4.4 

70.5 
5.7 
4 e 0  
8.4 

17.4 
13.9 

27.1 
6.4 

49.6 

72.6 
65.2 

13.3 

53.2 

14 
22 
11 
32  
25 
37 
59 
24 
61 
2 1  
50 
80 
91 
60 
65 

0 
5 

65 
5 
5 

40 
40 
35 
20 
30 
20 
65 
40 
80 
50 

28  
15 
18 
32 
28 
39 
4 8  
31 
47 
18 
4 1  
61 
66 
49 
46 

0.3 
0.1 

32.0 
0.1 
0 
1.3 
4.5 
3.1 
1.1 
9.9 
0.4 

28.5 
21.8 
40.2 
35.8 

.._I___- ~ 

= 9.59 x lo1* neutrons/cm**s; 0 = 2.43 x 10l8  

neutroas/cm2 ( > I  M ~ V )  
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Table D.20. Charpy impact tes t  results f o r  w e l d  metal 
from HB2/HB3 nozzle  weld q u a l i f i c a t i o n  block 

Test Frac tu re  F rac tu re  Lateral 
temper a t  u r  e energy appearance expans i o n  

( O F )  ( f  t - l b )  ( X  shea r )  ( m i l s  ) 

S pe cirnen 
NO 

Unirradiated 

QW274 
N2W11 
H2W3 1 
H2W14 
QW233 
QW273 
QW252 
QW212 
QW22l 
QW27 1 
QW26 1 
QW24 1 
QW2 13 
H2W2 1 
H2W32 
QW232 
H2W22 

QW262 
QW251 
QW211 
H2W12 
H2W13 
QW28l 
QW282 
QW283 
QW263 
QW242 
QW243 
QW222 
QW2 3 1 
H2W33 
QW2 2 3 

-100 
-1 00 

0 
0 
0 
0 
0 
0 

50 
50 
50 
50 

120 
120 
120 
120 
150 

50 
50 
50 
90 
90 
90 
90 
90 

120 
120 
120 
120 
120 
170 
170 

3.8 
3.1 

22.3 
25.3 
12.0 
16.4 
13.0 
17.7 
34.5 
69.3 
27.9 
64.6 
86.4 
81.2 
84.7 
93.6 
74.8 

Irradiated in  ORP 

6.7 
5.1 
6.8 

20.7 
26 .O 

35.2 
14.2 
42.6 
20.3 

13.5 

41.7 
56.2 
48.7 
52.3 
95.2 

4 
5 

26 
20 
23 
16 
18 
25 
30 
52 
43 
49 
82 
78 
80 
81 
81 

15 
5 

20 
35 
40 
40 
45 
45 
55 
50 
60 
65 
70 
80 
95 

2 
3 

16 
25 
13 
1 3  
14 
18 
31 
51 
30 
49 
68 
64 
6 4  
73 
58 

0.3 
0.1 
0.3 
5.7 
1.3 
6 . 9  

12.5 
3.4 

20.8 
5.9 ’ 

20.8 
24.0 
26.6 
32.6 
47.0 

a+N = 9.59 x 1 0 l 2  neutrons/cm2*s; ip = 2.43 X 1Ol8 

neutrons/cm2 (>I  WV). 
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Fig. D.30. Charpy impact p rope r t i e s  f o r  un i r r ad ia t ed  HB2/IIB3 nozzle  
weld metal and HB2/HB3 nozzle  weld metal i r r a d i a t e d  i n  the OBR. 

i n  Fig. D.31. The ANDT of l O O O F  f o r  A 2 1 2 R  (LT) was p lo t t ed  on the curve 
of ANDT vs EPPY from t h e  HFIR su rve i l l ance  program. As discussed 
e a r l i e r ,  t h a t  indexes the ORR r e s u l t s  t o  the t i m e  i n  H F I R  requi red  to  
a t t a i n  a ANDT of lOOOF f o r  the A 2 1 2 B  (LT) .  Because a l l  of the o the r  
ma te r i a l s  were i r r a d i a t e d  i n  ORR t o  the  same neutron f luence  as the  A 2 1 2 B  
(LT), the  ANDT values  were p l o t t e d ,  as shown, a t  the sane value of EPPY. 
A l inear  curve was then cons t ruc ted  €or  each material Eroro the o r ig in .  

Thus, under s imilar  i r r a d i a t i o n  condi t ions  and a t  t he  same exposure 
l e v e l ,  the  HFZR v e s s e l  welds e x h i b i t  l e s s e r  decreases  i n  Charpy toughness 
than does the  A 2 1 2  grade B steel .  Regarding o r i e n t a t i o n  e f f e c t s  i n  the  
p re s su re  ves se l  s h e l l ,  the  TS and TL o r i e n t a t i o n s  showed equal or  'Less 
ANDY than did the  LT o r i e n t a t i o n  used i n  the HFIR s u r v e i l l a n c e  program. 

The curves i n  Fig. D.31 were then used t o  t r a n s l a t e  to  the ANIIT 
value  f o r  each ma te r i a l  i o  the  HFIK as of 1986 ( i .e*> 17.5 EPPU) .  Pt is 
important to r e a l i z e  t h a t  t he  ANDT values  so determined assume that: each 
mater ia l  i n  HFIK has been exposed t o  the same f luence  as the A2126  (LT) 
s u r v e i l l a n c e  specimens. The a c t u a l  exposures i n  HFIR vary,  of course, 
and the analyses  i n  Chap. 5 of the repor t  account for  the  d i f f e rences  i n  
exposure a t  each s p e c i f i c  loca t ion .  

su rve i l l ance  program. The damage rate values  were determined from l i n e a r  
T a b l e  D . 2 1  summarizes the r e s u l t s  of the QKR i r r a d i a t i o n s  and  ne 
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Fig. D.31. R e s u l t s  f o r  HFIR pressure-vesse l  materials i r r a d i a t e d  
i n  ORR, i n d i c a t i n g  t h e  way i n  which H F I R  s u r v e i l l a n c e  d a t a  were used t o  
index  t h e  ORR r e s u l t s  t o  HFIR. All materials i n  ORR were i r r a d i a t e d  t o  
t h e  same f l u e n c e ,  and curves are l i n e a r  f i t s  through t h e  o r i g i n .  

f i t s  t o  the  ANDT vs EPPY da ta .  I n  t h e  case of t h e  A212B and t h e  welds 
i r r a d i a t e d  i n  ORR, t h e  curve passes  through t h e  o r i g i n  as a c o n s e r v a t i v e  
c o n s t r u c t i o n  because of s p a r s e  d a t a .  For t h e  nozz le  materials, t h e  s u r -  
v e i l l a n c e  d a t a  were s u f f i c i e n t  (Fig.  D.6) t o  f i t  l i n e a r  curves  t h a t  do 
n o t  pass  through t h e  o r i g i n .  A s  d i s c u s s e d  ear l ie r ,  t h e  r e s u l t s  p r e s e n t e d  
-in Table D.21 f o r  the  ORR i r r a d i a t i o n s  must be c o r r e c t e d  t o  t h e  f l u e n c e  
i n  t h e  HFIR a t  t h e  s p e c i f i c  l o c a t i o n  of i n t e r e s t  by us ing  t h e  f l u e n c e  of 
t h e  A212B (LT) s u r v e i l l a n c e  specimens from p o s i t i o n  8 of key 7 as t h e  
r e f e r e n c e  ( a s  shown i n  Appendix E ,  t h e  f l u e n c e  €QK p o s i t i o n  8 of key 7 
was 2 .53  x 1017 neutrons/cm*).  The use of l i n e a r  f i t s  t o  t h e  ANDT d a t a  
i s  t h e  c u r r e n t  technique  of choice  p r i m a r i l y  because of u n c e r t a i n t i e s  
regard ing  damage of t h e s e  m a t e r i a l s  a t  120°F. 

S e c t i o n  D . 6  i n c l u d e s  a d i s c u s s i o n  of t h e  use  of n o n l i n e a r  a n a l y s e s  
(e.g. ,  square  r o o t  dependence of ANDT on f l u e n c e ) .  That d i s c u s s i o n  
s t r o n g l y  suggests t h e  use of a n o n l i n e a r  dependence model based on com- 
p a r i s o n  wi th  hardening models. For 3 EFPY of o p e r a t i o n  a t  -85 MW, a 
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Table D.21. Summary of i r r a d i a t i o n  e f f e c t s  
on HFIR pressure-vessel  materials 

~ ~ ~ 

ANDT 

Damage rate Uni r r a d i a  t ed KTNDTa ( O F )  
-_I_ 

( O P / E F P Y )  HI? IR (O F )  
Mat e P i a l  NDT 

(OF> 

ORR 17.5 EFPY 

A212B (LT) 
A 2 1 2 B  (TL) 
A212B (TS)  
A 2 1 2 B  (LS) 
No z 2: l e  we 1 d 
Seam weld 

A212B (LT) 
A105 11 
A359 LF3 (HB2) 
A350 LF3 (HB3) 

-5 
10 

-5 
-10 

0 
-5 

-5 
-8 0 

-110 
-80 

2 0  100 

0 100 

10 80 
60 85 

15b 85 

-1 0 e 

SurveiZtunce datu 

20 
-40 

-1 10 
-7 8 

75 
64 
7 5  

60 
64 

75c 

75 
63 

117  
113 

4.28 
3.64 
4.28 
4.28 

3 . 6 4  
3 . 4 2  

4.28 
2.96 
5.94 
5.09 

%etermined from TS0 - 60°F, where T5 is the  temperature a t  
whish the mean Charpy energy less one s tan3ard dev ia t ion  is equal t o  
50 i t - lb .  

'50 ft-lb not achieved i n  t h i s  o r i e n t a t i o n ;  RTNDT determined from 
the  temperature at which 0.035-in. l a t e r a l  expansion is  a.chieved less 
60°F. 

A212B (TS). 
@Not i r r a d i a t e d  i n  ORR; assume ANI)T = ANDT of A212B (LT) and 

l i n e a r  dependence p r e d i c t s  a ANDT €or the A212B (LT) of -11'F; a square 
roo& dependence p r e d i c t s  a ANDT of -5'F. For short-term extension of 
reactor opera t ion ,  the d i f f e rences  are not s i g n i f i c a n t ;  however , fo r  
longer-term l i f e  ex tens ion  (e.g., 10 years),  the d i f f e rences  would be 
s i g n i f i c a n t  and l i n e a r  ex t r apo la t ions  would tend t o  be conservat ive,  I n  
the absence of a s u r v e i l l a n c e  program, the choice of model would be im- 
p o r t a n t ;  however, because the  opera t ion  plan f o r  HFIR incorpora tes  a 
s u r v e i l l a n c e  program, pe r iod ic  t e s t i n g  of i r r a d i a t e d  specimens w i l l  p ro-  
vide d i r e c t  evidence of the e ,abr i t t l enent  , and ex t r apo la t ion  can always 
be shorC term, using a l l  a v a i l a b l e  da ta .  Sect ion D.7 descr ibes  the s u r -  
v e i l l a n c e  plan concept f o r  reopera t  ion, 
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D.6 RADIATION EFFECTS AND MECHANISTIC STUDIES (A.  F. Rowcl i f fe ,  
G. K. Odette ,"  K. F a r r e l l ,  D. N. B r a s k i ,  M. K. Miller, 
S. Spooner,? C. A. Baldwin, J. Bent ley ,  and P. J. Maziasz) 

D.6.1 I n t r o d u c t i o n  

The assessment  of t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  HFIR p r e s s u r e  
v e s s e l  i s  based upon f r a c t u r e  mechanics procedures  t h a t  u t i l i z e  measure- 
ments of t h e  energy absorbed i n  CVN tests. Low-temperature i r r a d i a t i o n  
of pressure-vesse l  steels results i n  a d e c r e a s e  i n  the energy absorbed i n  
a CVN test and a t r a n s i t i o n  from d u c t i l e  t o  b r i t t l e  f r a c t u r e ,  which 
occurs  a t  p r o g r e s s i v e l y  h i g h e r  tempera tures  as t h e  i r r a d i a t i o n  f l u e n c e  
i n c r e a s e s .  This phenomenon is g e n e r a l l y  thought  t o  be due t o  t h e  forma- 
t i o n  of small, s t a b l e  c l u s t e r s  of p o i n t  d e f e c t s  o r  s o l u t e  atoms t h a t  i m -  
pede d i s l o c a t i o n  movement and cause an  i n c r e a s e  i n  t h e  y i e l d  stress. 
r a d i a t i o n  e f f e c t s  s t u d i e s  d e s c r i b e d  h e r e  are concerned w i t h  a number of 
fundamental  q u e s t i o n s ,  i n c l u d i n g  (1) t h e  n a t u r e  of t h e  rad ia t ion- induced  
d e f e c t s ,  t h e i r  mechanism of format ion ,  and t h e i r  thermal  s t a b i l i t y ;  
( 2 )  t h e  e f f e c t  of damage rate on t h e  n a t u r e  and number of d e f e c t s  formed; 
and ( 3 )  t h e  e f f e c t  of damage l e v e l  and damage rate on y i e l d  stress. 
These fundamental  i s s u e s  have a s t r o n g  bear ing  on s e v e r a l  e n g i n e e r i n g  
i s s u e s  : 

The 

1. r e l a t i n g  t h e  HFIR s u r v e i l l a n c e  d a t a  t o  t h e  e x i s t i n g  d a t a  base on 

2. e x t r a p o l a t i o n  of t h e  HFIR s u r v e i l l a n c e  d a t a  t o  p r e d i c t  s h i f t s  i n  
pressure-vesse l  s teels ,  

d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tempera ture  (DBTT) a t  h i g h e r  f l u e n c e s ,  
and 

3. t h e  a p p l i c a t i o n  of DBTT d a t a  obta ined  from short- term i r r a d i a t i o n  
experiments  of seam and nozz le  weldments i n  t h e  ORR t o  assess t h e  
c o n d i t i o n  of weldments i n  t h e  HFIR vessel. 

It would r e q u i r e  a major r e s e a r c h  e f f o r t  t o  a d d r e s s  t h e s e  fundamental  
q u e s t i o n s  comprehensively; some have been under i n v e s t i g a t i o n  f o r  a lmost  
20 years .  N e v e r t h e l e s s ,  even p a r t i a l  answers can have a s i g n i f i c a n t  
i n f l u e n c e  on t h e  e n g i n e e r i n g  i s s u e s .  The ensuing s e c t i o n s  d e s c r i b e  t h e  
r e s u l t s  of a b r i e f  exper imenta l  s tudy  i n  t h e  r a d i a t i o n  e f f e c t s  a rea .  The 
c u r r e n t  s t a t e  of knowledge of low-temperature r a d i a t i o n  e f f e c t s  is sur -  
veyed, and t h e  r e s u l t s  on t h e  IIFIR materials are d i s c u s s e d  i n  t h e  c o n t e x t  
of t h i s  survey. F i n a l l y ,  s e v e r a l  of t h e  e n g i n e e r i n g  i s s u e s  are d i s c u s s e d  
i n  l i g h t  of t h e s e  s t u d i e s .  

*Consul tan t ,  Department of Chemical and Nuclear Engineer ing,  

tSol_id S t a t e  D i v i s i o n ,  OWL. 

U n i v e r s i t y  of C a l i f o r n i a ,  Santa  Barbara.  
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D.6.2 Experimental Results 

D.6.2.l Radiation dose units 

The dodatetry oetlrods wed  €or estimating neutron fluxes are de- 
scribed i n  Appeadix E of this report. 
and in much of the open literature in m l t s  af n.cm-2*s'1 (E > 1.0 MeV). 
However, it is well er tabl ished that 8tr a1 damage i n  materials is 
dependent ~n neutron energy. It is, t 
tron spectrum-independent &=ge parameter to  
produced i n  d i f fe ren t  neutron spectra. The i 
damage dose 
described i n  the ASgM tesvllts of dpa 
calculat ions for vario 
A9 posit ion in the 
were carr ied aut for nsut o 0.1 BkV rad show that the 
spectra in the two reacto 
l en t  i n  teras of produchg 

ORR A9 location, the r a t i o  

value for t b  various WIR earveSBlance posit ions $8 1.49 X 1W2l (i.e., 
for  a given fluence masured i n  terms ob E > 1.0 MeV, the spectrum at the 
HFZR pressure vessel  produces -7% more displacements than are produced a t  
the ORR A9 location). Thus, the choice of exposure uni t  for comparing 
HFIR data with ORR data w i l l  have no s&gnificent ef fec t  om the outcome - 
dpa or  +(E > 1.0 b V )  w i l l  serve equally w e l l .  
w i l l  undoubtedly reduce the 
l i t e r a t u r e  data from varioue QaterirXs to rs (I4Wk). However, 
the necessary dpa cdcu la t ione  have not be 
f o r  the present we w i l l  c 
a damage parameter. 

The f lux  of neutrons with E > 1.0 MeV at the ORR A9 location is 
-2.2 x 1013 n*em-2*s-l (i.e., c 
have been used i n  various ccwnt to inva s t igate pre as we-ye s se 1 s t ee 1 
embrittlement). On the o t b r  hand, neutron fluxes (E > 1.0 MeV) at the 
various surveil lance a ecisen lacetiow i n  the WIR range from 2.2 x 108 

f o r  the radiat ion e f f ec t s  point of view because damage levels  have only 
reached -2 x LO-4 dpa after 17 years of exposure. 

Neutron €luxes are reported here 

s 1.39 x 10-21, ~ $ e  average 

The we of the dpa uni t  
e r t a i n t i e a  i n  making correlat ions with 

in most iwdcances, and 
in- t o  w e  the neutron f lux (E > 1.0 MeV) as 

r8hh t o  the fluxes i n  other MTRs that 

t o  1.2 x 109 a*c&*s- P . T I W W ~  €ow ~1uxeo repwesent a uniqtia environment 

D.6.2.2 Scanning electroln &ctoseopy (SEW) (D. NO Braski) 

The f rac ture  surfaces of Brokm CVN surveil lance specimens of both 
A21213 and A350LF3 steels removed drelsl W3R and tested in 2486 were exam- 
ined uslng a remotely operated SEM. 
examined. Both i r radiated and unirradiated specimens exhibited predomi- 
nantly dimpled rupture i n  speciwms tested in the upper-ahelf region. In  
the lower-shelf region, f rac ture  occurred predominantly by transgranular 
cleavage. 
the two mechanisms. Typical micrographs are shown in Fig. D.32. There 
was no evidence fo r  intergranular f rac ture  i n  the i r radiated materials. 

Unirradiated specimens were a l so  

In the t r ans i t i on  region, f racture  occurred by a mixture of 
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ORNL PHOTO 1319--88 

Pig. D.32. Scanning electron micrographs of fractured A2123 Charpy 
specimen$. 
showing predominantly dimpled rupture with some transgranular cleavage 
fracture,'  (I?) irradiated to 1.3 x loi7 neutrons/cm*, specimen A96, tested 
at 36OC, 8.4 J, showi'q predominantly transgranular cleavage and some 
dimpled rupture. 

(a) Unirradiated, specimen A83 tested a t  33OC, 53.4 J, 
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Thus, i t  is very u n l i k e l y  t h a t  radiat ion-induced seg rega t ion  of minor 
elements o r  t ransmutants  i s  p lay ing  a s i g n i f i c a n t  r o l e  i n  weakening 
i n t e r f a c e s  and lowering t h e  c r i t i c a l  stress f o r  crack propagation. The 
f rac tography r e s u l t s  a r e  e n t i r e l y  c o n s i s t e n t  wi th  t h e  hypothesis  t h a t  t h e  
increased  tendency toward cleavage f r a c t u r e  induced by i r r a d i a t i o n  t o  
-1.3 x 1017 n/cm2 (E > 1.0 M e V )  i s  p r imar i ly  the r e s u l t  of r a d i a t i o n  
hardening. 

D.6.2.3 Transmission e l e c t r o n  microscopy (TEM) 
(J .  Bentley and P. J. Maziasz) 

Examination of H F I K  s u r v e i l l a n c e  specimens of both A212B and A350LF3 
s t e e l s  w a s  c a r r i e d  out  using a P h i l i p s  EM430T a n a l y t i c a l  microscope. The 
i n i t i a l  p r e c i p i t a t e  morphology and d i s l o c a t i o n  s t r u c t u r e  of both steels 
were v i r t u a l l y  unchanged a f t e r  i r r a d i a t i o n  a t  6 0 ° C  (140°F) t o  -1.3 x 1017 
n/cm2. 
l i k e l i h o o d  of any s i g n i f i c a n t  changes involv ing  long-range d i f f u s i o n a l  
t r a n s p o r t  a t  6 0 ° C  is extremely small. Furthermore, changes i n  the  na tu re  
of m i c r o s t r u c t u r a l  f e a t u r e s  on a scale >10 nm are u n l i k e l y  t o  have any 
bear ing  on the  observed proper ty  changes i n  these  materials. Careful  
imaging of t he  mat r ix  f a i l e d  t o  r evea l  any d e f e c t s  t h a t  might account f o r  
t h e  r a d i a t i o n  hardening. Resolut ion was somewhat impaired by the  f e r r o -  
magnetic na tu re  of t h e  materials and t h e  presence of p e r s i s t e n t  oxide 
f i lms  on f o i l  sur faces .  Because d e f e c t s  could not  be de t ec t ed ,  i t  was 
concluded t h a t  the  d e f e c t s  respons ib le  f o r  t he  hardening must be smal le r  
than  2 nm i n  diameter i f  they are i n  the  form of d i s l o c a t i o n  loops o r  
c a v i t i e s  and smaller than 4 t o  5 nm i n  diameter  i f  they a r e  i n  the  form 
of s o l u t e  c l u s t e r s .  

Microchemical a n a l y s i s  of phases was not c a r r i e d  out because the  

D.6.2.4 Field- ion atom probe (M. K. M i l l e r )  

Pre l iminary  atom probe f i e ld - ion  microscopy has been c a r r i e d  out on 
u n i r r a d i a t e d  and i r r a d i a t e d  A212B s u r v e i l l a n c e  samples by using the  ORNL 
energy-compensated atom probe. Two types of ana lyses  were undertaken: 
(1)  a series of f i e ld - ion  micrographs were taken during f i e l d  evaporat ion 
and ( 2 )  a series of atom probe composition p r o f i l e s  were c o l l e c t e d  
through the  f e r r i t e  matrix.  Nei ther  set of measurements revealed any 
evidence f o r  po in t  de fec t  c l u s t e r s ,  p r e c i p i t a t e s ,  o r  s o l u t e  c l u s t e r s  i n  
t h e  f e r r i t e  matrix.  It was found, however, t h a t  the  coppe’r w a s  d i s t r i b -  
uted very inhomogeneously i n  t h e  f e r r i t e  mat r ix  and ranged from 0.03 t o  
0.12 a t .  %. Examination of t he  f e r r i t e - cemen t i t e  i n t e r f a c e  d id  not 
r evea l  any v i s u a l  evidence of segrega t ion;  however, atom probe chemical 
ana lyses  t o  v e r i f y  t h i s  observa t ion  were not c a r r i e d  out. Because these  
pre l iminary  measurements f a i l e d  t o  d e t e c t  any radiat ion-induced d e f e c t s ,  
i t  i s  concluded t h a t  the  observed hardening must be caused by d e f e c t s  
t h a t  e i t h e r  are <0.5 nm i n  s i z e ,  p resent  a t  a number dens i ty  below lo1* 
c m 3 ,  o r  d i s t r i b u t e d  very inhonogeneously. Because of the  low i r r a d i a t i o n  
temperature  and low damage l e v e l ,  it is  specula ted  t h a t  the  most probable 
d e f e c t  s i z e  range i n  these  materials is  0.5 t o  2 nm i n  diameter  a t  a 
concen t r a t ion  l e v e l  of - loL7 n/cm2. Detect ion and i d e n t i f i c a t i o n  of such 
d e f e c t s  would probably r equ i r e  3 t o  4 months of instrument  t i m e  f o r  a 
s i n g l e  sample.  
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D.6.2.5 Small-angle neut ron  s c a t t e r i n g  ( S A N S )  
(S. Spooner) 

A p r e l i m i n a r y  examinat ion of i r r a d i a t e d  and u n i r r a d i a t e d  s u r v e i l -  
l a n c e  specimens of A212 grade  B, A105 grade  11, and A 3 5 0  grade  LF3 were 
carried out  u s i n g  t h e  10-m SANS machine a t  ORR. Data were c o l l e c t e d  f o r  
2 h on each sample, and t h e  c o r r e c t e d  d a t a  were c a l i b r a t e d  i n  a b s o l u t e  
c r o s s - s e c t i o n  u n i t s .  S c a t t e r i n g  d i f f e r e n c e s  among t h e  t h r e e  types  of 
s teel  were e a s i l y  seen. D i f f e r e n c e s  among samples w i t h i n  a s tee l  class 
were b a r e l y  o u t s i d e  t h e  s t a t i s t i c a l  e r r o r  b a r s  i n  t h e s e  s h o r t  exper i -  
ments. 

a t  r e l a t i v e l y  l a r g e  s c a t t e r i n g  a n g l e s  and w i t h  very  low i n t e n s i t y  (be- 
cause of p o i n t  d e f e c t s  o r  a l l o y  e l e a e n t  c l u s t e r s ) .  V a r i a t i o n s  i n  back- 
ground s c a t t e r i n g  are a s i g n i f i c a n t  f r a c t i o n  of t h e  expected s c a t t e r i n g  
s i g n a l .  I n  a d d i t i o n ,  t h e  s c a t t e r i n g  a n g l e  of t h e  machine only  begins  t o  
cover  t h e  range i n  which t h e  s c a t t e r i n g  can be r e a d i l y  observed ( r e c e n t  
s t u d i e s  on similar material a t  Harwell sugges t  t h i s  conclus ion) .  

r a t i o n  of d i f f e r e n t  sources  of s c a t t e r i n g  i n  t h e s e  steels. P r e l i m i n a r y  
o b s e r v a t i o n s  of magnetic f i e l d  e f f e c t s  were made on an  u n i r r a d i a t e d  
sample of A212 grade  B. A small degree of f ie ld- induced  s c a t t e r i n g  
a n i s o t r o p y  was s e e n  and resembled a superparamagnet ic  behavior  r a t h e r  
t h a n  t h e  expected f e r r o m a g n e t i c  response.  The f i e l d  was l i m i t e d  t o  4000 
gauss ,  so  it appears  t h a t  t h e s e  materials w i l l  r e q u i r e  a much h i g h e r  
f i e l d  t o  achieve  s a t u r a t i o n .  Magnet iza t ion  measurements may be needed t o  
determine t h e  f i e l d  requirement .  

The Guin ier  a n a l y s i s  of small-angle s c a t t e r i n g  is t h e  f i r s t  and 
s i m p l e s t  l i n e  of a t t a c k  i n  t h e  i n t e r p r e t a t i o n  of t h e  d a t a  but  i s  f r a u g h t  
w i t h  p i t f a l l s  and l i m i t a t i o n s .  N e v e r t h e l e s s ,  t h e  fo l lowing  s t a t e m e n t s  
a r e  o f f e r e d .  A l l  of t h e  s tee l  samples,  i r r a d i a t e d  and u n i r r a d i a t e d ,  con- 
t a i n  a s i g n i f i c a n t  f r a c t i o n  of scatterers of -3 nm. S c a t t e r i n g  a t  t h e  
smallest angles  s u g g e s t s  the  presence of scatterers i n  excess  of 25 nra i n  
both i r r a d i a t e d  and u n i r r a d i a t e d  samples. Using t h e  ORR f a c i l i t i e s ,  i t  
was not p o s s i b l e  t o  d e t e c t  any s i g n i f i c a n t  d i f f e r e n c e s  between i r r a d i a t e d  
and u n i r r a d i a t e d  materials. This  s u g g e s t s  t h a t  the  rad ia t ion- induced  
d e f e c t s  r e s p o n s i b l e  f o r  hardening are <3 nm i n  diameter .  D e t e c t i o n  and 
a n a l y s e s  of such d e f e c t s  r e q u i r e  SANS f a c i l i t i e s  (such as those  a t  H F I R )  
t h a t  can produce a more i n t e n s e  source  of neut rons  and t h e  c a p a b i l i t y  of 
measuring l a r g e r  s c a t t e r i n g  angles .  

The s c a t t e r i n g  a r i s i n g  from i r r a d i a t i o n  e f f e c t s  is expected t o  occur  

The use of a p p l i e d  magnetic f i e l d s  w i l l  be impor tan t  i n  t h e  sepa- 

D.6.2.6 Annealing experiments  (D.  N. Braski  and K. F a r r e l l )  

Direct  o b s e r v a t i o n  of t h e  r a d i a t i o n  damage i n  t h e  HFIR s u r v e i l l a n c e  
m a t e r i a l s  is d i f f i c u l t  because of t h e  s m a l l  s i z e s  of t h e  d e f e c t s  involved.  
An i n d i r e c t  approach is t o  s t u d y  t h e  annea l ing  response of t h e  damage. 
The k i n e t i c s  of t h e  annea l ing  process  should c h a r a c t e r i z e  t h e  thermal  
s t a b i l i t y  of t h e  damage s t r u c t u r e  and might provide a measure of t h e  
a c t i v a t i o n  energy of t h e  recovery process  from which t h e  n a t u r e  of t h e  
basic d e f e c t  r e s p o n s i b l e  f o r  r a d i a t i o n  hardening could be deduced. Such 
a n n e a l i n g  s t u d i e s  can a l s o  provide  some guidance t o  c o n s i d e r a t i o n  of t h e  
f e a s i b i l i t y  of r e s t o r i n g  t h e  o r i g i n a l  p r o p e r t i e s  of t h e  HFIR p r e s s u r e  
ve s s e 1 by anne a 1 i n g  t r e a t m e n t s  . 
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The a n n e a l i n g  s t u d y  u t i l i z e d  small coupons t h a t  were cu t  w i t h  a slow- 
speed diamond saw from a broken A212B CVN s u r v e i l l a n c e  specimen (#A140). 
The specimen had rece ived  a neut ron  f l u e n c e  of 1.3 x 1017 n/cm2. Anneals 
were c a r r l e d  out  f o r  1 h i n  a i r  at t empera tures  i n  t h e  range o f  204 t o  
510°C (460 t o  950'F). Several Longer-term a n n e a l s  were c a r r i e d  o u t  t o  
204 and 26QOC (400 and 500°F) .  Hardness measureuents  were made a t  room 
tempera ture  wi th  a Vickers diamond pyramid i n d e n t e r  us ing  a 500-g load.  
The r e s u l t s  are shown i n  Table D.22 and Fig. D.33. Each datum p o i n t  
r e p r e s e n t s  t h e  average  of f i v e  hardness  measurements. For  any g i v e n  
specimen, t h e r e  i s  a l a r g e  sca t te r  i n  hardness  v a l u e s  (of t h e  o rde r  k10 
dph). Because of t h e  duplex  n a t u r e  of t h e  m i c r o s t r u c t u r e ,  v a r y i n g  pro- 
p o r t i o n s  of t h e  f e r r i t e  and t h e  r e l a t i v e l y  hard p e a r l i t e  are sampled by 

Table  D.22. Hardness d a t a  f o r  A2123 HFIR s u r v e i l l a n c e  material 

Annea 1 i ng 
1 2 3 4 5 Average 

Time Temperature (DPN) (UPN) (DPN) (DPN) (DPN) (DPN) 
( h )  ["C ( O F 1 1  

N O M ?  

1 
1 
1 

None 
None 
None 
None 

1.5 
1 
1 
1 
1 
1 
1 
1 
1 
1.5 
4 
7 

24 
4 
7 

24 

258 (550)  
510 (950)  
510 (950)  

148 (300)  
204 (400)  
260 (500)  
288 (550)  
316 (600)  
343 (650)  
371 (700)  
421 (790)  
510 (950) 
204 (400)  

204 (400)  
204 (400)  
260 (500)  

260 (500)  

204 ( 4 0 0 )  

260 (500) 

176 
170 
174 
164 

185 
19 1 
179 
170 
183 
174 
193 
160 
183 
173 
173 
167 
166 
1 7 8  
178 
172 
176 
156 
180 
170 

173 163 
141 180 
170 179 
173 176 

179 183 
172 173 
181 18 1 
185 192 
184 188 
175 167 
173 174 
167 164 
169 178 
161 163 
165 161 
162 168 
169 156 
175 170 
176 179 
174 170 
179 185 
182 169 
181 175 
177 167 

172 
173 
175 
170 

194 
180 
1 7 7  
179 
183 
174 
167 
169 
165 
172 
152 
161 
162 
1 7 3  
180 
163 
184 
17  7 
181 
146 

178 
170 
169 
168 

188 
189 
1 7 2  
184 
189 
185 
1 7 7  
17 I 
167 
157 
173 
172  
172 
196 
173 
182 
192 
162 
148 
182 

17  2 
171 
173 
170 

186 
181 
178 
182 
185 
175 
1 7 7  
166 
172 
165 
145 
166 
165 
178 
1 7 7  
172 
183 
169 
177 
172 
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Fig.  D.33. Annealing behavior  of A212B HFIR s u r v e i l l a n c e  material 
i r r a d i a t e d  t o  a f l u e n c e  of 1.3 X 1017 neutrons/cm2 (E > 1.0 MeV). 

s u c c e s s i v e  i n d e n t a t i o n s .  The s t r i n g e r s  of i n c l u s i o n s  a l s o  i n t e r f e r e  w i t h  
making c o n s i s t e n t  hardness  measurements. I r r a d i a t i o n  t o  1.3 x 1017 n/cm2 
caused an i n c r e a s e  i n  t h e  room tempera ture  hardness  of -6%. Annealing of 
t h e  damage begins  d u r i n g  1 h a t  300°C (572°F) and appears  t o  be complete 
a f t e r  1 h a t  -375°C (707°F).  
a f t e r  a 24-h annea l  a t  200°C (392°F). S i m i l a r  annea l ing  t r e a t m e n t s  car- 
r i e d  out  on u n i r r a d i a t e d  a r c h i v e  material produced no change i n  hardness .  
Thus, t h e  hardness  changes observed i n  t h e  i r r a d i a t e d  m a t e r i a l  are indeed 
due t o  t h e  a n n e a l i n g  of r a d i a t i o n  damage. This  s t u d y  w a s  in tended  t o  be 
o n l y  p r e l i m i n a r y  i n  na ture .  If annea l ing  t h e  rad ia t ion-af  f e c t e d .  p o r t i o n  
of t h e  HFIR v e s s e l  becomes an a t t r a c t i v e  o p t i o n ,  then c l e a r l y  more r i g o r -  
ous annea l ing  s t u d i e s  u s i n g  t e n s i l e  and CVN specimens w i l l  be requi red .  
From t h e  viewpoint of i n v e s t i g a t i n g  t h e  n a t u r e  of t h e  d e f e c t s  r e s p o n s i b l e  
f o r  hardening,  f u r t h e r  s t u d i e s  us ing  e l ec t r i ca l  r e s i s t i v i t y  measurements 
are recommended. It would be i n s t r u c t i v e ,  f o r  example, t o  compare t h e  
a n n e a l i n g  behavior  of samples  i r r a d i a t e d  t o  t h e  same increcaent i n  hard- 
ness  i n  IIFIR and i n  ORR. 

Only p a r t i a l  recovery of damage o c c u r s  

D.6.2.7 T e n s i l e  p r o p e r t y  measurements (K. Far re l l ,  
D. N. Brask i ,  and C. A. Baldwin) 

D.6.2.7.1 I n t r o d u c t i o n .  Low-temperature r a d i a t i o n  damage results 
e v e n t u a l l y  i n  t h e  development of a p o p u l a t i o n  of extended d e f e c t s  i n  t h e  



foriu of p o i n t  defect:  c l u s t e r s  o r  d i s l o c a t i . o n  'aoops. These d e f e c t s  forin 
o b s t a c l e s  t o  t h e  motion of glLde d i s l o c a t i o n s  and produce an  increase i r r  
t h e  y i e l d  stress and a cor responding  r e d u c t i o n  i n  d u c t i l i t y .  Changes i n  
y i e l d  stress provide  a more q u a n t i t a t i v e  and r e l i a b l e  measurement of 
r a d i a t i o n  hardening t h a n  e i t h e r  WN impact t e s t s  o r  hardness  tests. 
T e n s i l e  tests coiuplem.ent CVN d a t a  and provide  v a l u a b l e  i n f o r m a t i o n  f o r  
f rac t u r e l n e c h a n i c s  ana lyses .  

T e n s i l e  p r o p e r t y  measurements have been c a r r i e d  o u t  on Elat s h e e t  
specimens c u t  from H F I R  s u r v e i l l a n c e  speei.mcns of A212R i r r a d i a t e d  t o  
t h r e e  f l u e n c e  l e v e l s .  I n  a d d i t i o n ,  a ser ies  of i r r a d i a t i o n  experiments  
has  been conducted i n  ORK cover ing  a wide range of f l u e n c e s  t o  de te rmine  
t h e  f luel ice  dependence of harderi:i.ag i n  both A 2 1 2 R  and A350LP3 steels.  

D.6,2-7.2 Experiments.  F l a t  t e n s i l e  specimens,  25 IIIIIP long by 0.75 
mm t h i c k  w i t h  a gage width of 1.5 m and a gage l e n g t h  of 7.5 mu, were 
c u t  f r o n  h a l v e s  of broken Charpy impact b a r s  of t h e  A212EI atid A350 s tee ls  
used i n  t h e  c o n s t r u c t i o n  of t h e  HFPK p r e s s u r e  v e s s e l .  The t e n s i l e  s p e c i -  
mens were e x c i s e d  w i t h  an o r i e n t a t i o n  i n  which the  long a x i s  of t h e  ten-  
s i l e  specimen l a y  i n  t h e  long  axis of t h e  Charpy bar  and t h e  whdth of the 
t e n s i l e  specimen l a y  i n  t h e  d i r e c t i o n  of t h e  Charyy bar  notch. The c u t -  
t i n g  procedure used e l e c t r o d i s c h a r g e  machining with a t h i n  wire elec-. 
t rode,  Charyy bar  Nos. A31, A 9 6 ,  and A140 provided t e n s i l e  specimens of 
HFIK-irradiated s u r v e i l l a n c e  m a t e r i a l  of the A212B s teel  Charyy bar  
Nos. A59 and D 4 l  gave u n i r r a d i a t e d  specimens of t h e  A212H and A350 
steels  r e s p e c t i v e l y .  The ends (heads)  of t h e s e  t e n s i l e  specimens ndght 
i n t e r c e p t  the  deformed r e g i o n s  of t h e  @harpy b a r s ,  but  the  gage s e c t i o n s  
are f r e e  of Charpy deformat ion  and should be r e p r e s e n t a t i v e  of t h e  i r ra-  
d i a t e d  and u n i r r a d i a t e d  c o n d i t i o n s .  These t e n s i l e  specimens were t e a t e d  
i n  a i r  at 24'6 (7.5'F) by using an i n - c e l l  Ins t ron  machine o p e r a t i n g  a t  a 
c rosshead  speed of 8 . 5  x 10--3*mm--1~s- -10  

used i n  i r r a d i a t i o n  experiments  i n  t h e  ORB over  a range of neut ron  fiu- 
enees t h a t  encompassed and g r e a t l y  surpassed t h o s e  exper ienced  by t h e  
I-IE'IR s u r v e i l l a n c e  specimens. These ORR i r r a d i a t i o n s  were made wi1:h t h e  
specimens i n  d i r e c t  c o n t a c t  w i t h  t h e  r e a c t o r  c o o l i n g  water  a t  a tempera- 
t u r e  of -43°C (110 'P) .  To reduce  the occurrence  of r u s t i n g  d u r i n g  i r r a -  
d i a t i o n ,  t h e  specimens were f i r s t  g i v e n  a c a u s t i c  anodiz ing  t r e a t m e n t  
( b l a c k  oxide  c o a t i n g ) ,  a s  descr ibed  elsewhere i n  t h i s  r ~ ? p ~ t ,  f o r  Charpy 
specimens i r r a d i a t e d  i n  ORR. During i r r a d i a t i o n  t h e  specimens T J ~ T ~  held 
i n  sinall. b a s k e t s  c o n s t r u c t e d  from aluminum mesh and f i t t e d .  t n t o  a b r a c k e t  
a t  t h e  end of a r o t a t i n g  a r m  mounted on a f l o o r  p o s t  i n  t h e  r e a c t o r  poo l  
o u t s i d e  t h e  reactor core .  I n  t h i s  assembly, t h e  b a s k e t s  were  p o s i t i o n e d  
at s i t e  P8,  10 m from t h e  core  psolside f a c e p l a t e  o p p o s i t e  core lattice 
p o s i t i o n  AS and wi th  t h e  b a s k e t  c e n t e r l i n e  30 IIMU below the c o r e  h o r i -  
zontal .  midplane. This  arrangement had t h e  advantage t h a t  b a s k e t s  could 
be q u i c k l y  swung i n  and out  of t h e  i r r a d i a t i o n  s i t e  without  d i s r u p t i n g  
the o p e r a t i o n  of the r e a c t o r ;  the i r rad ia t : - ion  exposure t i m e  cou3.d be a s  
s h o r t  as a minute. 

Fol lowing i r r a d i a t i o n ,  the ORK spec inens  were t e n s i l e  t e s t ed  under 
the saw. c o n d i t i o n s  as t h e  specimens cut f r o m  t.he HFIR--irradi.ated suc- 
v e i l l a n c e  specimens.  D e s p i t e  t h e  b l a c k  oxLde t r e a t m e n t s  t h o s e  ORR 
specimens t h a t  were i r r a d i a t e d  f o r  more than  a Eew days d i s p l a y e d  corisid- 
e r a b l e  r u s t i n g .  U n i r r a d i a t e d  r e f e r e a c e  specimens were t e s t e d  w i t h  and 

Most of t h e  t e n s i l e  specimens cut  Iron t h e  u n i r r a d i a t e t ?  b a r s  were 

wi thout  t h e  b lack  c o a t i n g  and showed no s i g n i f i c a n t  d i f f e r b  'nces. 
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Neutrori dos ime t ry  a n a l y s e s  were c a r r i e d  o u t  on dos ime t ry  s e n s o r s  
i r r a d i a t e d  a l o n g s i d e  the t e n s i l e  specimens.  The r e s u l t s  were s i m i  lar  t o  
t h o s e  o b t a i n e d  from dos ime t ry  c a r r i e d  out i n  c o n j u n c t i o n  w i t h  t h e  i r ra-  
d i a t i o n  of t h e  CVN specimens i n  t h e  A9 c o r e  l o c a t i o n .  The f l u x  v a l u e s  
(n*cm-2es-1) were determined t o  be (1) 1.26 x 1013 ( E  > 1.0 M e V ) ,  ( 2 )  
2.71 x 1013 (E > 0.1 M e V ) ,  and ( 3 )  9.77 x 10l3 ( t h e r m a l ) .  The d i s -  
placeinent rate was c a l c u l a t e d  to be 1.89 x lod8 dpa/s .  

s u r v e i l l a n c e  specimens of A212B are shown i n  Table  D.23. The mean of s i x  
y i e l d  stress measurements made on specimens p repa red  from two u n i r r a d i -  
a t e d  a r c h i v e  CVN specimens was 335 f 11 MPa. Specimens p repa red  from CVN 
specimens i r r a d i a t e d  i n  t h e  key 6 and key 7 p o s i t i o n s  t o  f l u e n c e s  of 1.3 
and 1.5 x lOI7 n/cm2, r e s p e c t i v e l y ,  gave a mean v a l u e  of 389 f 11 MPa f o r  
each p o s i t i o n .  Thus,  t h e  r ad ia t ion - induced  hardeniilg of t h e  HFId  v e s s e l  
r a i s e d  t h e  y i e l d  stress by -16% a t  t h i s  s t r a i n  rate.  The i r r a d i a t e d  
material r e t a i n e d  a high l e v e l  of d u c t i l i t y  and work-hardening c a p a c i t y .  
Uniform e l o n g a t i o n  w a s  reduced from an u n i r r a d i a t e d  v a l u e  of -16% t o  a 
v a l u e  of ~ 1 2 % ~  

D.6.2.7.3 R e s u l t s .  The r e s u l t s  of the t e n s i l e  tests on the HFIR 

Table D.23. Room-temperature tensile properties of 
A212B HFIR surveillance material 

Stress Elongation 
( % >  Fluence , ( MPa 1 S pe c i men 

identity _I- 

HFIR position E > 1.0 MeV 
0.2% At 7.5% 
Yield strain Ultimate Uniform Total (nIcm2) 

A1 14-1 

A1 14-2 

A1 14-4 

A59-15 

A59-1 

A59-12 

A31-1 
-431-2 
A31-3 
A31-4 

A1 40- 1 
A140-2 
A140-3 
A1 40-6 

A96-1 
A96-2 
A96-3 
A9 6-4 

Key 5, 1983 
Key 5, 1983 
Key 5, 1983 
Key 5, 1983 

Key 6, 1986 
Key 6, 1986 
Key 6, 1986 
Key 6, 1986 

Key 7, 1986 
key 7, 1986 
Key 7, 1986 
Key 7, 1986 

Unirradiated 

Unirradiated 

Unirradiated 

Unirradiated 

Unirradiated 

Unirradiated 

archive 

archive 

archive 

archive 

archive 

archive 

1.2 x 1016 
1.2 x 1016 
1.2 x 1016 
1.2 x 1016 

1.1 x 1 0 1 ~  
1.1 x 1017 
1.1 x 1017 
1.1 x 1017 

1.3 x 1017 
1.3 x 1017 
1.3 x 1017 
1.3 x 1017 

339 

333 

352 

336 

318 

333 

33 1 
3 18 
333 
334 

388 
400 
384 
386 

394 
37 3 
39 2 
396 

527 

523 

535 

520 

525 

540 

528 
507 
523 
530 

549 
550 
526 
529 

545 
516 
54 1 
54 1 

56 1 

56 1 

566 

550 

534 

57 1 

555 
539 
547 
552 

562 
570 
540 
543 

568 
537 
559 
563 

16 

17 

15 

16 

18 

16 

16 
18 
16 
14 

13 
1 1  
1 1  
12 

13 
15 
13 
14 

31 

30 

27 

25 

27 

27 

26 
29 
26 
26 

22 
19 
18 
20 

24 
25 
23 
26 
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The specimens taken  from t h e  key 5 p o s i t i o n  i n  1983 had accumulated 
a much lower f l u e n c e  because of s h i e l d i n g  by t h e  i o n  chamber. T h i s  
f l u e n c e  is p r e s e n t l y  e s t i m a t e d  t o  be -1.2 x 10l6 n/cra2. Within t h e  
u n c e r t a i n t i e s  of t h e  t e n s i l e  tes t ,  no change i n  y i e l d  stress could be 
d e t e c t e d  a t  t h i s  f l u e n c e  l e v e l .  CVN tests on s u r v e i l l a n c e  specimens from 
t h i s  p o s i t i o n  showed an i n c r e a s e  i n  t h e  DBTT of -ll°C (20°F),  which is 
j u s t  o u t s i d e  t h e  exper imenta l  u n c e r t a i n t y  of *8"C (15°F) .  

The t e n s i l e  p r o p e r t i e s  of the A212B and A350LF3 steels f o l l o w i n g  
i r r a d i a t i o n  i n  ORR are shown i n  Tables  D.24 and D.25, r e s p e c t i v e l y .  Ten- 
s i le  p r o p e r t i e s  a r e  p l o t t e d  a g a i n s t  the  l o g a r i t h m  of the  neut ron  f l u e n c e  
i n  Figs .  D . 3 4  and D.35. For both s teels ,  t h e r e  i s  an i n c u b a t i o n  regime 

Tab le  D.24. Room-temperature t e n s i l e  p r o p e r t i e s  of A212B 
a r c h i v e  material i r r a d i a t e d  i n  QRR 

S t r e s s  E l o n g a t i o n  

( X >  Specimen I r r a d i a t i o n  Fluence,  (MPa) 
t i m e  E > 1.0 MeV 
(h) (n/cm2) O o 2 '  'Itimate Uniform T o t a l  

Y i e l d  t e n s i l e  

No. 

HA- 8 
HA-9 
HA-14 
HA-2 
HA-4 
HA- 3 
HA- 6 
HA- 7 
HA- 5 
HA-10 
HA-11 

0.29 
0.29 
3.65 
16 
16 
38 
72 
72 

170 
384 
384 

1.3 x 1016 344 
1.3 x 1016 340 
1.7 x 1017 340 
7.3 x 10" 38 1 

1.7 x 10l8 40 9 
3.3 x 1018 44 1 
3.3 x 1018 463 
7.7 x 10'8 512 
1.7 x 1019 528 

7.3 x 1017 370 

1.7 x 1019 495 

550 15 
549 18 
557 16 
551 14 
551 15 
550 13 
542 12 
573 11 
54 9 7 
538 3 
519 5 

20 
30 
23 
23 
25 
19 
21 
18 
10 
5 
6 

Table De25. Room-temperature t e n s i l e  p r o p e r t i e s  of A350LF3 
a r c h i v e  materials i r r a d i a t e d  i n  ORR 

S t r e s s  
E longa t ion  

(%) 
I r r a d i a t i o n  F luence ,  (MPa) 

E > 1.0 NeV Spec inen  time 
0.2% Ult imate  
Y i e l d  t e n s i l e  

Uniform T o t a l  (h) (n/cm2) 
No. 

HB-18 Uni r r a d i  a t e d  360 517 19 29 
1IB-]I 0.33 1.5 x 10l6 356 509 20 28 
HB-2 0.33 1.5 x 1016 34 7 51 1 19 29 
HB-3 3.3 1.5 x 1017 37 2 510 20 30 
HB-4 3.3 1.5 x 1017 36 4 514 18 28 
HB-7 5 38 1.7 x 10l8 45 1 506 lfi 21 

KE-7 170 7.7 x 1018 66 5 66 5 0 10 
HB-8 170 7.7 x 1018 593 593 0 5 

HB-6 38 1.7 x l0l8 436 515 12 15 



ORNL-DWG 87-44259R 

300 

z 
20 

9 
s z 

40 

- 0.2%YlELD - 

0 

600 

l l l l l I I l l l l l l ! I I l l l l l  I I I 1 1 1 1 1  I 1 l l l l &  I 1 1 1 1 1 1  I I 1 1 1 1 l 1 1  I l l 1 1 1 1 1  I I l l !  

4 02' 4022 t 023 4 024 

NEUTRON FLUENCE, > I M ~ V  (n.m-2) 

Fig. P.34. Tensile. properties of A212B 
archive material irradiated in the ORR. The 
tensile properties of the H F I R  surveillance 
material (open symbols) are included for 
comparison. 

700 .d I l l 1  I 1 1 1 1 1 1 1  I 1 1 1 1 1 1 1  I I I Illll I I 1  I l l  

Fig. D.35. Tensile properties of the 
A350LF3 archive material irradiated in the 
ORR. The tensile properties of the H P I R  
surveillance material (open symbols) are 
included f o r  comparison. 



beyond which the  y i e l d  stress inc reases  wi th  inc reas ing  Eluence. Af te r  a 
f luence  of n/cm2, t h e  y i e l d  stress and u l t i m a t e  tensrtle s t r e s s  are 
approximately equal ,  and the  material has no work-hardening capac i ty .  
The AFLR s u r v e i l l a n c e  t e n s i l e  d a t a  are included i n  Fig. D . 3 4  and c lear ly  
demonstrate  a c c e l e r a t e d  hardening compared wi th  the  ORR data.  

D . Q . 3  Discussion 

D.6.3.1 Low-temperature embri t t lement  behavior 

There i s  a l a r g e  amount of l i t e ra ture  on low-temperature i r r a d i a t i o n  
hardening and embri t t lement  i n  i r o n  and low-alloy steels, low temperature  
being gene ra l ly  def ined as below -15Q°C (302OF). Fluences f o r  t hese  
i r r a d i a t i o n s  cover a range froin Fluxes are gener- 
a l l y  i n  the range of to  1 0 l 3  necm-2es-1 ( i . e . ,  four  t o  f i v e  o rde r s  
of magnitude higher  than the  f l u x  a t  the H F I K  p ressure  ves se l ) .  Because 
of t h e  ex tens ive  amount of l i t e r a t u r e  on t h e  s u b j e c t ,  i t  i s  poss ib l e  t o  
summarize only b r i e f l y  t h e  broad t r ends  in the  d a t a  as a func t ion  of the  
key var i ab le s .  Fu r the r ,  note  t h a t  t h e r e  a r e  except ions  to  the  broad 
t r e n d s ,  and r igorous  a n a l y s i s  of the data is o f t e n  confounded by uncer- 
t a i n t i e s  i n  the  key v a r i a b l e s  or the  e f f e c t s  of uncont ro l led  v a r i a b l e s ,  
However, with these  cavea t s ,  t he  embri t t lement  t r ends  are descr ibed  be- 
low, and the  recent  d a t a  obtained from the  HFTR and ORR experiments are 
d iscussed  i n  terms of these  t rends.  

t o  >1020 n/cm2. 

D.6.3.2 The r e l a t i o n s h i p  between hardening and DBTT s h i f t  

The y i e l d  stress d a t a  f o r  t he  A212B material i r r a d i a t e d  i n  both H F L K  
and OKR are p l o t t e d  a g a i n s t  t he  square  root  of the  neutron f luence  i n  
Fig. D.36. For the  ORR i r r a d i a t i o n s  t h e r e  is an i n i t i a l  incubat ion  o r  
th reshold  f luence  during which very l i t t l e  change i n  s t r e n g t h  O C C U K S ~  
This  is followed by a regime in which yieJ-d s t r e s s  i nc reases  i n  propor- 
t i o n  t o  t h e  square  root  of t h e  fl-uence; t h e  inc rease  even tua l ly  s a t u r a t e s  
a t  a f luence  of -6 X l o z 8  n/cm2. The IIPIK r a d i a t i o n  environment produces 
a dose r a t e  t h a t  i s  lower than i n  ORR by a f a c t o r  of -5 x IO4. 
D.36 c l e a r l y  demonstrates t h a t  hardening occurs more r ap id ly  a t  t he  lower 
damage r a t e .  This dose ra te  e f f e c t  is a l s o  manifested i n  the DBTT s h i f t  
d a t a  (Fig. D.37). 
weld eva lua t ion  i r r a d i a t i o n  experiments conducted i n  the ORR A9 p o s i t i o n  
as desc t ibed  i n  Sect.  D.5. The lower f luence  poin t  is from a prelinafnary 
ORR experiment t h a t  used a d i f f e r e n t  hea t  of A212B. 

p l i c i t  assumption of a d i r e c t  r e l a t i o n s h i p  between i r r a d i a t l o n  hardening 
and CVN t r a n s i t i o n  temperature  shift. This  fol lows from the theory of 
C o t t r e l l .  l 2  For example, low-temperature d a t a  €o r  i r r a d i a t e d  A302B 
s t e e l s  repor ted  by Nichols13 suggested a p r o p o r t i o n a l i t y  between s h i f t s  
(AT) and y i e l d  stress i n c r e a s e s  (A ioy )  as 

Figure 

The h igher  f luence  ORB d a t a  poin t  is d e n  from the 

The l i t e r a t u r e  on low-temperature embr i t t l enen t  o f t e n  shows an h- 
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Fig. D.36. I n c r e a s e  i n  y i e l d  stress vs t h e  square  r o o t  of f l u e n c e  
(E > 1.0 MeV) f o r  A212B HFIR s u r v e i l l a n c e  specimens and € o r  A212R a r c h i v e  
m a t e r i a l  i r r a d i a t e d  i n  the  ORR. 

where C - 0.5'C/?IPa. This  c o e f f i c i e n t  is  comparable t o  average v a l u e s  
found f o r  p l a t e  and only  s l i g h t l y  below t h e  average v a l u e  of -0.6S°C/MPa 
found f o r  welds i r r a d i a t e d  a t  e l e v a t e d  tempera tures .  l 4  
based on q u a n t i t a t i v e  models of t h e  micromechanics of c leavage  f r a c t u r e  
and a d e t a i l e d  a n a l y s i s  of t h e  high-temperature embr i t t l ement  d a t a  base 
showed t h a t  t h e  y i e l d  s t r e s s / s h i f t  coeEEicient  is not c o n s t a n t  b u t ,  
r a t h e r ,  depends on t h e  i n i t i a l  CVN p r o p e r t i e s  (i.e.,  t h e  lower knee 
e l a s t i c  f r a c t u r e  tempera ture  and t h e  upper-shelE energy)  and t h e  magni- 
t u d e  O€ t h e  y i e l d  stress change.15 
noted above were a c c u r a t e l y  p r e d i c t e d  by t h e  model. Notably,  t h e  ana ly-  
s is  demonstrated t h a t  temper embr i t t l ement  ( i . e* ,  nonhardening) mecha- 
nisms do not  p lay  a s i g n i f i c a n t  r o l e  i n  embr i t t l ement  a t  300°C (572'F). 
Values of t h e  c o e f f i c i e n t  C f o r  t h e  A212B m a t e r i a l  can be obta ined  from 
Figs .  D.36 and D.37 by comparing t h e  i n c r e a s e  i n  y i e l d  stress and t h e  
cor responding  i n c r e a s e  i n  DBTT produced by a g i v e n  i n c r e n e n t  of f luence .  
The v a l u e  of C f o r  t h e  H F I R  s u r v e i l l a n c e  specimens is 0.67, and € o r  t h e  
ORR i r r a d i a t i o n s  C i s  0.57. The average v a l u e  of 0.60 a g r e e s  w e l l  w i t h  
t h e  e m p i r i c a l  averages  from t h e  l i t e r a t u r e  noted above and i n d i c a t e s  a 
d i r e c t  r e l a t i o n s h i p  between r a d i a t i o n  hardening and DBTT s h i f t .  

tests of u n i r r a d i a t e d  and i r r a d i a t e d  ( H F I R  and ORR) i n d i c a t e d  t h a t  t h e  

Recent ly ,  a s t u d y  

However, t h e  average e m p i r i c a l  t r e n d s  

Examination of t h e  ins t rumented  load-time traces f o r  the CVN impact 
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Fig. D.37. Change i n  DBTT vs the square root  of f luence  
(E > 1.0 M e V )  f o r  A212B HFIR s u r v e i l l a n c e  specimens and fo r  a rch ive  
specimens i r r a d i a t e d  i n  the ORR. 

dynamic y i e l d  stress inc reases  compare favorably  with the  y i e l d  s t r e s s  
i nc reases  measured i n  s t a t i c  t e n s i l e  tests and t h a t  t he re  i s  no reduct ion  
i n  the load a t  the i n i t i a t i o n  of c leavage f r a c t u r e .  A l l  of these  obser-  
v a t i o n s ,  toge ther  with the  f r ac tog raph ic  evidence presented above, 
s t r o n g l y  support  the  hypothes is  t h a t  the measured changes i n  the  Charpy 
impac t  p r o p e r t i e s  of the A212B steel  are due t o  the  well-documented 
radiat ion-hardenlng mechanism. This appears  t o  be the  case f u r  both t h e  
H F I R  s u r v e i l l a n c e  specimens and the  specimens i r r a d i a t e d  i n  the  high f l u x  
of t h e  om" 

D. 6 . 3 . 3  Fluerice dependence of hardening and DBTT s h i f t  

A t  low t o  in t e rmed ia t e  f luence ,  both s h i f t  and hardening often can 
be c o r r e l a t e d  by an express ion  i n  the  forrn13s16,17 
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where A sets the magnitude of the  hardening/embrittlement, f is the  
f luence ,  and B i s  a s a t u r a t i o n  parameter. A t  low f luences  where B f  << 1, 
t h i s  reduces t o  a simple express ion  

Other d a t a  sets1* ,  l9 a l s o  suggest  a simple power dependence on f luence  
with the  form 

AT(Auy) = A f p  , ( D . 4 )  

where p ranges from -0.15 t o  0.5. Some da ta  f o r  r e l a t i v e l y  pure vacuum- 
melted i r o n  show a very low f luence  (-10l6) increment of hardening, which 
i s  ascr ibed  t o  the  rapid p r e c i p i t a t i o n  of uns t ab le  E carb ides ;  however 
t h i s  hardening component does not pers i s t  a t  h igher  f luences .  * O  

t i o n  condi t ions .  Typical  va lues  of A f o r  s e n s i t i v e  s t e e l s  a r e  -200 f 60 
MPa f o r  hardening and -130 f 25°C f o r  s h i f t .  The s a t u r a t i o n  behavior has 
been modeled i n  terms of a l o c a l  exc lus ion  volume where a d d i t i o n a l  damage 
cannot be produced. Values of B t y p i c a l l y  range from -0.25 t o  2. For 
t h e  neutron exposure regime of primary i n t e r e s t  f o r  a s ses s ing  e n b r i t t l e -  
ment i n  the HFIR v e s s e l ,  t he  simple exponent ia l  dependence on f luence  
should be an adequate r e p r e s e n t a t i o n  of the data .  Figure D.38 shows a 

The magnitudes of A and B vary depending on the  material and i r r a d i a -  
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log-log p l o t  of s h i f t s  vs f luence  f a r  t he  ORR and H F I R  d a t a  for the  A2122) 
p l a t e .  The p l o t  a l s o  inc ludes  s h i f t s  f o r  o t h e r  s teels  i r r a d i a t e d  I n  WFIR 
(A350LP3 and A l a s ) ,  a s  w e l l  as MTR d a t a  f o r  A3023 and A212 c o r r e l a t i o n  
monitor s t e c l s . * I  These monitor steels were prepared from p l a t e  material 
under t h e  auspices  of t he  American Socie ty  f o r  Tes t ing  and Materials and 
i r r a d i a t e d  i n  var ious  worldwide programs. The A212B yi.ekd stress d a t a  
from the  ORR i r r a d i a t i o n s  are a l s o  included by c a l c u l a t i n g  a DBTT s h i f t  
and us ing  t h e  average c o e f f i c i e n t  (C  -.I Oe6'C/MPa) der ived abovep The 
fo l lowing  are apparent  from Fig. D.38: 

1. 

2. 

3. 

4 .  

5. 

The behavior of HFIR A212B p l a t e  i r r a d i a t e d  i n  ORR is  similar t o  t h e  
t r e n d s  shown i n  MTR i r r a d i a t i o n s  of o the r  similar steels. 
The MTR/ORR d a t a  fo l low a AT I t rend up t o  in t e rmed ia t e  
f luences  . 
The t rend  band f o r  a l l  of t he  steels i r r a d i a t e d  i n  € F I R  can a l s o  be 
descr ibed  as AT 
of the f luence  exponent; t h e  H F I R  data could equa l ly  w e l l  be encom- 
passed wi th in  a band having a s lope  of 0.25. 
The t rend band f o r  the  low-flux HFIR s u r v e i l l a n c e  da t a  i s  s h i f t e d  
downward i n  f luence  by about an order  of magnitude r e l a t i v e  t o  t h e  
high-flux ORR/MTR i r r a d i a t i o n s .  
The A212B p l a t e  d a t a  tend t o  f a l l  s l i g h t l y  above the  s h i f t s  f o r  t he  
o t h e r  steels i n  t h e  H F I R  s u r v e i l l a n c e  program 

,o 5 

f p ,  where p - 0.5. This is a conserva t ive  estimate 

It is important t o  recognize t h a t  t he re  may be d i f f e r e n t  rnicrostruc- 
t u r a l  regimes of damage and t h a t  t h e  na tu re  Q €  t he  f e a t u r e s  t h a t  are the  
dominant cause of hardening at l c w  f luences  may d i f f e r  somewhat from 
those  r e spons ib l e  a t  h igher  f luences .  Dividing the  i r r a d i a t i o n  exposure 
i n t o  var ious  regimes nay be a u s e f u l  way t o  d i s t i n g u i s h  more re.l.evant 
from less re l evan t  data .  For example, regimes might be def ined  as pre- 
cascade and postcascade over lap  i n  u n i t  s i n k  c e l l s  of the  l a t t i c e ,  t ran-  
s i e n t  vs quas i - s teady-s ta te  average d e f e c t  concen t r a t ions ,  and s a t u r a t i o n  
regimes. C lea r ly ,  t he  H F I R  da t a  l i e  i n  a low-fluence regime (i.e.,  ( 3  x 

1018 n/cm2). 
f l uence  regime, shows both gene ra l  support  f o r  the  square root  of f luence  
behavior and the  h igher  s h i f t s  observed a t  lower f l u x  l e v e l s  f o r  I r r a d i a -  
t i o n s  t o  the  same f luence.  The u n c e r t a i n t i e s  i n  these  d a t a  are a t  least  
&lO"C f o r  DRTT s h i f t s  and &20X f o r  the  f luences .  X t  has been shown t h a t  
t h e  scatter i n  the  d a t a  f o r  t he  c o r r e l a t i o n  monitor s t e e l s ,  which were 
i r r a d i a t e d  i n  a wide v a r i e t y  of neutron s p e c t r a ,  would be reduced i f  dpa 
was used as the exposure parameter i n s t e a d  of f luenee  (E > 1.0 MeV)022 
Figure D.39 i l l u s t r a t e s  t h a t  f o r  a v a r i e t y  of s tee l s ,  r a d i a t i o n  embri t -  
t lement occurs  approximately t h r e e  times more r ap id ly  i n  t h e  10%~-f l u x  
regime cornpared with t h e  higher-f lux NIX environment. 

squares  f i t  l i n e s  f o r  t he  th ree  types  of s tee l  (note  a 0 i n t e r c e p t  is 
r equ i r ed ) .  The f i t  f o r  the H F I R  A212B is 

Figure D.39, which p l o t s  the  da t a  discussed above i n  t h i s  

F igure  0.40 p l o t s  t h e  HFIR s u r v e i l l a n c e  data,  along with least-  

AT = 3 2 6 G  ; 
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f o r  A103 

and f o r  A350LF3 

The s t a t i s t i c a l  f i t s  are well w i th in  the  u n c e r t a i n t i e s  i n  the  ind iv idua l  
shift and f luence  measurement u n c e r t a i n t i e s .  

D.Q.3 .4  Assessment of weld behavior 

A n  assessment o f  t h e  r a d i a t i o n  performance of welds was c a r r i e d  o u t  
using acce le ra t ed  tests i n  ORR, as descr ibed  i n  Sect.  D . 5 .  A determi-na- 
t i on  w a s  made of  t h e  ORR damage l e v e l  needed t o  produce a DBTT s h i f t  i n  
the A212B base metal of t h e  same magnitude as t h a t  observed i n  the  HFIR 
s u r v e i l l a n c e  specimens. Charpy specimens of base metal and weld metal 
were then i r r a d i a t e d  toge the r  a t  6OoC (140°F) t o  t h i s  damage l e v e l  
(-2 X 10l8 n/cm*). It was shown t h a t  t he  DBTT s h i f t s  f o r  the seam-weld 
and nozzle-weld materials were somewhat lower than the  s h i f t  f o r  the  
A 2 1 2 B  base metal. I n  a s ses s ing  the v a l i d i t y  of t he  acce le ra t ed  test as a 
means of assess ing  weld performance, i t  is necessary t o  cons ider  ( 1 )  the  
r e l a t i o n s h i p  between hardening and s h i € t  i n  the  two damage rate regimes 
and ( 2 )  t he  s e n s i t i v i t y  of hardening i n  t h i s  low-temperature regime t o  
m e t a l l u r g i c a l  v a r i a b l e s .  It was shown i n  Sect.  D . 6 . 3 . 2  t h a t  the  magni- 
tude  of the  radiation-induced s n i f t  i n  DBTT f o r  t he  A 2 1 2 B  s t e e l  i s  
d i r e c t l y  p ropor t iona l  t o  the  magnitude of the  radiat ion-induced hardening 
and t h a t  t h e  c o e f f i c i e n t  of p r o p o r t i o n a l i t y  is approximately the  same i n  
both r eac to r s .  In  o t h e r  words, i r r a d i a t i n g  t o  t h e  same increment i n  
y i e l d  stress i n  e i t h e r  r eac to r  w i l l  produce the same s h i f t  i n  DBTT. T h i s  
i n v e s t i g a t i o n  has found no evidence f o r  o t h e r  types of e rnbr i t t l ing  mecha- 
nism, such as radiat ion-induced temper embri t t lement  o r  any form of 
i n t e r g r a n u l a r  or i n t e r f a c i a l  weakening. The observed s h i f t s  i n  DRTT f o r  
base n e t a l  appea r  to be e n t i r e l y  due t o  r a d i a t i o n  hardening i n  both the 
ORR and H F I R  envl  ronrnent s. 

v a r i a b l e s  of composition and micros t ruc ture .  Unfortunately,  i t  is  d i f -  
f i c u l t  t o  e s t a b l i s h  clear and unambiguous t rends  i n  the  l i t e r a t u r e ,  and 
i n  a number of cases, apparent ly  Cont rad ic tory  experimental  r e s u l t s  have 
been repor ted-  In broad terms, the  m e t a l l u r g i c a l  e f f e c t s  can be summar- 
i z e d  as fol lows.  

so lved)  enhance low-temperature embri t t lement .  l 7  23 
have a l s o  been repor ted  t o  enhance low-temperature embri t t lement .  24 The 
e f f e c t s  of o the r  elements are more ambiguous, perhaps because of complex 
e f f e c t s  on var ious  m e t a l l u r g i c a l  f a c t o r s .  
an i n t e r a c t i v e  e f f e c t  between carbon and manganese, i n  p a r t  mediated by 
mic ros t ruc tu ra l  v a r i a t i o n s  a s soc ia t ed  wi th  changes i n  these  elements. 

Law-temperature ernbrit t lement probably depends on me ta l lu rg ica l  

1. There i s  cons iderable  evidence t h a t  carbon and n i t rogen  ( d i s -  
Nickel and copper 

For example, BrumovskyP5 found 
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2. F e r r i t e  i s  more s e n s i t i v e  to  embrit t lement than b a i n i t i c  and 
m a r t e n s i t i c  micros t ruc tures  and p r i o r  cold work decreases  subsequent 
i r r a d i a t i o n  embrit t lement.25 
l a t e  with enhanced embrit t lement i n  some s tud ie s .  16, The effect  af 
coarse  g r a i n  s i z e  on s h i f t s  may i n  p a r t  be due t o  a higher  un i r r ad ia t ed  
t r a n s i t i o n  temperature i n  such s t e e l s ,  which r e s u l t s  i n  a higher  coe f f i -  
c i e n t  r e l a t i n g  hardening t o  sh i f t . 15  Fur ther ,  the  genera l  t rends  i n  
hardening and s h i f t  changes are cons i s t en t  wi th  the  de fec t  s u r v i v a l  model 
(Sect.  D.6.3 .6) .  Clus ter ing  is  reduced i f  more point  de fec t s  are l o s t  t o  
f ixed  s inks.  There may a l s o  be o ther  explana t ions ,  such as e f f e c t s  on 
g r a i n  s t rengthening  and the  superpos i t ion  of p r e i r r a d i a t i o n  and p o s t i r r a -  
d i a t  ion  s t rengthening  mechanisms. 

nominally similar s t e e l s .  16921 

A212),  the  embri t t lement  response can be grouped i n t o  s e n s i t i v e  and l e s s -  
s e n s i t i v e  c lasses .  1 3 ,  l6 
mechanical property and f luence  measurement unce r t a in t i e s .  

responding base metal.16 
embrit t lement s e n s i t i v i t y  than do s e n s i t i v e  p l a t e  materials. 

less a t  low f luences.  16 

i r r a d i a t e d  i n  ORR with the t r ends  f o r  s e n s i t i v e  c o r r e l a t i o n  monitor s t ee l  

Coarse g ra in  s i z e  w a s  also found t o  corre-  

3. There are s i g n i f i c a n t  heat-to-heat embrit t lement v a r i a t i o n s  i n  

4 .  For a range of t y p i c a l  pressure-vessel  s t e e l s  (i.e., A302B and 

Within these  c l a s s e s ,  t he  da t a  overlap wi th in  

5. Weldments may be more s e n s i t i v e  or  less s e n s i t i v e  than the  cor- 
However, welds do not appear t o  have a higher 

6 .  The v a r i a t i o n  of embr i t t l enent  with me ta l lu rg ica l  v a r i a b l e s  i s  

Figure D . 4 1  shows a comparison of the behavior of the H F I R  s t e e l s  
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plates  and d a t a  f o r  a v a r i e t y  of welds taken from the  l i t e ra ture ,16s26  as 
w e l l  as d a t a  f o r  the HFIR welds i r r a d i a t e d  i n  ORR. Flgure D.42 shows 
these  d a t a  i n  the lower f luence  range, along with an upper-bound embri t -  
t lement curve f o r  many steels.16 These resul ts  show t h a t  the  H F I R  A212 
p l a t e  f a l l s  near the  upper l i m i t  on observed i r r a d i a t i o n  s e n s d t i v i t y  i n  
MTR i r r a d i a t i o n s .  However, i n  ORR i r r a d i a t i o n s  the  HFIR welds appea r  t o  
be s l i g h t l y  less s e n s i t i v e  than t h e  p l a t e .  The r e l a t i v e l y  h igher  s ens i -  
t i v i t y  of t he  HFIR A212 p l a t e  is a l s o  observed i n  the  H F I R  s u r v e i l l a n c e  
i r r a d i a t i o n s  (Fig.  D,39), even though a t  h igher  f luences  the  A350 s t ee l  
i s  more s e n s i t i v e  than steels con ta in ing  less nickel.16 Based on these  
obse rva t ions  and the  r a t h e r  t y p i c a l  compositions and micros t ruc tu res  of 
t h e  HFIR welds, t he re  appears  t a  be no b a s i s  to expect a change i n  t h e  
r e l a t i v e  s e n s i t i v i t y  of weld and base metal i n  t r a n s l a t i n g  the  ORR data 
t o  HFIR v e s s e l  i r r a d i a t i o n  condi t ions .  

and the  nozzle  weld undergo DBTT s h i f t s  t h a t  are -85 and -80% ~f t he  
s h i f t s  observed i n  the  A212B base metal. Considerat ion of the r a d i a t i o n  
damage mechanisms involved and the e x i s t i n g  l i t e r a t u r e  suppor ts  t h e  con- 
t e n t i o n  t h a t  t h i s  also r ep resen t s  the r e l a t i v e  behavior of base metal and 
weld m e t a l  i n  the  HPIR environment, 

The r e s u l t s  of t he  ORR acce le ra t ed  t e s t s  show t h a t  t he  A2128 weld 

From Eq. (D.5) the  DBTT s h i f t  fo r  the  seam weld is  represented  by 
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Fig. D.42. DBTT s h i f t  vs the square root  of fluenee ( E  > 1.0 MeV) 
for high-€lux i r r a d i a t i o n s .  Upper-bound l i n e  source:  L. E. S t e e l e ,  
Neutron Irradiation EmbrittZement of Reactor Pressure-Vmzwl Steels,  
Atomic Energy Review, I n t .  Atomic Energy Agency, Vienna, 1969. The A212B 
welds i r r a d i a t e d  i n  ORR f a l l  w e l l  below t h i s  l i ne .  
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A more c o n s e r v a t i v e  approach would be t o  assume similar s e n s i t i v i t y  
between t h e  A212 p l a t e  and weld; t h u s ,  t h e  s h i f t s  f o r  t h e  welds could be 
e s t i m a t e d  from Eq. (D.5). 
cause t h e  A212 has  a near-maximum s e n s i t i v i t y  i n  MTR i r r a d i a t i o n s .  

This  probably r e p r e s e n t s  an upper bound be- 

13.6.3.5 Radia t ion  hardening mechanisms 

The d e f e c t  m i c r o s t r u c t u r e s  t h a t  are r e s p o n s i b l e  f o r  low-temperature 
e inbri t t lement  have not  been c l e a r l y  i d e n t i f i e d  i n  any s tudy  t o  d a t e ,  p r i -  
mar i ly  because of t h e i r  small s i z e  (<1-- t o  2-nn diam). However, i t  is  
be l ieved  t h a t  t h e  d e f e c t s  are small i n t e r s t i t i a l  c l u s t e r s  i n  t h e  form of 
d i s l o c a t i o n  loops  and vacancy c l u s t e r s ,  probably i n  t h e  form of d e p l e t e d  
zones o r  smal l  microvoids.  l7 Unlike some o t h e r  body-centered-cubic and 
most face-centered-cubic  a l l o y s ,  cascade c o l l a p s e  t o  form vacancy loops  
has not  been observed i n  i r o n .  There i s  s u b s t a n t i a l  exper imenta l  (e.g., 
i n t e r n a l  f r i c t i o n ,  p o s i t r o n  a n n i h i l a t i o n ,  s t r a i n  ag ing ,  and a n n e a l i n g )  
and t h e o r e t i c a l  (e.g., computer s i m u l a t i o n s )  evidence t h a t  i n t e r s t i t i a l  
i m p u r i t i e s ,  such as carbon and n i t r o g e n ,  i n t e r a c t  w i t h  t h e  poi l i t  d e f e c t  
c l u s t e r s  t o  form c o r n p l e x e ~ . ~ ~ , ~ ~  
h i g h e r  thermal  s t a b i l i t y  and act a s  s t r o n g e r  d i s l o c a t i o n  b a r r i e r s  than 
t h e  i n t r i n s i c  d e f e c t  c l u s t e r s .  

modeled. The primary damage i s  produced i n  displacement  cascades i n  t h e  
form of small c l u s t e r s  and i s o l a t e d  d e f e c t s .  Experiments t h a t  show no 
e f f e c t  of damage rate over  two o r d e r s  of magnitude of f l u x  i n  i r o n  and 
some mild ~ t e e l s l ~ , * ~  ( s e e  below) have been i n t e r p r e t e d  t o  sugges t  t h a t  
t h e  d e f e c t s  r e s p o n s i b l e  f o r  embr i t t l ement  are formed l o c a l l y  w i t h i n  cas- 
cades ,  perhaps as a consequence of t h e  e v o l u t i o n  of t h e  nascent  cascade 
s t r u c t u r e .  However, i t  is p o s s i b l e  t h a t  n u c l e a t i o n  and growth of c l u s -  
ters  a l s o  occur  o u t s i d e  cascades  (e.g., a t  p o i n t  d e f e c t  t r a p p i n g  s i t e s ) .  
I n  e i t h e r  case, i f  t h e  n e t  damage accumulat ion i s  roughly p r o p o r t i o n a l  t o  
f l u e n c e ,  t h e  c h a r a c t e r i s t i c  exposure dependence can be r a t i o n a l i z e d  on 
t h e  b a s i s  of d i s p e r s e d  b a r r i e r  hardening theory.  For example, f o r  t h e  
loop-hardening model of F l e i s h e r  ,28 t h e  c r i t i c a l  reso lved  s h e a r  stress 
w i l l  depend on t h e  number (N)  and s i z e  ( d )  of t h e  loops  as 

Such complexes a r e  b e l i e v e d  t o  have 

The d e t a i l e d  k i n e t i c s  of c lus te r /complex  format ion  have not  been 

where AT is the s h e a r  stress i n c r e a s e ,  p is  t h e  s h e a r  uodulus ,  and b i s  
t h e  Burgers vec tor .  I f  t h e  loop number d e n s i t y  ( N )  i s  p r o p o r t i o n a l  t o  
the f l u e n c e ,  then  t h i s  model p r e d i c t s  t h a t  hardening i s  p r o p o r t i o n a l  t o  
t h e  s q u a r e  root  of f luence .  Thus, t h i s  model s u p p o r t s  t h e  s q u a r e  r o o t  
c o r r e l a t i o n  of exper imenta l  d a t a  d e s c r i b e d  by Eq. (D .3 ) .  Other  s t r e n g t h -  
ening models and/or  d e f e c t  m i c r o s t r u c t u r e s  g i v e  s l i g h t l y  d i f f e r e n t  re- 
s u l t s .  I f  t h e  number of d e f e c t s  i n  a f i x e d  number of c l u s t e r s  i s  propor- 
t i o n a l  t o  f ,  a f l u e n c e  exponent of p = 0.33 is  p r e d i c t e d ,  weak b a r r i e r s  
g i v e  p = 0.67, and d i f f u s i o n - c o n t r o l l e d  growth of a f i x e d  number of 
s o l u t e  c l u s t e r s  t h a t  act as s t r o n g  b a r r i e r s  y i e l d s  a p .., 0.25. The 
s t r e n g t h e n i n g  a s s o c i a t e d  w i t h  v a r i o u s  p r e i r r a d i a t i o n  and p o s t i r r a d i a t i o n  
m i c r o s t r u c t u r e s  must be p r o p e r l y  supertmposed, t y p i c a l l y  by a l i n e a r  
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a d d i t i o n  f o r  long- and short-range o b s t a c l e s  and a root  mean square r u l e  
sum f o r  weaklshort  range b a r r i e r s .  The assumed supe rpos i t i on  rube can 
a l s o  a f f e c t  t he  nominal f l uence  dependence, However, t he  most s i g n i f i -  
can t  conclusion is t h a t  a l l  of t h e  s i m p l e  models p r e d i c t  a fluelice depen- 
dence of hardeninglembri t t lement  t h a t  is s i g n i f i c a n t l y  less than l i n e a r ,  
c o n s i s t e n t  with observat ion.  

c o r r e l a t e d  as AT (Auy) = fp .  
a t  lower f l u x e s ,  p is gene ra l ly  lower arid ranges from 0.2 t o  0.3.29 

Embrittbement a t  e l eva ted  temperatures  ( i . e . ,  3 0 O O C )  can a l s o  he 
A t  h igh f l u x e s ,  p ranges from 0.35 t o  0.65; 

D.6.3.6 Q r i g i n  of neut ron  f l u x  e f f e c t s  

We are aware of only two systematic s t u d i e s  on the  e f f e c t  of f l u x  on 
low-temperature embri t t lement .  Barton and  collaborator^^^ evaluated har- 
derilng i n  mild steels i r r a d i a t e d  t o  a f luence  of 4 x 1017 n/cm2 a t  f luxes  
from t o  n*cm-2*s-1 over  a range of temperatures.  Minkle and 
c o l l a b o r a t o r s  eva lua ted  the  hardening i n  nominally pure i r o n  over a 
similar f l u x  range f o r  i r r a d i a t i o n s  t o  4 x lo1* n/cm2 a t  -9OOC. 
study revealed any s i g n i f i c a n t  and sys temat ic  e f f e c t  of f lux .  Indeed, 
these  r e s u l t s  lead  t o  the  b e l i e f  t h a t  f l u x  was not a s i g n i f i c a n t  v a r i a b l e  
i n  low-temperature embri t t lement .  More r ecen t ly ,  a study comparing s u r -  
v e i l l a n c e  and tes t  r e a c t o r  i r r a d i a t i o n s  of mild s t e e l s  a t  180°C showed 
g r e a t e r  embri t t lement  f o r  s u r v e i l l a n c e  j - r r ad ia t ions  a t  a f l u x  of -lo8 
n * c r n - * * ~ - ~  than f o r  the r e l a t i v e l y  high-flux MTR i r r a d i a t i o n s ,  30 
angle  neutron s c a t t e r i n g  s t u d i e s  a l s o  showed l a r g e r  i n t e g r a t e d  s c a t t e r i n g  
f rom the  steels i r r a d i a t e d  a t  low f l u x -  

i s  an e f f ec t  of f l u x  f o r  s teels  i n  which the  copper concent ra t ion  is 
>0.15%. A t  low f luences ,  embri t t lement  i nc reases  with decreas ing  f lux .  
This has been i n t e r p r e t e d  as being due t o  the  colnbined e f f e c t s  of flux, 
t i m e ,  and temperature on the  rate of p r e c i p i t a t i o n  of copper.29 

Theore t i ca l  eva lua t ion  of p o t e n t i a l  f l u x  e f f e c t s  i s  d i f f i c u l t  be- 
cause the  b a s i c  processes  are complex and not w e l l  understood and a l s o  
b e c a s e  bas i c  material parameters requi red  f o r  k i n e t i c  modeling are not 
w e l l  def ined .  For example, t h e  vacancy migra t ion  en tha lpy  i n  pure i r o n  
has been va r ious ly  est imated31s3* t o  be -0.6 t o  -1.3 eV.  A t  a teinpera- 
t u r e  of 60"C, t h i s  d i f f e r e n c e  t r a n s l a t e s  i n t o  a d i f f e r e n c e  i n  vacancy 
d i f f u s i o n  c o e f f i c i e n t  Dv of a f a c t o r  of -4 x 10IO. However, f o r  an i m -  
pure s t e e l  (e.g. p conta in ing  many t rapping  s i t e s )  a migrat ion en tha lpy  
(tila) on t h e  o rde r  of 1.2 e V  i s  probably reasonable;  i n  c o n t r a s t ,  i n t e r -  
s t i t i a l  migra t ion  en tha lpy ,  even with t r app ing ,  should be less than -0.8 
eV with nominal. values  of -0.33 e V . 3 3  
sink densities f o r  commercial steels S, - 5 x 1010/cm2, de fec t  r e l a x a t i o n  
times needed t o  approach s teady s ta te  concent ra t ions  can be computed as 

Nei ther  

Small- 

Note t h a t  for higher-temperature i r r a d i a t i o n s  (i.e., -3OOoC),  t he re  

gassed on estimates34 of t y p i c a l  

(D. 10) 

g iv ing  T~ - 2.9 x l o7  s and T~ - 26 s fo r  nominal migrat ion en tha lp i e s  o f  
0.8 and 1.2 eV fo r  i n t e r s  t i t i a l s  and vacancies ,  r e spec t ive ly .  Var Lations 



174 

of s eve ra l  o rders  of magnitude from these  values  could be expected, de- 
pending on the a c t u a l  s ink  d e n s i t i e s  and d i f f u s i o n  c o e f f i c i e n t s  [as w e l l  
as other  complications ( see  below)]. Nevertheless ,  i n t e r s t i t i a l s  would 
be expected t o  r e l a x  t o  quasi-s teady-state  values  f o r  the  t o t a l  micro- 
s t r u c t u r e ,  inc luding  vacancies ,  f o r  both MTR and s u r v e i l l a n c e  i r r a d i a -  
t ions .  However, vacancy concent ra t ions  may o r  may not approach s teady  
s ta te  values  even i n  low-flux i r r a d i a t i o n s  c h a r a c t e r i s t i c  of HFIR sur-  
v e i l l a n c e  condi t ions.  Understanding of the poin t  de fec t  k i n e t i c s  i s  re- 
quired t o  account f o r  the f a t e  of the i r rad ia t ion- induced  de fec t s  ( i .e .  ~ 

l o s s  t o  f ixed  s i n k s  o r  growing c l u s t e r s  r e s u l t i n g  i n  some damage accumu- 
l a t i o n  vs mutual a n n i h i l a t i o n  of vacancies and i n t e r s t i t i a l s  by recombi- 
na t ion ) .  

simple c a l c u l a t i o n  of the frozen-in vacancy s ink  s t r e n  th. A t y p i c a l  
displacement c ross  sec t ion  f o r  water lnoderated spec t rag5  is od 
wi th  an e f f i c i e n c y  f a c t o r  6 of the i n i t i a l  displaced atoms surg iv ing  
immediate l o c a l  r e c ~ m b i n a t i o n ~ ~  of E - 0.4. 
n-cm-* g ives  a t o t a l  vacancy concent ra t ion  of 

The p o t e n t i a l  s ign i f i cance  of recombination can be understood by a 

N 1500b 

Thus, a f luence of f = l0l8 

Nv - u cfNO - 5.2 x 1019/cm3 . 
dPa 

(D.l l )  

Assuming t h a t  a l l  of the vacancies remain i n  the l a t t i c e  and taking the  
i n t e r s t i t i a l  cap ture  radius  of the vacancy a t  5 x lo-* em, t h i s  gives  a 
t o t a l  vacancy s ink  s t r e n g t h  of37 

S, - 4arvNv N 3 . 3  x . (D. 1 2 )  

This is far  i n  excess of the f ixed  s ink  s t r e n g t h  (mostly d i s l o c a t i o n s )  
and even of the l i k e l y  s ink  s t r e n g t h  of defec t  c lusters  t h a t  had evolved 
a s  a consequence of i r r a d i a t i o n .  Thus, i t  is c l e a r  t h a t  i n  t h i s  s i t ua -  
t i o n ,  most of the i r rad ia t ion-genera ted  d e f e c t s  would have been l o s t  t o  
reconbinat ion and would, t he re fo re ,  not be a v a i i a b l e  t o  cause damage. 

It i s  poss ib l e  t o  write the more d e t a i l e d  k i n e t i c  de fec t  balance 
equat ions ,  which can be in t eg ra t ed  t o  c a l c u l a t e  the time-dependent f a t e  
of the i r rad ia t ion-genera ted  de fec t s .  Fur ther  e l abora t ions  - inc luding  
c l u s t e r  nuc lea t ion  and growth, impurity i n t e r a c t i o n s ,  the s t r u c t u r e  of 
the nascent cascade d e f e c t s ,  and s t o c h a s t i c  e f f e c t s  of the d i s c r e t e  t i m e  
and s p a t i a l  cha rac t e r  of the cascade damage - could,  i n  p r i n c i p l e ,  be 
added. C l e a r l y ,  t h i s  i s  beyond t h e  scope of t h i s  work. However, some 
sense of t he  importance of recombination can be determined from the  solu-  
t i o n  of the s i m p l e  s teady s ta te  balance equat ions,  which assume a homo- 
geneous production of i s o l a t e d  defec ts .  In  t h i s  case,  the s i g n i f i c a n t  
parameter i s  the f r a c t i o n  of de fec t s  reaching s inks  (e.g., surv iv ing  
recombination) F( x) , where37 

x = 4 CXG/D~S: , (D. 1 4 )  
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where 

a = recombination parameter -1018/cm2, 

G = v a c a n c y / i n t e t r s t i t i a l  genera t ion  rate = +codpa/s, 

C$ = f l u x  n*cm-2*s-1 ( E  > 1 MeV), 

Dv = vacancy d i € f u s i o n  c o e f f i c i e n t ,  ~ n - ~ * s - l ,  

St = t o t a l  f i xed  s ink  s t r e n g t h ,  

A t  l a r g e  va lues  of x, F ( x )  reduces t o  t he  form 

Using the  parameters l i s t e d  previous ly ,  F(x) can be evaluated f o r  f l u x  
l e v e l s  c h a r a c t e r i s t i c  of J I F I R  s u r v e i l l a n c e  ( 4  - 5 x l o8 )  and ORR 
(+ - 1013) i r r a d i a t i o n s .  
P,,(x) - 0.05 o r  a r a t i o  of surviving d e f e c t s  i n  &FIR about 20 times 
t h a t  i n  ORR. 
p r e d i c t s  a s t r e n g t h  inc rease  roughly proport ioned t o  the  square roo t  of 
t h e  net  d e f e c t  s u r v i v a l ,  embri t t lement  would occur a t  a rate -4.5 t i m e s  
f a s t e r  i n  HFIR than i n  ORR. 

The amount of hardening a s soc ia t ed  wi th  the  su rv iv ing  d e f e c t s  can be 
es t imated  and compared with experimental  observa t ions .  A HFIR f luence of 
f = 1.3 x 1017 n/cm2 corresponds t o  -2 x lo+ dpa or  -6.7 x 
s t i t i a l / v a c a n c y  pairs/cm3. 
the  su rv iv ing  d e f e c t s  are i n  c l u s t e r s  conta in ing  60 d e f e c t s  y i e l d s  -lOI7 
d e f e c t  c l u s t e r s  with diameters  between 1.1 and 1.9 nm (depending on 
whether they are loops or microvoids).  According t o  Eq. (D.9>, t hese  
b a r r i e r s  could r e s u l t  i n  an inc rease  i n  the  c r i t i c a l  resolved shear  
stress of -42 MPa. Assuming a p o l y c r y s t a l  Schmidt f a c t o r  of 2.5 would 
r e s u l t  i n  a pred ic t ed  y i e l d  stress inc rease  of -105 MPa. This i s  c lose  
t o  the  observed value of -75 MPa, sugges t ing  t h a t  the  estimates of t he  
r e t a i n e d  d e f e c t s  can account f o r  t he  observed embrittlernent. 

t i v e  t o  ORK of a f a c t o r  of -3 ,  c lose  t o  the  estimate of the  r a t i o  of 
r e t a i n e d  d e f e c t s  of 4.5. Indeed, t he  c a l c u l a t i o n  probably underest imates  
the  d e f e c t  s u r v i v a l ,  p a r t i c u l a r l y  f o r  ORR, because 

This  g ives  va lues  of FHF ,(x) - 0.98 vs 

Based OD t h e  d ispersed  b a r r i e r  model of hardening t h a t  

f n t e r -  
Assuming t h a t  100% surv ive  and t h a t  50% of 

F igure  D.37 sugges ts  an a c c e l e r a t i o n  of embri t t lement  in HFIK rela- 

1 .  s teady  s ta te  cond i t ions  may not be achieved and i n i t i a l  d e f e c t  sur-  
v i v a l  rates a r e  h igher ;  

2. i n t r i n s i c  c l u s t e r i n g  of cascade vacancies  and a d d i t i o n a l  c l u s t e r i n g  
because of short-range d i f f u s i o n  would decrease  recornbination; 

3. t he  d i s c r e t e  c h a r a c t e r  of cascade damage would reduce bulk recombi- 
na t ion ;  and 

4 .  d e f e c t s  produced d i r e c t l y  i n  cascades,  r a t h e r  than formed by long- 
range d i f f u s i o n ,  may cause much of the embri t t lement .  

F u r t h e r ,  note  t h a t  t he  s i m p l e  deEect s u r v i v a l  model does not exp la in  
much of the observed phenomenology of low-temperature embri t  t lement f o r  
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MTR i r r a d i a t i o n s ,  i n c l u d i n g  t h e  moderate tempera ture  s e n s i t i v i t y  and t h e  
f l u e n c e  dependence a t  h i g h e r  exposures .  F i n a l l y ,  i t  i s  p o s s i b l e  t h a t  
o t h e r  mechanisms a r e  important  i n  one o r  bo th  environments.  For example, 
i r rad ia t ion-enhanced  p r e c i p i t a t i o n  of copper-r ich phases ,  which is known 
t o  be important  a t  h i g h e r  tempera tures ,  may a l s o  occur  f o r  low-flux, low- 
f l u c n c e  i r r a d i a t i o n s  a t  lower tempera tures .  N e v e r t h e l e s s ,  a r e a s o n a b l e  
working h y p o t h e s i s  is t h a t  t h e  d i f f e r e n c e s  i n  HPIK and ORR i r r a d i a t i o n s  
are due t o  recombinat ion and o t h e r  d e f e c t s  d i s c u s s e d  below but  t h a t  t h e  
b a s i c  c h a r a c t e r  of t h e  e f f e c t i v e  damage m i c r o s t r u c t u r e  is similar. 

D.6.3.7 I r r a d i a t i o n  tempera ture  and p o s t i r r a d i a t i o n  a n n e a l i n g  

The e f f e c t  of i r r a d i a t i o n  tempera ture  on embr i t t l ement  below w200°C, 
r e p o r t e d  i n  t h e  l i t e r a t u r e ,  is modest. 
have y i e l d e d  c o n t r a d i c t o r y  r e s u l t s  - s u g g e s t i n g  i n c r e a s e s ,  d e c r e a s e s ,  o r  
no e f f e c t  on embr i t t l ement  f o r  i r r a d i a t i o n  tempera ture  i n c r e a s e s  from -60 
t o  1 5 O O C .  The l a c k  of a s t r o n g  tempera ture  dependence has  been i n t e r -  
p r e t e d  t o  i n d i c a t e  t h a t  most of t h e  e m b r i t t l i n g  d e f e c t s  are produced 
l o c a l l y  i n  cascades and, t h u s ,  are not s u b j e c t  t o  k i n e t i c  f a c t o r s  a s s o c i -  
a t e d  w i t h  long-range d e f e c t  m i g r a t i o n  and c l u s t e r  n u c l e a t i o n  and growth 
tnechanisrns. However, t h e r e  are two o t h e r  e x p l a n a t i o n s  f o r  such behavior :  
(1) c o n d i t i o n s  of t h e  experiment are such t h a t  r e l a x a t i o n  times f o r  
c r i t i c a l  processes  are not  t r a n s g r e s s e d  and ( 2 )  p a r a l l e l ,  s e q u e n t i a l  and 
competing mechanisms have d i f f e r e n t  tempera ture  dependencies  t h a t ,  i n  
e f f e c t ,  cance l  each o t h e r .  

t i a l  decrease  i n  hardening a t  a l l  f l u x  l e v e l s  f o r  i n c r e a s e  i n  tempera ture  
i n  the  range of 100 t o  2OOOC. I n  c o n t r a s t ,  a number of d a t a  sets15 sug- 
g e s t  a ~ i  i n c r e a s e  i n  embr i t t l ement  i n  going from -60 t o  150OC. This be- 
h a v i o r  i s  c o n s i s t e n t  wi th  the  common o b s e r v a t i o n  of i n c r e a s e  i n  s t r e n g t h  
f o r  i n t e r m e d i a t e  temperature  a n n e a l s  (-150 t o  2 O O 0 C )  of steels i r r a d i a t e d  
a t  lower tempera tures  (<lOO°C). 17, 2 3  This  phenomenon, c a l l e d  " r a d i a t i o n  
annea l  hardening' '  (RAH), has been i n t e r p r e t e d  t o  be a consequence of 
enhanced i n t e r a c t i o n s  of i n t e r s t i t i a l  i m p u r i t i e s  (C,N) w i t h  p o i n t  d e f e c t  
c l u s t e r s  and/or  enhanced d e f e c t  c l u s t e r i n g .  Both mechanisms would l e a d  
t o  s t r o n g e r  d i s l o c a t i o n  b a r r i e r s  and, t h u s ,  i n c r e a s e d  hardening.  These 
mechanisms could a l s o  become o p e r a t i v e  a t  t h e  longer  t i m e s  a s s o c i a t e d  
wi th  t h e  WFIR s u r v e i l l a n c e  i r r a d i a t i o n s .  Based on a f a c t o r  of roughly 
5 x lo4  i n  damage rate between t h e  HFIK and ORR i r r a d i a t i o n s  and assuming 
a 1 0 0 O C  tempera ture  d i f f e r e n c e  i s  r e q u i r e d  t o  produce RAJl f o r  high-f lux 
i r r a d i a t i o n s ,  p r o c e s s e s  with an  a c t i v a t i o n  energy of up t o  1.2 e V  could 
enhance embri t t lernent  f o r  low-flux i r r a d i a t i o n s .  

The p o s t i r r a d i a t i o n  annea l ing  ( P I A )  experiments  a l s o  g i v e  v a r i a b l e  
r e s u l t s  f o r  recovery tempera tures  and times. 1 6 - 1 8 ,  239 38 P a ~ h u r ~ ~  has 
r e p o r t e d  f o u r  recovery s t a g e s  wi th  t h e  lowest  tempera ture  a t  ~ 2 5 0 ' C  and 
t h e  h i g h e s t  temperature  of - 4 O O O C  f o r  complete recovery.  I n  g e n e r a l ,  
e x i s t i n g  d a t a  sugges t  t h a t  t h e  s i g n i f i c a n t  recovery of p r o p e r t i e s  t a k e s  
p l a c e  i n  t h e  range of 300 t o  350°C. The P I A  behavior  i s  l i k e l y  t o  be a 
f u n c t i o n  of t h e  i r r a d i a t i o n  and m e t a l l u r g i c a l  v a r i a b l e s .  Most annea l ing  
d a t a  a r e  f o r  r e l a t i v e l y  high exposures .  However, t h e  p r e l l m i n a r y  anneal - 
i n g  d a t a  f o r  t h e  A212B s tee l ,  descr ibed  i n  Sec t .  D.6.2.6, are c o n s i s t e n t  

Indeed,  v a r i o u s  s t u d i e s  16, 1'7,2y 

The low-fluence d a t a  f o r  mild steels of Barton27 showed a substan-  
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w i t h  the l i t e r a t u r e  d a t a  w i t h  recovery  heginning a t  -300°C and b e i n g  
complete a t  375OC. 

D.6.4 SUMMARY 

The results of t h i s  b r i e f  s t u d y  can be summarized as fo l lows .  
1. The observed changes i n  t h e  toughness of the H F I R  pressure-  

v e s s e l  materials are caused by r a d i a t i o n  hardening.  The s h i f t  i n  DBTT i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  y i e l d  stress; t h e  c o n s t a n t  o f  
p r o p o r t i o n a l i t y  i s  similar f o r  both H F I R  and DRR i r r a d i a t i o n s  and i s  COIL- 

s i s t e n t  w i t h  v a l u e s  found f o r  a v a r i e t y  of p r e s s u r e - v e s s e l  materials 
i r r a d i a t e d  i n  MTRs. 

occurs  between 300 and 350°C, c o n s i s t e n t  w i t h  l i t e r a t u r e  d a t a  on v a r i o u s  
p r e s s u r e - v e s s e l  m a t e r i a l s  i r r a d i a t e d  i n  MTRs 

3. P o s t i r r a d i a t i o n  examinat ion of H F I R  s u r v e i l l a n c e  specimens,  
u s i n g  TEM, f i e l d  i o n  microscopy, and SANS, f a i l e d  t o  r e v e a l  t h e  d e f e c t s  
r e s p o n s i b l e  f o r  t h e  observed hardening ,  implying t h a t  t h e  d e f e c t s  are <3 
nm i n  d iameter  and a t  a c o n c e n t r a t i o n  of t h e  o r d e r  of 1017/cm3. 

4. It is demonstrated from y i e l d  stress measurements that the 
d e g r e e  of r a d i a t i o n  hardening per  u n i t  of neut ron  f l u e n c e  i s  a f a c t o r  of 
-3 h i g h e r  f o r  HFIK s u r v e i l l a n c e  materials t h a n  f o r  t h e  same materials 
i r r a d i a t e d  i n  ORR. ThLs i s  a new and unexpected r e s u l t  and is r e l a t e d  
t o  the f a c t o r  of - lo5 lower n e u t r o n  f l u x  i n  t h e  HFIR environment,  

b a s i s  of b o t h  h i g h e r  p o i n t  d e f e c t  s u r v i v a l  from recombinat ion and en- 
hanced c l u s t e r i n g  and i n t e r a c t i o n  of d e f e c t  c l u s t e r s  w i t h  i n t e r s t i t i a l  
i mpu r i t i es e 

square  rooI; dependence on f luet ice  c o n s i s t e n t  wi th  both d i s p e r s e d  b a r r i e r  
hardening  theory  and t h e  l a r g e  body of d a t a  d e r i v e d  from MTR i r r a d i a t i o n s .  

7. I r r a d i a t i o n s  i n  ORR i n d i c a t e  t h a t  t h e  s imula ted  HFIR welds a r e  
somewhat less s e n s i t i v e  t o  r a d i a t i o n  embri t t lernent  than t h e  p l a t e  mate- 
r ia l s .  This  is c o n s i s t e n t  wi th  d broad body o f  l i t e r a t u r e  d a t a  which 
i n d i c a t e  t h a t  f o r  r a d i a t i o n - s e n s i t i v e  s tee l s ,  welds do not  have a h igher  
tendency toward e m b r l t t l e a e n t  t h a n  p l a t e  material. 

8. C o n s i d e r a t i o n  of r a d i a t i o n  hardening mechanisms and damage-rate 
e f f e c t s  s u p p o r t s  the argument t h a t  t h e  r e l a t i v e  behavior  of weld metal 
and base m e t a l  is probably t h e  same i n  bo th  t h e  HFIR and ORR eaviron- 
ment s 

9. T h e  observed f l u x  e f f e c t  could p o s s i b l y  l e a d  t o  unexpected 
Levels of hardening i n  p r e s s u r e - v e s s e l  suppor t  s t r u c t u r e s  i n  commercial 
n u c l e a r  power p l a n t s ,  

2, During PIA, s i g n i f i c a n t  recovery of the i r r a d i a t e d  A21213 

5. Enhanced hardening  a t  low f l u x e s  can be r a t i o n a l i z e d  on t h e  

6 .  The hardening and t h e  DBTT s h i f t s  i n  t h e  HFIK m a t e r i a l s  f o l l o w  a 

D. 7 SUKVE:CLJANCE PROGRAM FOR HFIK REOPERATION (R. K. Nanstad, 
J. R. McWherter, and D. M. FlcGinty) 

As d i s c u s s e d  i n  Sect .  D.2 ,  t h e  e x i s t i n g  HFIK s u r v e i l l a n c e  program 
is  d e s c r i b e d  i n  d e t a i l  i n  R e f .  1. The o r i g i n a l  program was designed t o  
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accommodate an approximate ope ra t iona l  l i f e t i m e  of -20 EFYY. As a r e s u l t  
of the H F I R  ves se l  eva lua t ion  discussed i n  t h i s  r e p o r t ,  the  s u r v e i l l a n c e  
plan r equ i r e s  modi f ica t ions  t o  accommodate the  need f o r  weld-metal sur -  
v e i l l a n c e ,  as wel l  as t o  extend the opera t ing  l i f e  of the ves se l  beyond 
the  o r i g i n a l  2Q-EFPY des ign  l i f e .  

The revised HFIR s u r v e i l l a n c e  p lan  is  c u r r e n t l y  i n  p repa ra t ion  and 
w i l l  be publ ished as a separate document. The bas i c  concepts of the  
p lan ,  however, have been formulated wi th  a view toward an extended l i f e -  
t i m e  of -10 EFPY. The e x i s t i n g  s u r v e i l l a n c e  program w i l l  be maintained 
as the  foundat ion of the  revised plan i n  t h a t  the  e x i s t i n g  capsule  de- 
s i g n ,  capsule  ho lde r s ,  key l o c a t i o n s ,  and tes t  specimen type (CVN impact) 
w i l l  remain the  same. The remaining s u r v e i l l a n c e  specimens i n  the  reac- 
t o r  have been inven to r i ed  and t h e i r  exposure l e v e l s  noted. Because the  
number of A350 LF3 specimens remaining i s  r e l a t i v e l y  low, they w i l l  be 
combined and t racked  as one group. This seems reasonable  because both 
the HB2 and HB3 forg ings  were f a b r i c a t e d  from the  same hea t  of steel  and 
have shown almost i d e n t i c a l  response t o  i r r a d i a t i o n  i n  the HFIR. 

modate a 10-EFPY extens ion;  however, the  specimens t e s t e d  t o  d a t e  were 
removed frorn l o c a t i o n s  of higher  f l u x  i n  keys 6 and 7. For t h e  revised 
p lan ,  remaining specimens w i l l  be r e loca ted  t o  pos i t i ons  of higher  f l u x ,  
and e x i s t i n g  exposures f o r  each capsule  w i l l  be noted and accounted f o r  
when removed from the  r e a c t o r  f o r  t e s t i n g .  S u f f i c i e n t  numbers of speci- 
mens of A105 a l s o  e x i s t  f o r  the  rev ised  plan and w i l l  be moved i n  a man- 
ner similar t o  t h a t  f o r  the  A212B. 

a r c  nozzle  q u a l i f i c a t i o n  weld, only u n i r r a d i a t e d  material is a v a i l a b l e  
f o r  use i n  su rve i l l ance .  Specimens w i l l  be placed i n  s u r v e i l l a n c e  loca- 
t i o n s  t h a t  w i l l  a l low f o r  exposure a t  f l uxes  perhaps as high as f i v e  
times g r e a t e r  than the  a c t u a l  welds i n  the  vesse l .  This w i l l  al low f o r  
some a c c e l e r a t i o n  of exposure but a t  low enough f a c t o r s  t o  m i t i g a t e  dose- 
r a t e  e f f e c t s .  Examination of Fig. D.6 shows t h a t  an exposure equiva len t  
t o  -2 or 3 EFPY g ives  ANDT r e s u l t s  t h a t  f a l l  i n  the  l i n e a r  range of ANDT 
vs EPPY. Thus, weld-metal specimens placed i n  s u r v e i l l a n c e  loca t ions  
with a neutron f l u x  o f ,  say ,  t h ree  times the  f l u x  a t  t he  a c t u a l  v e s s e l  
weld, would show an NDT s h i f t  equiva len t  t o  -3 EFPY a f t e r  only 1 year of 
exposure. I n  t h a t  way, t he  s u r v e i l l a n c e  program f o r  t he  welds can "catch 
up" w i t h  t h e  program f o r  the  base metals over t he  p ro jec t ed  l i f e  exten- 
s i o n  per iod of 10 EFPY. It is  a n t i c i p a t e d  t h a t  some specimens would a l s o  
be loca ted  i n  p o s i t i o n s  t h a t  provide no a c c e l e r a t i o n  f o r  purposes of 
v a l i d a t i o n  i n  the la ter  years  of t h e  program. 

s ion  i n  the  program was considered but r e j e c t e d  l a r g e l y  because of the  
developmental a c t i v i t i e s  a s soc ia t ed  wi th  the  procedure. Welding of 
i r r a d i a t e d  specimens r equ i r e s  maintaining t h e  specimen a t  low-enough 
temperatures  t o  m i t i g a t e  anneal ing of r a d i a t i o n  damage. Because the HFIR 
s u r v e i l l a n c e  specimens were i r r a d i a t e d  a t  120°P, t h a t  requirement would 
be expensive t o  develop, e s p e c i a l l y  f o r  handl ing of i r r a d i a t e d  mater ia l .  
Techniques f o r  adhesive j o i n i n g  have been inves t iga t ed  and w i l l  be 
pursued, but t he  s u r v e i l l a n c e  program now under development and descr ibed 
i n  t h i s  s e c t i o n  i s  considered adequate. 

S u f f i c i e n t  numbers of A212B specimens e x i s t  i n  the  r eac to r  t o  accom- 

For the  submerged-arc reproduct ion seam weld and the  sh i e lded  metal- 

Recons t i tu t ing  previous ly  t e s t e d  s u r v e i l l a n c e  specimens f o r  inc lu-  
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There is cons ide rab le  i n t e r e s t  ba th  from t e c h n i c a l  cons ide ra t ions  
and from a r e sea rch  perspec t ive  for t he  i n c l u s i o n  o f  t e n s i l e  specimens to 
monitor t h e  r a d i a t i o n  damage. That course w i l l  be pursued but not as a 
p a r t  of t he  formal s u r v e i l l a n c e  program. There is a body of opinion t h a t  
more r e l i a b l e  d a t a  regard ing  r a d i a t i o n  damage of pressure-vessel  steels 
can be obtained wi th  t e n s i l e  p r o p e r t i e s  and hardness than wi th  Ckarpy 
impact specimens. There are conceptual  p lans  f o r  i n c l u s i o n  of  subs i ze  
t e n s i l e  specimens as p a r t  of a research  s u r v e i l l a n c e  program because of 
the  high i n t e r e s t  i n  the  dose-rate  observa t ions  from t h i s  eva lua t ion .  
The observa t ions  of s i g n i f i c a n t l y  h igher  than expected embr i t t l enen t  
rates for the low-temperature, low-flux conditioris i n  HFIR have d i r e c t  
imp l i ca t ions  f o r  some components ou t s ide  the  v e s s e l  i n  some commercial. 
LWRs. HFIR rep resen t s  a unique s i t u a t i o n  because -20 years  of exposure 
have a l ready  been accumulated and evaluated.  

t o  ope ra t ing  r e a c t o r s  i n  the  publ ic  s e c t o r  for normal ope ra t ion  and opera- 
t i o n s  considered under l i f e  ex tens ion  programs. 

l ance  program f o r  reopera t ion .  The f i n a l  concept and d e t a i l s  o f  t h e  
program w i l l  be publ ished sepa ra t e ly .  

Thus, p u r s u i t  of research  programs i n  t h i s  area has d i r e c t  re levance  

The above r ep resen t s  a pre l iminary  d i scuss ion  of the  HFIR s u r v e i l -  
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Appendix E 

NEUTRON DOSIMETRY ANALYSIS 

R. L. Childs  F. B. K. K a m  
R. E. Maerker W. A. Rhoades 

L. R. Williams 
C. A, Baldwin 

Eel INTRODUGTLON 

A v e s s e l  materials s u r v e i l l a n c e  program f o r  the  High Flux Iso tope  
Reactor (HFIR) has been under way s i n c e  r e a c t o r  s t a r t u p ,  as d iscussed  i n  
Sect .  3. E s s e n t i a l  parameters i n  t h e  eva lua t ion  of t he  r a d i a t i o n  damage 
are the  neutron f l u x  ($1, or  f luence  r a t e ,  f o r  E > 1.0 MeV and E > 0.1 
MeV; and $(E)adE, displacements  per atom p e r  second (dpa /s ) ,  where B i s  

t h e  dpa microscopic neutron c ross  sec t ion .  The dosimetry sensors  used 
cons i s t ed  of 3-cm-long s t a i n l e s s  s teel  ( type  304) notch plugs t h a t  were 
i n s e r t e d  i n t o  t h e  V-notched grooves of t h e  Charpy specimens (F ig .  E.1). 
Af t e r  removal from the  r e a c t o r ,  the  s t a i n l e s s  s tee l  dosimeters  were 
assayed t o  determine t h e  a c t i v i t i e s  of 58C0, 54Mn, and 6oCo Erorn the  
58Ni(n,p)58Co, S4Fe(n,p)54Mn, and 59Co(n, Y ) ~ O C O  r e a c t i o n s ,  r e spec t ive ly .  
American Socie ty  f o r  Tes t ing  and Materials (ASTM) Standards E181-82, 
E263-82, E264-82, and E262-85 were used t o  determine the  a c t i v i t i e s  a t  
t h e  t i m e  of removal from the  r eac to r .  

I n  pa ra l l e l  wl th  the  experimental  de te rmina t ion  of the  neutron 
exposure,  t he  neutron f luence  rates and t o t a l  neutron f luenccs  were ca l -  
cu la t ed  a t  a l l  important  l o c a t i o n s  of the  PV by using two- and three-  
dimensional (2- and 3-D) d i s c r e t e  o rd ina te s  t r a n s p o r t  ana lys i s .  The cal- 
cu la ted  r e a c t i o n  rates f o r  t h e  58Ni(n,p)58Co and 54Fe(n,p)54Mn threshold  
senso r s  were compared wi th  t h e  measurements t o  ob ta in  an estimate € O K  t he  
u n c e r t a i n t y  of the  ca l cu la t ions .  The c a l c u l a t i o n s  were then combined 
with t he  measurements t o  o b t a i n  t h e  bes t  estimate of t h e  exposure parame- 
ters at: a l l  po in t s  oE i n t e r e s t ,  inc luding  l o c a t i o n s  where no measurements 
were a v a i l a b l e  ( see  Sect .  E.5).  

A cross-sec t iona l  view of HFIR a t  the  h o r i z o n t a l  midplane of the  
r e a c t o r  core is shown i n  Fig. E.2, and the  v e r t i c a l  view is  given i n  
F ig .  E. 3. The three-dimensional d i s c r e t e  o r d i n a t e s  code TORT1 was 
adopted f o r  t he  HFIR c a l c u l a t i o n s  t o  mock-up the  beam holes ,  

program, an i r r a d i a t i o n  t a s k  was i n i t i a t e d  a t  the Oak Ridge Research 
Reactor (ORR) t o  determine the i r r a d i a t e d  toughness of t he  HFLR longi-  
t u d i n a l  and c i r c u m f e r e n t i a l  welds. This t a s k  required a dosimetry 
experiment a t  ORR t o  c o r r e l a t e  t h e  d a t a  a t  t he  two r eac to r s .  The QRR 
dosimetry r e s u l t s  are repor ted  i n  Sect.  E . 3 .  

k 

Because no weld materials were included i n  the  HFIR s u r v e i l l a n c e  

E.2. MKTMOU OF NEUTRON FLUENCE RATE CALCULATION FOR 
THE ORK LKRADIATIONS 

The ORR c a l c u l a t i o n s  involved (1) t h e  use of VENTURE, a 3-D d i f f u -  
s i o n  code, t o  o b t a i n  t h e  f i s s i o n  source d i s t r i b u t i o n  f a r  Cycle 178-DX2 
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and ( 2 )  t h e  use of t h e  DOT-IV and 

specimen c o n t a i n e r  assembly. 

PAISN, 2-D and one-dimensional (1-D)  
d i s c r e t e  o r d i n a t e s  t r a n s p o r t  codes ,  r e s p e c t i v e l y ,  t o  o b t a i n  n e u t r o n  f l u -  
e n c e  rates th roughou t  ORR, as w e l l  as i n  the water beyond the aluminum 
window. Three-dimensional f l u x e s  were s y n t h e s i z e d  from t h e  r e s u l t s  of 
t h e  lower-order d imens iona l  t r a n s p o r t  c a l c u l a t i o n s  by a procedure pre-  
v i o u s l y  benchmarked a g a i n s t  t h e  PCA2 and PSF3 experiments .  
d u r e  c o n s i s t s  of d e r i v i n g  t h r e e  "channel" s o u r c e s  from t h e  r e s u l t s  of t h e  
d i f f u s i o n  c a l c u l a t i o n :  

This  proce- 
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/SEAM WELD 

Fig .  E.2. Horizonta l  midplane view of HFIR.  

where x 
S ( X , U , Z f  is the  3-D VENTURE source,  and the  left-hand s i d e s  represent  t he  
channel sources  f o r  each of t h r e e  d i s c r e t e  o rd ina te s  t r a n s p o r t  ca l cu la -  
t ions.  

The f luxes  from t hese  t h r e e  c a l c u l a t i o n s  were combined t o  form 
synthes ized  3-D f l u x e s :  

i s  the  normalized spectrum from thermal-neutron fission of U-235, 



118 

296 

ORNL-DWG 87 ~ ~ 4 6 7 3  ETD 

LIFTING LUG- I-. 

ELEV. 830 f t  11 in. 

-LIFTING LUG 

OOLANT INLET 

2 718-in.---THICK -y RABBIT HOLES 

INSTRUMENT THIMBLE 

2_A-212-B CARBON STEEL 

STAINLESS CLADDING 

STAINLESS CLAD 
CARBON STEEL -CORE SUPPORT 

/..-COOLANT E X I T  
NOZZLE (1) 

l C O N C R  ETE 

~~ ~ 

BOTTOM HEAD 

Fig. E . 3 .  Vertical cross s e c t i o n  of HFIR.  



187 

where 

$g(X,Y) = t he  s o l u t i o n  t o  the  Boltzman t r a n s p o r t  equat ion  using 

0 (Y,%) = t he  s o l u t i o n  t o  the  Boltzman t r a n s p o r t  equat ion  using 

Sg(X,Y) , 

Sg(Y,Z), 
g 

4 (Y) = t he  s o l u t i o n  t o  t h e  Boltzman t r a n s p o r t  equat ion using 
g Sg(Y) 0 

I n  t h e  above equat ion ,  Y i s  the  h o r i z o n t a l  dimension i n  t h e  d i r ec -  
t i o n  of t he  ORR rows, X is t h e  h o r i z o n t a l  l a t e ra l  dimension, and Z is  t h e  
v e r t i c a l  dimension. The geometries f o r  the  t r a n s p o r t  c a l c u l a t i o n s  repre- 
sent appropr i a t e  slices through t h e  3-D geometry. 

A c t i v i t i e s  were a l s o  synthes ized:  

an opera t ion  t h a t  was more r e a d i l y  performed and v i r t u a l l y  i n d i s t i n g u i s h -  
a b l e  from the more r igorous  express ion  

where Q i s  t h e  dosimetry c ros s  s e c t i o n  and 6 ( X , Y , Z )  i s  t h e  synthes ized  
f lux .  g g 

The d i s c r e t e  o r d i n a t e s  c a l c u l a t i o n s  used cross sections based. on t h e  
ELXSIR l i b r a r ~ , ~  and they were followed i n  decreas ing  energy s t e p s  
through the  f i r s t  38 groups  (0.1 C E 6 17.3 MeV). 

used t o  desc r ibe  t h e  ORR geometry i n  the  VENTURE c a l c u l a t i o n  is shown i n  
Fig. E.5. The DOT geometr ies  employed the  same mesh with an a d d i t i o n a l  
refinement i n  the  A-9 geometry t h a t  desc r ibes  the specimen and sensor  
o r i e n t a t i o n  i n  accu ra t e  d e t a i l  (Fig. E.6). The l a t t e r  n e c e s s i t a t e d  
r ede f in ing  the  VENTURE source  r e s u l t s ,  which d id  not use t h i s  reflned 
geometry, i n  terms of the  r e f ined  mesh used  i n  the  t r a n s p o r t  ca lcu la-  
t i ons .  

The loading oE Cycle 178-DX2 is shown i n  Fig. E.4. The 3-D mesh 

E . 3  NEUTRON EXPOSURE PARAMETM RESULTS FOR ORR 
IRRAD I AT I O N S  

Four capsules  were i r r a d i a t e d  i n  the  ORK A-9 p o s i t i o n  i n  support  of 
the H F I R  PV I n t e g r i t y  Evaluat ion.  Each capsule  was i d e n t i c a l  t o  t he  one 
shown i n  Fig. E-7 .  The first capsule  i r r a d i a t i o n  was p r imar i ly  a dosime- 
t r y  experiment t h a t  w a s  combined with the  t r a n s p o r t  c a l c u l a t i o n s  t o  pro- 
vide a neutron s p e c t r a l  c h a r a c t e r i z a t i o n  of t he  m e t a l l u r g i c a l  i r r a d i a t i o n  
capsules  t h a t  followed. 
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The t r a n s p o r t  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  v a r i a t i o n  of t h e  neu- 
t r o n  exposure parameters ,  f l u e n c e  rates (E > 1.0 M e V  and E > 0.1 M e V ) ,  
and dpa /s ,  w a s  very small throughout  t h e  i r r a d i a t i o n  volume. The dosime- 
t r y  measurements f o r  c a p s u l e  1 are g iven  i n  Table  E.1, and t h e  r e s u l t i n g  
neut ron  exposure parameters  d e r i v e d  from combining t h e  measurements and 
c a l c u l a t i o n s  are g i v e n  i n  Table  E.2. I n  t h e  dosimetry exper iment ,  
dos imet ry  s e n s o r s  were i n s e r t e d  i n  dummy Charpy specimens where t h e  
neut ron  exposure parameters  were r e q u i r e d  and i n  a l o c a t i o n  a d j a c e n t  t o  
Charpy l o c a t i o n s .  It was necessary  t o  o b t a i n  t h e  r a t i o  of t h e  s e n s o r s  
between t h e  two l o c a t i o n s  because i n  t h e  subsequent  m e t a l l u r g i c a l  i rra- 
d i a t i o n s  i t  was not  f e a s i b l e  t o  p l a c e  s e n s o r s  i n  t h e  Charpy specimens. 

I n  t h e  t h r e e  m e t a l l u r g i c a l  i r r a d i a t i o n s  t h a t  fo l lowed,  dos imet ry  
s e n s o r s  were i n s e r t e d  a d j a c e n t  t o  Charpy specimens,  and t h e  r a t i o s  from 
the  dos imet ry  c a p s u l e s  above were used t o  o b t a i n  t h e  magnitude of t h e  
neut ron  exposure parameters  i n  t h e  Charpy specimens. The neut ron  expo- 
s u r e  r e s u l t s  of c a p s u l e s  2 ,  3 ,  and. 4 are g iven  i n  Tables  E.3-45.8. The 
average  f l u e n c e  rate ( E  > 1.0 MeV) f o r  t h e  t h r e e  c a p s u l e s  was 9.59 E+12 
with a one s t a n d a r d  d e v i a t i o n  of 4.2% (Table  E.9). 

E.4 NEUTRON FLUENCE RATE DETERMINATION FOR THE HFIR 
VESSEL AND SURVEILLANCE SPECIMENS 

The s t reaming of neut rons  through t h e  beam tubes i n  H F I R  i n c r e a s e s  
t h e  f l u e n c e  r a t e  i n  c r i t i c a l  s t r u c t u r a l  areas near  t h e  j u n c t u r e  of t h e  
tubes  and t h e  r e a c t o r  v e s s e l .  The purpose of t h i s  c a l c u l a t i o n  was t o  
de te rmine  t h e  f l u e n c e  rate i n  t h o s e  areas. 

The c a l c u l a t i o n  used an  in te rmedia te -source  s u r f a c e  procedure 
developed f o r  Department of Defense a p p l i c a t i o n s .  F i r s t ,  a 2-D d i s c r e t e  
o r d i n a t e s  n e u t r o n i c s  c a l c u l a t i o n  determined t h e  f l u e n c e  r a t e  throughout  
t h e  unperturbed system. A s o u r c e  s u r f a c e  was d e f i n e d  e n c l o s i n g  each beam 
t u b e  and s e v e r a l  c e n t i m e t e r s  of sur rounding  water. The a n g u l a r  f l u e n c e  
r a t e  e n t e r i n g  t h e  enc losed  volume was determined by remapping t h e  2-D 
d a t a  i n  both s p a t i a l  and d i r e c t i o n a l  c o o r d i n a t e s .  The water surrounding 
t h e  tube  i n s i d e  t h e  s u r f a c e  ensured t h a t  t h e  r e f l e c t i o n  back a c r o s s  t h e  
s u r f a c e  would be r e l a t i v e l y  unperturbed by t h e  a d d i t i o n  of t h e  tube. 

s p e c i f i e d  i n s i d e  t h e  source  sur face .  A h o r i z o n t a l  s e c t i o n  through the  
mock-up of h o r i z o n t a l  beam tube  (RB-2) i s  shown i n  Fig. E.8. The t u b e  
ex tends  from t h e  c i r c u l a r  r e f l e c t o r  zone on t h e  extreme l e f t ,  through t h e  
water r e g i o n ,  and outward through a suppor t  c o l l a r  and t h e  e x i t  n o z z l e  
a r e a  a t  t h e  r i g h t .  The cross-hatched zone curv ing  upward a t  t h e  r i g h t  i s  
t h e  r e a c t o r  v e s s e l .  The geometr ic  t rea tment  of HB-3 and 11B-4 was q u i t e  
s i m i l a r  (Figs .  E.9 and E. lO)  except  t h a t  both s i d e s  of t h e  tube were 
r e q u i r e d ;  on ly  a symmetr ical  h a l f  w a s  r e q u i r e d  f o r  HB-2. A s e p a r a t e  
mock-up of HB-1 w a s  not  r e q u i r e d  because Its geometry was a m i r r o r  image 
of HB-4. An extended t rea tment  of NB-4 ( d e s i g n a t e d  HB-4x) (Fig.  E . 1 1 )  
used a somewhat c o a r s e r  mesh t o  a l low e x t e n s i o n  of t h e  problem f a r t h e r  
around t h e  curve of t h e  r e a c t o r  v e s s e l  t o  i n c l u d e  t h e  seam weld. 

F igure  E.12 shows a c r o s s  s e c t i o n  of t h e  tube through the  support  
c o l l a r .  From t h e  c e n t e r  outward, t h e  materials i n  the  zones are a v o i d ,  

A 3-D geometr ic  mock-up of t h e  tube and t h e  sur rounding  m a t e r i a l  w a s  
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Table E.l. Neutron dosimetry measurements in O W  si-9 c o r e  l o c a t i o n  - Capsule 1 (dosimetry experiment) 

A c z i v i t i e s  per  n i l l i g r s m  of dos ime te r  zt t he  end of irradiation 
(Bq/mg) 

Dosimeter 

b 
Capsule axial 

locat ion '  l o c a t i o n  
39Np( n, f l4 'Ba 23 %(n, f 1 I4OBa 5*Ni (n , p )  5*C0 54Fe (n , p) 54?p,n 45Ti( n , p )  46Sc 63Cu(n, a) $Co 2 7 ~  ( n  , a)2r?Jae 5 9  Co (n ,y\lSo Coc s4 Fe( n , p)54Mnd 5 8  Ni (n , p ) 5 8  Cod 

CSle -11.132 2.70E4 5.280E3 1.24E4 1.78E2 1.73E2 2.31 3.0464 1.30E2 

CS3Q 4.133 2.88E4 4.84033 l.llE4 1.61E2 1.38E2 2.65E4 1.0762 1.1632 1.03E3 
CS3Q -5 .632 3.0964 5.04023 1.18E4 1.8632 I .  b0E2 2.90E4 i.30E2 1.23E2 l.llE3 
CS3Q -11.132 2.57X4 5. B0E3 1.21E4 1.87E2 1.5OE2 2.8934 1.2582 1.26E2 1.14E3 
cs3" -16.631 2.96E4 4.85333 1.l5E4 I. 82E2 1.4hE2 2.00 2.7424 1.10E2 

CS5e -11.132 2.78E4 4. WOE3 I. 04x4 1.75E2 1.46E2 2.05 2.7034 l.lOE2 

GW 1 
GW I 
GWI. 
GW 1 

GW2 
GW2 
GW2 
GW2 

-0.133 
-5.632 
-11.132 
-16.63 1 

-0.133 
-5.632 
--11.:32 
--16.531 

GW3 -0.133 
GW3 -5.632 
GW3 --11.132 
GW3 -16.631 

GW4 -9.133 
GU4 -5 .632 
GW4 -1 1. I32 
GW4 -15.631 

GW5 -0.133 
Gw5 -5.632 
GW5 -11.132 
w 5  -15.631 

I. 3424 
1.1034 
1.15E4 
1.08E4 

1.12E4 
1. i8E4 
1.1664 
i.16E4 

1 * ME2 
1.6682 
1.59E2 
1.65E2 

1.6932 
1.84Z2 
1.82E2 
1.71E2 

1.4962 
L.5OE2 
1.54E2 
1.35E2 

1.51E2 
I. 64E2 
1.53B2 
1.46E2 

1.93 
1.89 
2.20 
2.04 

2.05 
2.29 
2.22 
1.9: 

2.4024 
2.66E4 
2.5534 
2.49E4 

2.6QE4 
2.70E4 
2.82E4 
2.68E4 

9.59E2 
3.78E2 
9.66E2 
9.8bE2 

9.92E2 

Y.82E2 
1.03E3 

9.78~2 

9. 80~3 1.52E2 1.3632 1.85 2.2434 7.54E2 
1.09E4 1.51E2 1.4SE2 2.00 2.53E4 7.97E2 
1.08~4 1.b4E2 1.42E2 1.89 2.6034 7.8332 
1.0464 1.54E2 1.42E2 2.01 2.34E4 7.4432 

1.02E4 1.59E2 1.4bE2 1.98 2.4834 9.94E2 
l . l b E 4  1.57B2 1.52E2 2. i?  2.70E4 i.04E3 
i.16E4 !.73E2 1. S0E2 2.16 2.60E4 9.3932 
1 .a454 1.6bE2 1.50E2 2.08 2.6134 1.07E3 

8.9133 1.4032 i.26E2 1.74 2.2634 9.7162 
1.01E4 1.35E2 1,3632 1.90 2.2434 8.95E2 
1.02E4 1.56E2 1.31E2 1.87 2.4634 8.73E2 
9.1133 1.47E2 1.3262 1.84 2.2634 9.85E2 

QSee Fig.  1. 

bLocacion is  r e l a t i v e  t o  h o r i z o n t a l  midplane (HMP) of ORB &actor  and is at the  ax ia l  location of the Cv notches.  

'Dosicleter is M-Co a i l o y  WiKh 0.10 w t  % cobal t  and 99.9 wt % aluminum. 

dEJosimeter is 304 SS with 68-52 w t  X i r o n  and 9.51 vt % n i c k e l ,  

'Dosimeters i n  these capsu le s  were gadoliaiurn covered. 
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Table E.2. Neutron exposure parameters  i n  A-9 
c o r e  l o c a t i o n  - Capsule 1" 

Ax ia l  
l o c a t i o n  

V no tch  

Charpy 
capsu le  

i d e n t i f i c a t i o n  
i 

( 4  

of @(E > 1.0 MeV) + ( E  > 0.1 MeV)' d (cm-2.s-l) ( cm-2. s-1) d p a l s  

cs 1 
cs 1 
cs 1 
CSl 

cs 2 
cs 2 
cs 2 
cs2 

cs 3 
c s 3  
c s 3  
c s 3  

c s4  
cs4 
cs4  
c s 4  

c s 5  
cs 5 
cs 5 
c s 5  

-0.133 
-5.632 

-11.132 
-16.63 1 

-0.133 
-5.632 

-11.132 
-16.631 

-0.133 
-5.632 

-11.132 
-16.631 

-0.133 
-5.632 

-11.132 
-16.631 

-0.133 
-5.632 

-11.132 
-16.63 1 

1.06E13 
1.13E13 
1.15E13 
l.lOE13 

1.01E13 
1.09E13 
1.08E13 
l.lOE13 

1.02E I3  
1. lOEl3 
l . l l E I 3  
1.08E13 

9.58E12 
1.02E13 
1.03E13 
9.95E12 

9.64E12 
1 . 0 1 E  13 
1.05E13 
9.98E12 

2.80E13 
2.98E13 
3.04E13 
2.90E13 

2.67E13 
2.88E13 
2.85E13 
2.67E13 

2.69E13 
2.90E13 
2.93E13 
2.85613 

2.53Et3 
2.69E13 
2.72E13 
2.63E13 

2.54E 1 7  
2.67613 
2 . 7 7 E l 3  
2.63613 

1.47E-8 
1.57E-8 
1 60E-8 
1.53E-8 

1.40E-8 
1.52E-8 

1.40E-8 

1.42E-8 
1.53E-8 
1.5415-8 
1.50E-8 

1 50E-8 

1 33E-8 
1.42E-8 
1.43E-8 
1.38E-8 

1 34E-8 
1.40E-8 
1.46E-8 
1.39E-8 

Average (1.05 f 0.05)E13 (2.77 f 0.14)E13 (1.46 f 0.08)E-8 
-. 

'The average 2200-m/s thermal f l u x  (4,,,,) i s  3.81121 3 cm-**s-l, based on a 

bRe la t ive  t o  h o r i z o n t a l  midplane of t he  ORR. 

cadmium r a t i o  of 8.42 determined from dosimetry experiment.  

> = (2.64 f 0.02). @(E > 1.0 MeV) 

= (1.39 k 0.01)E-Zl. 
d dpa/s 

$(E > 1.0 MeV) 



Table E.3. Neutron dosimetry measurements in ORR A-9 core location - Capsule 2 

Activities per milligram of dosimeter at the end of irrddiation 
( Bq /mg ) 

Dos ime t er 

b 
5 8  54 54 46 46 63 60 27 24 59  60 

Capsule axial 
location' location 58  

(d Nl(n,p) Co Fe(n,p) Mn Ti(n,p) Sc Cu(n,a) Co Al(n,a) NaC Co(n,y) Coc 

GW1 -0 .133  1 58135 2.57E3 2.36E3 3.37E1 
GW1 -5.632 1.69E5 2.78E3 2.38E3 3.32El 
GW1 -11.132 1.68E5 2.67E3 2.51 E3 3.61El 
GW1 -16.631 1.61E5 2.58E3 2.32E3 3.38E1 

GW2 4 . 1 3 3  1.74E5 2.6383 2.58E3 3.78E1 
GW2 -5.632 1.82E5 3.02E3 2.62E3 3.48E1 
GW2 -11.132 1.87125 3.02E3 2.73E3 3.92E1 
GW2 -16.631 1 e 70E5 2.80E3 2.50E3 3.61El 

GW3 -0.133 1.61E5 2.54E3 2.28E3 3.37B1 
GW3 -5.632 1.67E5 2 64E3 2.36E3 3.18E1 
GW3 -11.132 1.66E5 2 e 63E3 2.38E3 3.49E1 
GW3 -16.631 1 54E5 2.42E3 2 20E3 2.90E1 

GW4 -0.133 1.62E5 2.48E3 2.50E3 3.54E1 
GW4 -5.632 1.76E5 2.78E3 2.52E3 3.70El 
Gw4 -1 1.132 1.69E5 2 . 8 6 ~ 3  2.46E3 3.75E1 
GW4 -16.63 1 1.59E5 2.42E3 2.40E3 3.14El 

1.30E5 
1.36E5 
1.33ES 
1.24E5 

I .  85E4 
1.8434 
1.88E4 
1.78E4 

1.95E4 
2.06E4 
2.05E4 
1.92E4 

F 
1.71E4 19 
1.76E4 v1 

1.71E.4 
1.6764 

2.03E4 
2.10E4 
2.0154 
1.98E4 

GW5 -0.133 1.45E5 2.34E3 2.19E3 3.16E1 1.84E4 
GW5 -5.632 1.54E5 2.45E3 2.17E3 3.24E1 I .  78E4 
GWS -11.132 1.5335 2.46E3 2.13E3 3.30E1 1.81E4 
Gw5 -16.631 1.41E5 2.08E3 2.10E3 2.7831 1.73E4 

%ee Fig. 1. 

'Location is relative to horizontal midplane (HMP) of ORR Reactor and is at the axial location of the Cv 

'Dosimeter is Al-Co alloy wi th  0.10 w t  X cobalt and 99.9 wt 9: aluminum. 

notches. 
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Table  E.4. Neutron exposure parameters i n  
~ - 9  core loca t ion  - Capsule 2& 

"1 Axial 

.I i c a  II ion  
(cm> 

cs1 
cs1 
cs 1 
cs 1 

cs 2 
cs 2 
cs 2 
cs2 

cs3 
cs3 
cs3 
cs3 

cs4 
cs4 
cs 4 
cs4 

cs 5 
cs5 
cs 5 
cs 5 

-0.133 
-5.632 
-11.132 
-16.631 

4.133 
-5.632 
-11.132 
-16.631 

-0.133 
-5.632 
-11.132 
-16.631 

4.133 
-5.632 

-11.132 
-16.631 

-0.133 
-5.632 

-11.132 
-16.631 

Average 

1.03E13 
1.07E13 
l.lOE13 
1.03E13 

9.86E12 
1.01E13 

9.86E12 
1.07E13 

1 03E13 
1.05E13 
1.07E13 
9.65E12 

9.34E12 
9.95E12 
9.86E12 
8.86El.2 

9.53E12 
9.81E12 
9.81E12 
8.81E12 

(1.00 f 0.06)E13 ( 2  

2.72E13 1.43E-8 
2. R3El3 1.498-8 
2.90E17 1.53E-8 
2.72El.3 1.43E-8 

2.6OE13 1.37E-8 
2.67E13 1.40E-8 
2.83E13 1.49E-8 
2.60EI 3 1.37E-8 

2.72E13 1.43E-8 
2.77E313 1.46E-8 
2.83E13 1.49E-8 
2.55E13 1.34~-8 

2.47E13 1.30E-8 
2.63E13 1.38E-8 

1.37~-8 2.60Eb3 
2.34EL3 1.23E-8 

1.33E-8 
2.59E13 1.36E-8 
2.59E13 1.36E-8 

1.235-8 2.33E13 

2.52E13 

6 4  f 0.16)E13 (1.39 f 0.08)E-8 

"The average 2000-m/s thermal flux ( + 2 2 0 0 )  i s  4.17Elj c ~ - ~ * s - ~ .  

'Relative t o  horizontal  midplane of the ORR. 

E (1.39 f 0.01)E-21. d d p a / s  
+(E > 1.0 MeV) 



Table E.5. Neutron dosimetry measurements i n  ORR A-9 core  l o c a t i o n  - Capsule 3 

A c t i v i t i e s  per  mi l l ig ram of dos imeter  a t  t h e  end of i r r a d i a t i o n  
(Bq/mg) 

Dosimeter 

b 
58 54 54 46 46 27  24 59  60 

Capsule a x i a l  
l oca t iona  l o c a t i o n  5 8  

(cm) Ni(n,p)  Co Fe(n,p) Mn T i ( n , p )  Sc A l ( n , a )  NaC Co(n,y) Coc 

GW1 

GW1 
GWL 

Gw1 
4.133 
-5.632 
-11.132 
-16.631 

2.63E+3 
2.97E+3 

2.67E+3 
2 90E+3 

1 44E+5 
1 52E+5 
I. 50E+5 
1.36&+5 

2.O2E+4 
1.96E+4 

1.8 7 E+4 
2.00E+4 

GW2 
GW2 
GW2 
Gw2 

-0.133 
-5.632 
-11.132 
-16.631 

1.75E+5 
1.87E+5 
1 85E+5 
1.723+5 

2.763+3 
3.05E+3 
2.993+3 
2 82E+3 

1 42E+5 
1 52E+5 
1 46E+5 
1 46E+5 

2*12E+4 
2 08E+4 
2.14E+4 
2.00E+4 

GW3 
GW3 
GW3 
Gk‘3 

-0.133 
-5.632 
-11.132 
-16.631 

1.573+5 
1.66E+5 
1.64E+5 
1 50E+5 

2 40E+3 
2 66E+3 
2.61E+3 
2.43E+3 

1.26E+5 
1.42E+5 
1 36E+5 
1 20E+5 

1.72E+4 
1.75E+4 

1.63E+4 
1.7 4E+4 

Gw4 
GW4 
GW4 
GW4 

4.133 
-5.632 
-11.132 
-16.63 1 

1.573+5 
1.66E+5 
1.64E+5 
1 52E+5 

1.42E+5 
1.42E+5 
1.41E+5 
1 28E+5 

2.06E+4 
2 03E+4 
2.04E+4 
1.88E+4 

GW5 
GW5 
GW5 
GW5 

-0.133 
-5.632 

-1 1.132 
-16 631 

1.36E+5 
I. 4 1E+5 
1.43E+5 
1 28E+5 

2.12E+3 
2.363+3 
2.25E+3 
2 e 08E+3 

1.30E+5 

1.24E+5 
1 23E+5 

1*12E+5 

1.823+4 
1.773+4 
1.7 7E+4 
1.663+4 

“See Fig. 1. 

’Location is r e l a t i v e  ‘ t o  h o r i z o n t a l  midplane (HMP) of ORR Reactor and is a t  t he  a x i a l  l o c a t i o n  of 

‘Dosimeter is Al-Co alloy with  0.10 w t  X c o b a l t  and 99.9 w t  X aluminum. 

t h e  C, notches. 
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T a b l e  E.6. N e u t r o n  e x p o s u r e  p a r a m e t e r s  i n  A-9 c o r e  l o c a t i o n  - Capsule 3a 

_. Axial 

cs1 
cs 1 
cs 1 
cs1 

cs2 
cs2 
cs2 
cs2 

c s 3  
c s 3  
c s 3  
c s 3  

cs4 
cs4 
cs4 
cs4 

cs 5 
cs 5 
cs5 
c s 5  

-0.133 
-5.632 

-11.132 
-16.631 

4 . 1 3 3  
-5.632 

-11.132 
-16.631 

-0.133 
-5.632 

-11.132 
-16.63 1 

-0.133 
-5.632 

-1 1.132 
-16.631 

-4.133 
-5.632 

-11 132 
-16.63 1 

Average 

1.46E-8 l.O5E+13 2.77E+13 

1.12E+13 2.96E-t-13 1.56E-8 
1.02E+13 2.69E+L3 1.42E-8 

1.14E+13 3.01E+13 i . 5 8 ~ - n  

9.39E+12 2.48 E+13 1.31E-8 
1.02E+13 2.69E+13 1.42E-8 
9.95a+12 2.63E+ 13 1.38E-8 
9./,8E+12 2.50Ed-13 1.32E-8 

9.45E+12 2.49E+ 13 1.31E-8 
l.O4E+13 2.7 5E+13 1.45E-8 
1.01E+13 2.67E+ 13 1.40E-8 
9.00E+12 2.38E+ 13 1.25E-8 

2.3 1E+13 1.22E-8 8.75E+12 
9.14E+12 2.4 lE+ I 3  1.27%-8 

2.388+13 1.25E-8 9.01E+ 12  
8.35E+12 2.2OE+13 1.16E-8 

n . ~ ~ + i z  2.32E+13 1.22E-8 
9.01E+12 2. 38E+13 1.2SE-8 
8.92E+ 12 2.35E+13 1.24E-8 
8.10E+12 2.14E+13 1.13E-8 

(9.57 f 0.90)E+12 (2.53 f 0.24)E13 (1.33 f O.12)E-8 

aThe a v e r a g e  2200 m / s  thermal f l u x  ( $ I ~ ~ ~ ~ )  i s  4.20E13 crn-2*s-1. 

b R e l a t i v e  t o  h o r i z o n t a l  midplane  of the ORR. 

= (1.39 f 0.01)E-21. 
d d p a / s  

+(E > 1.0 M e V )  



Table E.7. Neutron dosimetry measurements i n  ORR A-9 co re  l o c a t i o n  - Capsule 4 

A c t i v i t i e s  per  mi l l ig ram of dos imeter  a t  t h e  end of i r r a d i a t i o n  
(Bq/mg)  

Dosimeter 

b 
58 54 54 46 46 27 24 59 6 0  

Capsule a x i a l  
l oca t iona  l o c a t i o n  58 

(4 Ni(n,p)  Co Fe(n,p)  Mn T i ( n , p )  Sc Al(n ,a )  NaC Co(n,y) Coc 

GWl -0.133 1 46E+5 2.18E+3 
GW 1 -5.632 1.62E+5 2.64E+3 
GW1 -11.132 1.743+5 2.853+3 
GW1 -16.63 1 1e76E+5 2.82E+3 

GW2 4 . 1 3 3  1 60E+5 2.36E+3 
GW2 -5.632 1 72E+5 2.86E+3 
Gw2 -11.132 1.87395 3.03E+3 
Gw2 -16.63 1 1.91E+5 3.12E+3 

Gw3 -0.133 1.38E+5 2.14E+3 

GW3 -11.132 1 72E+5 2.688+3 
GW3 -5.632 1.59E+5 2 5OE+3 

Gw3 -16.63 1 1 68E+S 2.72E+3 

Gw4 4 . 1 3 3  1*51E+5 2.29E+3 
GW4 -5.632 1.6 1E+5 2.63E+3 
GW4 -11.132 1.76E+5 2.87 E+3 
Gw4 -16.631 1 7 7E+5 2.88E+3 

1 16E+S 
1 28E3.5 
1.36E+S 
1.37E+5 

1.543+4 
1.70E+4 
1.82E+4 
1 88E+4 

2 0 1 E+4 
2 I 06E+4 
2.16E+4 
2.22E+4 

GW5 -0.133 1.35Ei5 2.03E+3 1.7YE+4 
GWS -5.632 1.46E+5 2.36E+3 1.81E+4 

Gw5 -16.631 1.54EiS 2.463+3 1.97E+4 
GW5 -1 I. 132 1.543+5 2.48E+3 1 9 1E+4 

aSee Fig. 1. 

'Location is r e l a t i v e  t o  h o r i z o n t a l  midplane (HMP) of ORR Reactor and is a t  t h e  a x i a l  location of 

'Dosimeter is AL-CO a l l o y  wi th  0.10 w t  % c o b a l t  and 99.9 w t  % aluminum. 

t h e  C, notches.  
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Table E.8. Neutron exposure  pa rame te r s  i n  A-9 c o r e  l o c a t i o n  - Capsule  4a 

^. Axial 

-- 
cs1 ---0.133 8.32E+12 2.20E+13 1.16E-8 
cs1 -5.632 9.66E+12 2.55E+13 1.5SE-8 
cs1 -11.132 1.04E-t-13 2.7 5E+13 1.45E-8 
cs1 -1 6.6 3 1 1.04E+13 2.7 5E+ 13 1.4SE-8 

cs2 -0.133 7.99E-t 12 2.l lE+13 1. l lE-8 
c s 2  -5.632 9.14E+12 2.4 1 E+13 1.27E-8 
cs2 -11.132 9.86E-t-12 2.60E+13 1.37E-8 
c s 2  -16.631 1.0 1 E+13 2.67E+13 1.4OE-8 

cs 3 -0.133 8.49E+12 2.24E+13 1.18E-8 
c s 3  -5.632 9.66E+ 12 2.55E+13 1.34E-8 
cs 3 -11.132 1.04E-t 13 2 75E+13 1 .45E-8 
c s 3  -16.631 1.03E+13 2.72E+13 1. h3E-8 

cs 4 -0.133 7.64E4-12 2.02E+13 1.06E-8 
cs 4 -5.632 8.488+12 2.24E+13 1.18E-8 
cs4 -11.132 9.2 7E+12 2.45E+13 1.29E-8 
c s 4  -16.631 9.09E+12 2.40E+13 1.26E-8 

c s 5  -0.133 7.736+12 2..04E+13 1.07E-8 
cs5 -5.632 8.66E+ 12 2.29E+13 1.20E-8 
c s 5  --11.13? 9.12E+12 2.41 E+13 1.27E-8 
c s 5  -16.631 9.08E+ 1 2 2.40E+13 1.26E-8 

Average (9.19 k 3.90)E+12 (2.23 f 0.24)E13 (1.29 f. 0.14)E-8 

%he a v e r a g e  2200-mfs t h e r m a l  f l u x  ( + 2 2 0 0 )  i s  4.31El3 C I U - ~ * S - ~ .  

'Re la t ive  t o  h o r i z o n t a l  midplane  of the ORK. 

e +(E > 0.1 M e V )  - 
+ ( E  > 1.0 ?lev) 

- (2.64 f 0.02). 



Table  E.9. Summary of f l u e n c e  r a t e  and f l u e n c e  f o r  ORR i r r a d i a t i o n s  

+(E > 1.0 HeV) 4 Absorbed F r a c t u r e  L a t e r a l  
Specimen Temperature 

(n-cm-**s-1) (n/sm* ) energy  appearance expans ion  Capsule  Capsule 

( O F )  ( f t - l b )  ( %  s h e a r )  ( m i l )  No. p o s i t i o n  i d e n t i f i c a t i o n  

Plates  (irradiated at ORR) 

2.43E18 2 CS1-4 A7 1 90.0 4.3 25 .O 1.0 9.59812 
2 CS5-2 A1 30 120.0 21.5 45.0 10.0 9.59E12 2.43E18 
L CS3-1 A151 120.0 36.1 40 .O 18.0 9.59612 2 e43E18 
2 CSL- 1 A155 90.0 15.7 30.0 6.0 9.59E12 2.43818 
2 cs3-3 A1 58 120.0 21.7 40 -0 14.0 9.59612 2.43E18 
3 cs1-1 A125 90.0 5.4 10.0 0.0 9.59E12 2.43Eld 

3 cs2-3 A1 39 90.0 6.8 15.0 0.0 9.59E12 2.43E18 
3 CS4-1 A143 120.0 25.4 40.0 12.0 9.59E12 2.43818 

3 cs3-3 ND24 120.0 19.0 40 .O 8 -0 9.59812 2.43E18 
2.43E18 3 CS3-2 ND2 6 120.0 19.7 65.0 8.0 9.59E12 

3 CSl-4 ND6 1 120.0 20.0 60.0 8.0 9.59812 2.43E18 
3 CS4-2 ND64 12u.o  22.7 65.0 7.0 9.59E12 2.43E18 

2.43E18 3 CS1-3 ND66 120.0 19.1 40.0 5.0 9.59E12 
4 cs5-4 QDP 13 95.0 21.2 55.0 11.0 9.59E12 2.43818 
4 CS4-2 ND33 95.0 11.7 45 -0 3.0 9.59E12 2.43E18 
4 cs4-3 QDP 7 95.0 66.2 100.0 42.0 9.59E12 2.43E18 
4 CS2-3 ND3 1 95.0 52.5 85.0 33.0 9.59E12 2.43E18 
4 CS2-4 ND3 2 95.0 17.3 55.0 9.0 Y.59E12 2.43E18 
4 cs1-2 QDP2 120.0 24.7 75.0 9.0 9.59612 2.43E18 
4 CS 1-3 QDPC 120.0 33.7 80.0 21 .o 9.59El2 2.43E18 
4 CS3-1 ND36 120.0 60.1 99.0 39.0 9.59E12 2.43E18 
4 cs3-3 ND56 120.0 26.0 45.0 13.0 9.59E12 2.43E18 
4 CS5-2 ND52 120.0 24.2 70.0 16.0 9.59E12 2.43E18 

7 

3 cs4-3 A1 27 90.0 25.8 35.0 10.0 Y.59E12 2.43818 

3 cs1-2 A1 62 120.0 34.3 40.0 14.0 9.59ElL 2.43E18 

2 cs2-2 ND22 120.0 19.8 50.0 9.0 9.59E12 2 . 4 3 ~ 1 8  
2 CS2-3 ND63 120.0 17.7 45.0 6.0 9.59E12 2 . 4 3 ~ 1 8  

2.43E18 

2.43E18 

2 cs2-4 ND65 120.0 16.8 45.0 6.0 9.59E12 

2 cs5-4 QDP4 120.0 19-0 50.0 9.0 9.59B12 
2 cs1-2 QDPA 120.0 17.1 45.0 4.0 9.59E12 2.43E18 



T a b l e  E.9 ( c o n t i n u e d )  

$(E > 1.0 XeV) $ 
Absorbed F r a c t u r e  L a t e r a l  

Capsule  Capsule  Specimen Temperature  
(mii) (n cm-2- s-1) (n/cm2) 

energy  a p p e a r a n c e  e x p a n s i o n  
( f t - l b )  ( X  s h e a r )  No. p o s i t i o n  i d e n t i f i c a t i o n  (OF) 

Nozzle welds (irradiated at ORR) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
L 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 

cs1-! 
cs1-3 
cs3-2 
cs3-4 
cs5-1 
CSS-3 
CS4-1 
CS4-2 
cs4-3 
cs4-4 
CSl-4 
cs2- 1 
cs2-2 
CS4-1 
cs3-5 

cs3-4 
cs3-: 
cs4-4 
cs5-3 
CS2-4 
cs2-i 
cs2-2 
CS5-1 
cs5-4 
CS5-2 
cs4-4 
cs1-1 
CS5-1 
cs5-3 
cs3-2 

H2W33 
v i 2 6 3  
QW262 
QW251 
QW242 
QW243 
QW2il 
QW222 
QW223 
v i 2 3 1  
H2W12 
H2W13 
QW281 
QW282 
QW283 

HFElB 
HFE2B 
HFE3B 
HF': 4 B 
HFE65 
HFE 1 C 
HFE2C 
HFE3C 
HFE5C 
WFE6C 
HFDlB 
HFIJlC 
HED5.C 
HFDSB 
HFD6C 

170.3 
120.3 

50.0 
50.0 

120.0 
120.0 

50 .O 
120.0 
170.0 
i20.G 
90.0 
90.0 
90.0 
90.0 
90.0 

30.0 
120.0 
120.0 

30.0 
120.0 

30.0 
30.0 

120.0 
30.0 

120.0 
75.0 
75.0 
75.0 
75.0 
95.0 

52.3 
42.6 

6.7 
5.1 

20.3 
41.7 

6.8 
56.2 
95.2 
48.7 
20.7 
26.0 
13.5 
35.2 
14.2 

80.0 
55.0 
15.3 

5.0 
50.0 
60.0 
20.0 
65.0 
95 .0 
70.0 
35.0 
40.0 
40.0 
45.0 
45.0 

Sean! welds (irradiated at OJ9R! 

6.3 
6.4 

49.6 
4.4 

53.2 
70.5 

5.7 
72.6 

4.0 
65.2 

8.4 
17.4 
13.9 
13.3 
27.1 

0.0 
20.0 
65.0 

5.0 
40.0 
65.3 

5.6 
80.0 

5.0 
50.0 
40.0 
40.0 
35.0 
20.0 
30.0 

37.6 
20.8 

0.3 
0. i 
5.9 

20.8 
0.3 

24.0 
47.3 
20.6 

5.7 
1.3 
6.9 

12.5 
3.4 

0.3 
0.4 

28.5 
0.1 

21.8 
32.0 

0.1 
40.2 

0.0 
35.8 

1.3 
4.5 
3.1 
1.1 
9.9 

9.59Ei2 
9.59612 
9.59E12 
9.5YE12 
9.59812 
9.59E12 
9.59E12 
9.59Ei2 
9.59E12 
9.59Ei2 
9.59E12 
9.59E12 
9.59E12 
9.59E12 
9.59El2 

9.59E12 
9.59E12 
9.59E12 
9.59Ei2 
9.59E12 
9.59El2 
9.59E12 
9.59E12 
9.5YE12 
9.59Ei2 
9.59812 
9.59E312 
9.59Ek2 
9.59E12 
9.59Ei2 

2.43818 
2.43E18 
2.43E18 
2.43E18 
2.43E18 
2.43818 
2.43E 18 

2.43E18 
2.43E18 
2.43E18 

2.43E18 
2.43E 18 
2.43E18 

2 . 4 3 ~ 1 8  

2.43E18 h) 
0 
p3 

2.43E18 
2.43B18 
2.43E18 
2.43818 
2.43E18 
2.43E18 
2.43Ei8 
2.43E18 
2.43E18 
2.43618 
2.43E18 
2.43E18 
2.43E18 
2.43E18 
2.43E18 
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Fig. E.8. H F I R  beam tube 2. 
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Fig.  E.lO. HFIR beam tube  4 ,  

t h e  aluminum l i n e r ,  the s t ee l  tube s u r r o u n d i a g  t h e  alriminum, and t.hc 
c o l l a r  r eg ion .  Metal components i n  each of t he  l a s t  t h r e e  zones were 
homogenized wi th  water a l s o  enc losed  w i t h i n  t h e  zones t o  p r e s e r v e  t h e  
p rope r  m a t e r i a l  composi t ion.  The c o o r d i n a t e  system ( F i g s .  E.8-E.11) was 
s u c h  t h a t  x d i r e c t i o n  w a s  a long t h e  l e n g t h  of the tube headed outward,  y 
was upward i n  t h e  f i g u r e ,  and z w a s  out  of t h e  page. The t o t a l  mesh 
s i z e s  f o r  t h e  problems were as shown i n  Table E . lO .  The 56-group ELXSIR 
c r o s s - s e c r i o n  l i b r a r y  used f o r  t h e  2-I) work was a l s o  used f o r  t h e  3-D 
p r o b l e m .  A l l  problems used a symmetr ical  S10 d i r e c t i o n  set  having 140 
d i r e c t i o n s .  

ence rate i n  each mesh c e l l  as a f u n c t i o n  of energy. The f i v e  r e sponse  
f u n c t i o n s  (Table  E . l l )  were then  f o l d e d  w i t h  the f l u e n c e  ra te  t o  g i v e  

The 3-D d i s c r e t e  o r d i n a t e s  c a l c u l a t i o n  determined the  averaged f l u -  

Table E.10. Space mesh s izes  
€ o r  the geomet r i c  mock-ups 

Flesh 

X Y 7, 

-_ Tu be 
mode 1 

2 53 32 1% 
3 57 44 15 
4 66 47 12  
4x 32 3 3  6 
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x icm) 

Fig. E.11 .  WFIR beam tube  model HB-4x. 

Tab le  E.ll. Response f u n c t i o n s  

58Ni(n,p)58Co 

54Fe(n,p)54Mn 

Displacements p e r  atom 

Pluence w i t h  E > 0.1 M e V  

Fluence w i t h  E > 1.0 MeV 
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Fig. E .12 .  HFZR beam tube  4 .  

i n t e g r a l  response maps. The responses  a t  s p e c i f i c  p o i n t s  were found 
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from 
t h e s e  maps. L i n e a r  i n t e r p o l a t i o n  between c e l l  c e n t e r s  was used t o  i m -  
prove accu racy  i n  areas where the  response change from c e l l  t o  c e l l  was 
s i g n i f i c a n t .  

Three f l u x  c a l c u l a t i o n s  were conducted as checks oil  accuracy :  

1. 

2. 

3. 

Comparison of 3-D and 2-D models: A comparison of t he  TORT 3-D cal-  
c u l a t i o n  t o  a more conven t iona l  2-D c a l c u l a t i o n  f o r  t h e  same geometry 
(no beam t u b e s )  shows a. r a t i o  of 1.056 a t  t h e  i n n e r  s u r f a c e  of t h e  
v e s s e l .  Th i s  s a t i s f i e d  t h e  requirement  of good agreement for the 
s imple  geometry. 
Mesh convergence: Two nesh s i z e s  were used f o r  t h e  3-D model. The 
f i n e r  mesh r e s u l t e d  i n  a 5% lower va lue  of t h e  f l u x .  This  i n d i c a t e d  
t h a t  a s u f f i c i e n t l y  f i n e  mesh was being used. 
S i z e  OE model: As e x p l a i n e d  ea r l i e r ,  3-D models were c o n s t r u c t e d  f o r  
a r e a s  e n c l o s i n g  a s ing le  beam tube. The p rox imi ty  of t h e  boundaries  
t o  t h e  beam t u b e  a f f ec t s  t h e  accu racy  of t h e  c a l c u l a t i o n  and,  o f  
c o u r s e ,  l i m i t s  t h e  area oE t h e  v e s s e l  over  which f l u x e s  can be ca l cu -  
l a t e d .  The p o s i t i o n  of t h e  boundar i e s  p a r a l l e l  t o  the beam tclbe was 
v a r i e d  t o  e s t a b l i s h  t h a t  t h e  boundaries  were suf E i c i e n t l y  removed 
from t h e  beam tube.  

It w a s  a n t i c i p a t e d  t h a t  because o€ neu t ron  source  u n c e r t a i n t i e s ,  t h e  
a b s o l u t e  v a l u e s  of t h e  c a l c u l a t e d  f l u x e s  could have a s i g n i f i c a n t  e r r o r .  
However, t h e  r e l a t i v e  v a l u e s ,  which are the ones r c q u i r e d  f o r  t h e  
f racture-mechanics  a n a l y s i s ,  were expec ted  t o  be more p r e c i s e .  To cor-  
rect f o r  a p o s s i b l e  sou rce  e r r o r  and a l s o  t o  serve as a check on the 
accuracy  of r e l a t i v e  v a l u e s ,  c a l c u l a t e d  v a l u e s  of t he  f l u x  were compared 
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with  experimental  va lues  a s s o c i a t e d  wi th  the  s u r v e i l l a n c e  capsule  f l u x  
monitors.  The r e s u l t s  are shown i n  Table E . 1 2 .  

r e s u l t s  and were d iscarded  i n  determining t h e  average ca lcu la ted- to-  
experimental  (C/E) r a t i o .  Inc lus ion  of t hese  t h r e e  sensors  would have 
r e s u l t e d  i n  f luence  va lues  -3% higher ,  The average C/E r a t i o  was 0.69 
with  a one s tandard  dev ia t ion  of 10%. 

The 304 s t a i n l e s s  s teel  dosimeters  used i n  the  HFZK s u r v e i l l a n c e  
capsules  have a l so  been checked a g a i n s t  pure i r o n  and n l c k e l  monitors 
t h a t  have received a q u a l i t y  assurance  assessment: i n  the Nuclear Regid- 
l a t o r y  Commission Surve i l l ance  Dosimetry Improvement Program. The 
results i n d i c a t e  t h a t  t h e  304 stainless  steel dosimeter  a c t i v i t i e s  are 
wi th in  5% of the  pure n i cke l  and i r o n  monitor a c t i v i t i e s .  

E.17 and i n  Tables E . 1 3 E . 1 8 .  F igure  E . 1 5  a l s o  inc ludes  d a t a  f o r  MB-1-A 
and HB-4-A s u r v e i l l a n c e  capsules ,  as does Table E.19; Figs. E,18 and E.19 
and Tables E.20 and E.21 inc lude  d a t a  f o r  HB-1, HB-3, and BB-4 sur -  
v e i l l a n c e  capsules .  

The nickel- to- i ron r a t i o  for t h r e e  of t he  monitors showed anomalous 

Calcu la ted  f l u x e s  f o r  the  ves se l  wall are presented i n  Figs .  E.13- 

ORNL--  DWG 83 4939 E T D  

Fig. E . 1 3 .  Neutron f l u x  ( E  > 1 MeV> at h o r i z o n t a l  midplane vs angle  
from c e n t e r  of HB-2 beam tube. 



TabLe E.i2. Comparison of measured and c a l c u l a t e d  r e a c t i o n  r a z e s  f o r  t h e  s u r v e i l l a n c e  samples  removed i n  1986 

C a l c u l a t e d  v a l u e s  of $a 

Key i d e n t  i f i c a  t i o n  i d e n t i f i c a t i o n  C E C E 4 C(E > 1.0 heV) 4 C(E > G.l .*lev) 

58Ni (n, P ) ~ ~ C O  ‘Fe (n , p )  ‘Mn 
Coupon Bail 

d p a / s  
(Bq/atom) (Bq/atom) (Bq/acom! (Bqjatom) (n  * cm-2 - s-1 )  (n- cm-2. s - 1 )  

1 
4 
4 
2 
2 
3 
3 
3 
6 
6 
7 
7 

3 
3 
8 
7 
5 
5 
8 
7 

3 
8 
6 

HB-1-25 
HB-4-31b 
HB-4-32b 
HB-2-9 
HB-2-11 
t!B-3-42b 
38-3-46 
W B- 3 -50 
HB-1-A-68 
ilB-1-A-69 
HB-4-A-73 
t18-4-A-77 

8.582-: 7 
4.05E-17 
8.58‘i-17 
1.49E-I6 
1.49E-16 
! . 27E-16 
9.69E-17 
4.29E-17 
4.36E- 17 
5.05 E-1 7 

2.liE-16 

4. M E -  1 ? 

1.41 E-16 
5.85E- I7 
a. 5 2 ~ -  I 7 
2.418-16 
2.356-16 
1.37E-16 
3. iTE-16 
1.34E-16 
5.68E-17 
5.66E-17 
7.01E-17 
5.51 E-17 

0.584 
0.692 
1.010 
0.607 
0.634 
0.927 
0.666 
0.723 
0.755 
0.768 
0.720 
0.868 

6.7 1 E-17 
3.1 :E-17 
6.7 LE- 1 7  
1.17E-16 
1.17E-16 
9.90E-17 
1.65E-16 
7.493-! 7 
5.44E-17 
3.50E-i7 
4.03 E-1 7 
3.84E- I7 

i .  1 1E-16 
3.522-17 
5.69 E- 17 
1.958-16 
1.82E-1 b 
8.67E-17 
2.36E-16 
1.03E-16 
4.88E-17 
4 .BEE-17 
5.966-!7 
4.61 E-17 

0.605 
0.301 
1.180 
0.636 
0.643 
1.140 
0.699 
0.727 
0.705 
0.717 
0.67b 
0.833 

5.03E+8 
2.3iE+8 
5.03E+8 

7.67E+8 
8. !OE+8 
1.23E+9 
6.303+8 
1.62E+8 
!.615+8 
2.07E+8 
1.753+8 

7.67E+8 

7.47E-13 
3.38E-13 
7.41s-13 
1.09E-12 
1.09E-12 
1.16E-12 
1. BOE- i 2 
S.93E-13 
2.44E-13 
2.44E- 13 
3.08E-13 
2.65E-13 

N 
0 
Q, 

%or c o r r e c t e d  f o r  C/E.  

bPoin ts  d i s c a r d e d  i n  d e t e r m i n i n g  average  C / E  r a t i o .  
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= PV Surface 
0 = 1-in. into PV 

HB-3 Nor.zle Weld 

-25 -20 -15 -10 -5 0 5 10 1 

Angle from HB-3 Beam Tube Centerline at HMP, degrees 
I 

Fig. E.14. Neutron f l u x  (E > 1 MeV) a t  horizontal .  midplane vs angle  
from c e n t e r  of HB-3 beam tube. 

The angle  r e f e r r e d  to f o r  t he  v e s s e l  w a l l  f l uxes  l ies i n  the  hor i -  
z o n t a l  midplane of the core and is measured from a l i n e  t h a t  extends from 
the  cen te r  of the  core  to a po in t  on the  c e n t e r l i n e  of each beam tube 
t h a t  is a d i s t ance  from the cen te r  o€ the  core  equal  t o  the  inner  rad ius  
of the  vesse l .  A p o s i t i v e  angle  extends around the  v e s s e l  i n  a clockwise 
d i r e c t i o n  looking down on the vesse l .  

HB-4, and HB-3 nozzle welds and the  seam weld, a l l  i n  the horizontal .  
midplane (Table E.22). I n  a d d i t i o n ,  f l uxes  were ca l cu la t ed  as a func t ion  
of a x i a l  and r a d i a l  p o s i t i o n s  without the  beam tubes present  (Figs .  E.20 
and E.21),  At the l o c a t i o n  of the v e r t i c a l  cen te r  a€ the  seam weld, the 
f l u x  wi th  the beam tubes  included w a s  1.61 t i m e s  t h a t  without the beam 
tubes. The f l u x  a t  the  l o c a t i o n  of the lower g i r t h  weld was 1.4 t i m e s  
t h a t  a t  the  core  h o r i z o n t a l  midplane, i n d i c a t i n g  t h a t  t he  beryll ium-water 
combination is a b e t t e r  s h i e l d  than water alone. 

Based on t h e  above da ta ,  f l uxes  were t abu la t ed  f o r  each of the 
Charpy s u r v e i l l a n c e  specimens. These d a t a  are included i n  Table E.23. 

Fluxes were a l so  ca l cu la t ed  f o r  t he  s p e c i f i c  l o c a t i o n s  of the  HI3-1, 
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0- HE-1-3 SurvaiLLance CapsuLes [with beam tubs1 
e -  HE-4-R SurveiLLance CapsuLss [with beam tubel 
A -  AngLs from HB-4 beam tube csnterLina at PV s u r f m e  
V -  Rn Le from HB-4 beam tube centerLine 1-in. into PV 
0 - 342 degree weLd (with bean tube) 
0- HE-1-A SurveiLLance Capsulso [without beam tubal 
8 -  HE-4-fl SurveiLLonce CapsuLes [without beam tubel 

l e  

HR-4 R e a m  Tube  
C e n t e r l i n e  

1 
1 I I I I I 

-50 -40 -90 -20 -10 0 10 
e from NB-4 Beam Tube Centerline at WMP, degrees 

Fig. E115. Neutron flux (E > 1 MeV) at h o r i z o n t a l  midplane  vs angle 
f rom center of IIB-4 beam tube. 
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* = Calculated 
0 = Interpolated 

0" Corresponds to capsule position No. 8 

1 I 1 I 1 I I 
25 50 75 100 125 160 175 2 

Angular Position (deg) 
0 

Fig. E.16. Neutron f lux  (E > 1 MeV) in su rve i l l ance  capsules  around 
c o l l a r  of IIB-3 beam tube. 
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0" Corresponds to capsule position No. 8 

1 I 1 I I I 1 
25 50 75 100 125 150 175 i 

Angular Position (deg) 
IO 

Fig .  E.17. Neutron f l u x  ( E  > 1 M e V )  i n  s u r v e i l l a n c e  capsules  around 
c o l l a r  of HR-4 beam tube.  
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T a b l e  E.13. Neutron  f l u e n c e  rate vs 
a n g l e  f r o a  HB-2 c e n t e r l i n e  a t  

h o r i z o n t a l  midplane 

Angle from 
beam t u b e  P r e s s  ure-ves  s e 1 1 in .  in to  

c e n t e r l i n e  s u r f a c e  p r e s s u r e  v e s s e l  
a t  HMP in/ (cm-2- s-1) 1 [n/(cm-’+s-l) 1 
(deg 1 

0 2. l O E l O  1.65E10 
4 5 6939 4.25S9 
8 1.09~9 8.59E8 
12 5.00E8 4.29E8 
16 2.44E8 2.03~8 

Table  E.14. Neutron f l u e n c e  rate  vs 
a n g l e  from HB-3 c e n t e r l i n e  a t  

h o r i z o n t a l  midplane 

Angle from 
beam t u b e  P r e s s u r e - v e s s e l  1 i n .  i n t o  

c e n t e r l i n e  s u r f a c e  pressure v e s s e l  
a t  HMP [n/(cm-* as-1 ) 1 [n/(cm-2*s-’>l 
(deg)  

7 .0 5.03E8 5.19E8 
4.0 2.  I B E 8  2.05E9 
0.0 7.98E9 6.21E9 

-4.0 2.60E9 1.81E9 
-8.0 8.71~8 7.54E8 
-12.6 4.73E8 4.02E8 
-16.0 3.25E8 2.66E8 
-20.0 2.41~8 1.7bE8 

Table  E.14. Neutron f l u e n c e  ra te  vs  
angle from HB-4 c e n t e r l i n e  at 

ho r i z o n t  a1 mid p 1 ane  

Angle from 
beam t u b e  P r e s s u r e - v e s s e l  1 i n .  i n t o  

c e n t e r l i n e  
a t  HMP 
( d e g )  

s u r f a c e  p r e s s u r e  vessel 
[n/ ( cm-2 s-1) 1 [n/ (crn-2. s-1) 1 

7 -0 1.84EB 1 50E8 
4.0 6.34E8 6.59E8 
0.0 2.44E9 1.92E9 

6.75E8 -4.0 1.08E9 
-8.0 4.62E8 3.41E8 

2.05E8 -12.f1~ 2.56E8 
-16.0 2.02E8 1.66E8 
-54.7 1.21E8 1.OlE8 

%B-4 nozzle weld l o c a t i o n .  
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Tab le  E.16. Neut ron  f l u e n c e  ra te  vs  
d i s t a n c e  i n t o  p r e s s u r e  vessel 

a t  n o z z l e  opening  o f  HB-3 

D i s t a n c e  i n t o  
p r e s s u r e  v e s s e l  

(cm) 
~ . _  ._.. I_- 

0.0 1.78E9 

5.08 1.23E9 
2.54 1 50E9 

Tab le  E.17. Neut ron  f l u e n c e  ra te  
v e r t i c a l  d i s t r i b u t i o n  f rom 

h o r i z o n t a l  midplane  

F l u e n c e  rate from beam 
t u b e  c e n t e r l i n e  ..-- 

2 p l a n e  of c o l l a r  
(cm) [n/(cm-”s--”>l 

HB-2 m - 4  

0 2.923310 4.15F.Y 
4 3. O O E l O  4 + 03E9 
8 8.31E9 1.2259 

12 2.95E9 4 .a 94E8 
14 1.93E9 3.60E8 
1 4 - 6  1.67E9 3.25E8 
17.8a 1.10E9 

‘Table E.18. Neut ron  f l u e n c e  rate v e r t i c a l  d i s t r i b u t i o n  
f r o m  h o r i z o n t a l  midplane  a t  !18-3 

-- 
Fluence  ra te  Fluernce ra te  

n o z z l e  weld c e n t e r l i n e  - c e n t e r l i n e  - 
F l u e n c e  rate a t  from keam t u b e  from beam t u b e  2 

(cm) [n/ (em-* e ,-I) ] PV s u r f a c e  p l a n e  of c o l l a r  
[ n / (  cm--2 s-1 ) ] n/ (cm-2-  s-1 ) 1 

0 4.97E8 5.52E9 8.45E9 
4 4.74E8 5.42E9 8.27E9 
8 4.73E8 1.63E9 2.4lE9 

12 4.57E8 7.29E8 9.28E8 
12.37 8.90E8 
14 6.60E8 

23.8 1.62E8 
16 4a83E8 

._...._.I ---- I___-. 
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I I I I I I 1 
-1 0 1 2 3 4 5 

lo" I 

-2 
Distance into Pressure Vessel at Nozzle Opening, em 

Fig .  E.18. Neutron flux (E > 1 MeV) a t  h o r i z o n t a l  midplane vs 
d i s t a n c e  i n t o  p re s su re  v e s s e l  a t  HB-3 nozzle  opening. 
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= In plane of collar 

E x t r a p o l a t e d  V a l u e  

0 0 5 10 15 E 0  25 30 

Vertical Distance Above HMP Starting at HB-2 Centerline, cm 

Fig .  E.19. Neutron f l u x  (E > 1 MeV) vs v e r t i c a l  d i s t a n c e  above 
c e n t e r  of HB-2 beam tube .  
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Table E.19. Neutron Pluence  rate vs s u r v e i l l a n c e  
capsule  locations a t  1lB-1-A and HB-4-A 

Fliience ra te  
[n/  ( crn-'*f;-l) 1 

l_l___l.. - Coupon 

No beam t u b e s  With beam tubes W i t h  beam t u b e s  
(coarse mesh) (coarsh mesh) ( f i n e  mesh) 

Degrees Key i d e n t i f i c a t i o n  

-14.9 6 1 9.09E7 2 54E8 2.38E8 
-17.0 6 2 9.39F.7 2.34E8 2.40E8 
-20.6 6 3 9.81E7 2.33E8 2.21E0 
-23.6 6 4 9.91E7 2.27E8 
-20 9 6 5 9.68E7 2.11E8 
-31.7 6 6 9.74E7 2.07E8 
-34 .5  6 7 9.54E7 1.9958 
-37.4 6 8 8.96E7 1.82&8 
-36.1 7 1 1 .00C8 2.07E8 
-33 " 2 7 2 1 .09E8 2.31E8 
--30. 2 7 3 i .  13E8 2.46E8 
-27.2 7 4 1.17E8 2.59E8 
-24.2 7 5 1.16E8 2.66E8 
-21.1 7 6 1 . 0 7 ~ 8  2.53C8 2.3758 
-16.1 7 7 9.96E7 2.h6E8 2.50E8 
-13.2 7 8 9.54E7 L . 9 9 ~ a  2.76E8 _- - 

T a b l e  E.20 .  Neut ron  Eluence rate vs s u r v i i l l a n c e  
capsule  l o c a t i o n  a t  tlB-3 

Angle around 
beam tube Key 

( d e a )  

0.0 3 
31.7 3 
63.8 3 
90.0 3 

116.0 3 
148.3 3 
180.0 3 

8 1.78E9 
7 and 9 1.59E9 
6 and IO 1.42E9 

I .  29E9 
1 m d  5 1.17E9 
2 and 4 1.03E9 
3 9.10E8 
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Table E. 21. Neutron f l u e n c e  rate vs s u r v e i l l a n c e  
c a p s u l e  l o c a t i o n  a t  HB-1 and HB-4 

HB- 1 HB-4 
Fluence rate _II_P -_____ Angle around 

beam t u b e  
Coupon [n/(cm-2.s-') ] Coupon 

Key i d e n t  i f i c a t  i o n  Key i d e n t i f i c a t i o n  (deg)  

0 .o 1 3 4 8 7.27E8 
31.7 1 2 and 4 4 7 and 9 6 OGE8 
63.8 1 1 and 5 4 6 and 10 5.17E8 
90.0 1 4 4.45E8 

116.0 1 6 and 10 4 1 and 5 4 e 16E8 
148.3 1 7 and 9 4 2 and 4 3.73E8 
180.0 1 8 4 3 3.34E8 

Table  E.22. Fluence rate and f l u e n c e  f o r  
H F I K  weld m a t e r i a l s  

P o s i  t iori  
$ ( E  > 1.0 M e V ) a  

(n  e cm-2 s- 1 ) 
ob, c? 

( n * cn- ) 

30" nozzle  weld a t  HB-4 2.56E8 1.40E17 
96" nozzle  weld a t  HB-3 4 . 7 3 E S  2.62E17 
346"30' seam weld: 

a t  PV s u r f a c e  - HB-4x 1.21E8 6.69E16 
1 / 2  in .  i n t o  weld - :BB--~x 1.llE8 6.14E16 
1 in .  i n t o  weld - HB-4x 1.01E8 5.58E16 

aFluence r a t e s  ( E  > 1.0 MeV) are obta ined  by d i v i d i n g  

bFluence v a l u e s  are obta ined  by m u l t i p l y i n g  t h e  f l u e n c e  

'Fluence corresponds t o  17.3 EFPY (1 .73  x l o 3  MW y e a r s ) .  

t he  c a l c u l a t e d  v a l u e s  by the average C/E  r a t i o  of 0.69. 

r a t e s  by t h e  e f f e c t i v e  ful l -power seconds.  
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T a b l e  E.23. F l u e n c e  ra te  and f l u e n c e  f o r  KFIR p r e s s u r e - v e s s e l  s u r v e i l l a n c e  specimens 

g," +b 
T e s t  Absorbed F r a c t u r e  La  t era  1 

( O F )  ( f t - l b )  ( X  s h e a r )  ( m i l )  

coupon Date Specimen 
Key tenpe r a  t u r e  e n e r g y  appearance e x p a n s i o n  

(n.  cm-2 ,-1) ( n* cm-2 ) ;dent  i f  i c a t  i o n  removed No. 

1 1 1969 I17 
B1Y 
88 

-40.0 
0.0 

40.0 

20.0 
43 .O 
46.0 

9.0 
26.0 
51 e 0  

0.0 
0.0 
0.0 

5.17E8 

5. i7E8 
5.1768 

3.81316 
3.81E16 
3.81E16 

i 2 1983 B44 
B4 3 
845 

-40.0 
0.0 
40.0 

9.7 
20.1 
30.0 

10.0 
30.0 
30.0 

8.5 
4.5 

19.0 

6.06E8 
6.06E8 
6.06E8 

2.87E317 
2.87E17 
2.87617 

1 3 1986 836 
B3 4 
B35 

-50.0 
-20.0 

50.0 

15.4 
5.7 
61.8 

5.Q 
5.0 
55.0 

1.7 
0.7 
31.7 

7.27E8 
7.2788 
7.27E8 

4.02Ei7 

4.02El.7 
4.02E17 

1 4 1974 84 
B5 
B6 

83 1 
B32 
B33 

-22.0 
40.0 
80.0 

37.0 

67.5 
41.0 

0.0 
0.0 
0 .o 

27.5 
3 3 . 3  
51.6 

6.06E8 
6.06E8 
6.O6EB 

h3 
h) 

1.23817 
1.23E17 r 
1 e23E17 

1 !iC 5.l7E8 
5. L7E8 
5.17E8 

1 6 

I 7c 

1 8' 

1969 B1 
B2 
83 

-80.0 
0.0 
60.0 

14.0 
44.0 
65.0 

5.0 
43.0 
66.0 

0.0 
0.0 
0.0 

4.16E8 
4.16E8 
4.16E8 

3.06El6 
3.06E16 
3.06Ei6 

B2 5 
826 
B27 

3.73E8 
3.73E8 
3.73m 

82 1 
B22 
B23 

3.34E8 
3.3428 
3.34E8 



Table E.23 (continued) 

QNQ (b3 
Test Absorbed  F r a c t u r e  L a t e r a l  

( " F )  ( f t - 1 b )  ( X  s h e a r )  (mil) 

Coupon Date S ?e c i men 
t ernper a t  u r e  e n e r g y  appedrance expans  i o n  < n.cn-2.s-l ) :E* cm-2 ) Key identification reaoved  LO. 

1 9 1974 

1 1 !F 

2 1 1969 

2 2 1983 

2 4 1974 

2 5 1986 

1986 

84 L 
B38 
B3 7 

B4 6 
347 
848 

c37 
C32 
C3 1 

C38 
C40 
c39 

C4 1 
C4 9 
C48 

c2 I 
C2 7 
C2b 

C16 
C17  
c10 

C58 
660 
C62 

-42.0 
0.0 
90.0 

-140.0 
-60.0 
0.0 

-25.0 
-10.0 
25.0 

-60 0 
-4.0 
60.0 

-20 .o 
15.0 
40.3 

15.0 
15.0 
40.0 

20.0 0.0 13.8 3.73E8 
39.0 0.0 29.9 3.73E8 
8Y.O 0.0 63.7 3.73E8 

4.16E8 
4.16E8 
4 .  I6E8 

0.0 
44.0 
77.0 

0.0 
0.0 
0.0 

16.0 
43.0 
66.0 

l.llE9 
l.llE9 
l.llE9 

a. 18~16 
8.18E16 
8.18E16 

30.0 
25.0 
40.0 

l.llE9 
I.llE9 
l.llE9 

5.26E17 
5.26E17 Fu 

5.26E17 b2 
F3 

24.0 
26.2 
53.6 

0.0 
0.0 
0.0 

31 .o 
49.0 
95.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

l.llE9 
l.llE9 
l.llE9 

2.25E17 
2.26EI 7 
2.26E13 

6. M I 7  
6.14E17 
6.14E17 

17.8 
36.9 
48.8 

25 .O 
50.0 
66.0 

0.0 
0.0 
0.0 

1.llE9 
1.1199 
l.llE9 

25.8 
34.2 
56.0 

40.0 
30.0 
55.0 

0.0 
0.0 
0.0 

6.14El7 
6.14E17 
6.14E17 

2 7 

2 3@ 



Table E.23 (continued) 

+NU gb 
Test Absorbed Fracture Lateral 

( O F )  (ft-lb) ( 9 :  shear )  (mil) 

coupor, Date S pe c i men temperature energy appearance expansion 
(n.cm-2. ,-I) ( n e  cm-2 Key identification removed NO. 

2 13 

2 14 

3 1 

3 2 

3 3 

3 4 

2 1oc 

2 1 lC 

1974 

1969 

1969 

1983 

1986 

1974 

c5 1 
C52 
c57 

C6 
C8 
c9 

C2 9 
C28 
C30 

C18 
c19 
c2 0 

D4 3 
D44 
D4 5 

B25 
32 3 
D24 

D4 7 
D48 
D4 6 

D26 
02 7 
D2 8 

-1oo.e 
-40.0 

0.0 

-140.0 
7-80 0 
-20 * 0 

-120.0 
-40.0 
20.0 

-20 .o 
20.0 
60.0 

35.0 
35.0 
80.0 

-4,*o 
0.0 

60.0 

9.0 
47.0 
53.0 

17.0 
30.0 
52.0 

8.0 

58.0 

18.6 
28.6 
44.4 

34.4 
37.7 
49.1 

32.0 

23.5 
40.0 
95.0 

0.0 
0.0 
0.0 

0.0 
6.0 
58.0 

0.0 
28.0 
65.0 

25 e 0  
35 .O 
40.0 

45.0 
40.0 
55.0 

0 .o 
0.0 
0.0 

0.0 
0.0 
0.0 

0 .o 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

1.11E9 
1.liE9 
l.llE9 

1.11EY 
1.llE9 
l.LlE9 

l.llE9 

1. LIE9 

l.llE5 

l.liE9 

l.llE9 
l.llE9 

1.i7E9 
1.17E9 
1.17E9 

1.03E9 

1.03E9 

9.10E8 
9 i O E 8  

1.03E9 

9.1OE-8 

1.03E3 
1.03E9 
1.03E9 

2.26E17 
2.26E17 
2,26E17 

N 
h, 8.18E16 

8.18E16 W 

8.18El6 

8.62E16 
8.62E16 
8.62B16 

4.88E17 
4.38E17 
4.88~17 

5.03E17 
5.03E17 
5.03E17 

2.03Ei7 
2.09E17 
2.09E17 



T a b l e  E.23 ( c o n t i n u e d )  

4 NU ab T e s t  Absorbed F r a c t u r e  L a t e r a l  

( O F )  (ft-lbj (7: s h e a r )  ( m i l )  

Coupon Date Spec imen  
t e m p e r a t u r e  e n e r g y  a p p e a r a n c e  e x p a n s i o n  (n.c7n-z.s-i:, (n*cm-2 i 

Key identification removed No. 

3 5 1986 D17 
D16 
D 1 5  

0 . 0 14.8 20.0 
35.0 22.3 40.0 
80.0 57.5 50.0 

0.0 1.17E9 
0 .0 1.17E9 
0.0 1. L7E9 

6.47E17 
6.47817 
6.47E17 

3 6 1969 D 56 
35 7 
958 

333 
D34 
D35 

-100.0 20.0 0.0 
-20.0 45.0 57 .0 
40.0 84.0 130.0 

0.0 1.42E9 
0.0 1.42E9 
0.0 1.42E9 

1.05E17 
i.05Ei7 
1.35E317 

I .  59E9 
1.5989 
1.59E9 

79.8 
70.5 
75.2 

85.0 
50.0 
85.3 

0.0 
0.0 
0.0 

3 8 1986 D36 
D37 
D38 

120.0 
12G.n 
12c.0 

1.78E9 
1.78E9 
1.7889 

9.848317 
9.84E17 
9.84E17 

3 9 1974 D55 
D54 
D53 

-60.0 
-20.0 
30.0 

20 .0 
29.0 
63.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

1.59834 
1.59EY 
i.59E9 

3.23817 
3.23E17 
3.23E17 

3 i GC 

4 1 

4 2 

1 .lt2E9 
1.42E9 
1. Lt2E9 

D5 
D6 
D8 

1969 BL04 
8106 
8105 

-40.0 
0.0 
40.0 

17.0 
30.0 
45.0 

10.0 
37 .o 
49.0 

0.0 
0.0 
0.0 

4.16E8 
4.16E8 
4. l6E8 

3.06E16 
3.06E16 
3 .O6El6 

1933 t i l l 5  
Bli7 
B1 :ti 

-20.0 
-20.0 
-20.0 

19.5 
17.1 
13.4 

10.0 
20.0 
9O.G 

6.5 
4.5 . 0 

3.73E5 
3.73E3 
3.73E8 

1.77E17 
1.77F.17 
1.77Ei7 



Table E.23 ( c o n t i n u e d )  

+NR +b 
Absorbed F r a c t u r e  L a t e r a l  

a p pe a r a (ice 
T e s t  

t e rnp e ra t u re 
( " F )  ( f t - l b )  ( %  s h e a r )  (mil) 

Coupon Date Specimen 
(n-cm-2-s-l) (n*cm-2) 

e ne rg  y e xp a n s  i on 
Key i d e n t i f i c a t i o n  removed No. 

4 3 1986 86 5 -50.0 6.1 5.0 1.2 3.34E8 . 1.85E17 
B64 -20.0 18.1 20.0 0.7 3.34E8 1.8SE17 

1.85El7 86 4 50.0 41.8 55.0 22.6 3.34E8 

4 4 1974 B6 3 -20.0 22.0 0.0 14.6 3.73B8 7.58E16 
7.58E16 B6 2 20.0 29.0 0.0 26.1 3.73E8 

B6l 60.0 69 .O 0.0 49.4 3.73E8 7.58E16 

1969 

4 8 

4 9 

4 10" 

1986 

1974 

886 
B87  
B88 

B l O l  
B102 
8103 

B107 
B108 
B l l l  

88 1 
B8 2 
870 

B8 3 
B84 
B8 5 

BI 12 
8113 
B114 

- 6 0 . 0  
0.0 

60 .o 

-50.0 
-20.0 
-20.0 

0.0 
40 .O 
80.0 

14.0 
48.0 
44.0 

11.6 
15.3 
13.9 

21.0 
37.0 
75.0 

5 .0 
40.0 
57 .0 

20 .o 
20.0 
10.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.2 
1.3 
0.7 

17.6 
31.3 
55.5 

4.16E8 
4.16E8 
4.1668 

N 
N 

5.17E8 3.dlE16 
5.17E8 3.81816 v1 

5.17E8 3.81E16 

6.06E8 
6.ObE8 
6.06E8 

7.27E8 4.02F.17 
7 2768 4 .02El i  
7.2788 4.02E17 

1.23E17 6.O6ES 
6.06E8 1.23317 

1.23E17 6.06E8 

5,17E8 
5.17E8 
5.17E8 
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Table E.23 ( c o n t i n u e d )  

@NU g b  
Test Absorbed F r a c t u r e  Late ra 1 Coupon Date Specimen 

t empera tu re  ene rgy  appearance  expans ion  
( n *  cm-2. ,-1) (n* cm-2 

( O F )  ( f t - l b )  ( X  s h e a r )  (mil) 
Key i d e n t i f i c a t i o n  removed NO. 

1986 A1 36 
A140 
A135 

1986 A145 
A141 
A142 

A 1 4 7  
A148 
A149 

A18 
A1 9 
A2 3 

A132 
A133 
A1 34 

A25 
A27 
A131 

A1 52 
A1 54 
A1 59 

A1 15 
AI 18 
A1 19 

~~ ~~ 

55.0 7.6 30.0 0.4 2 40E8 1.33E17 
1.33317 65.0 10.9 30 .O 0.3 2.40E8 
1.33117 120.0 37.1 65.0 18.8 2 40E8 

55.0 14.9 20.0 0.7 2.21E8 1.22E17 
65.0 8.5 25.0 0.0 2.21E8 1.22El7 

150.0 70.6 90.0 39.6 2,2138 1.22E17 

2.27E8 
2.27E8 
2.2718 

2.llE8 
2 . l l E 8  
2.llE8 

2.0738 
2.07E8 
2.07E8 

1.99E8 
1.9938 
1.9938 

1.83E8 
1.83B8 
1.8338 

2.07ES 

2.0738 
2 .07~8 
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Code System,  NP-3654, Electric Power Research I n s t i t u t e ,  Palo h l t o ,  
Calif., September 1984. 
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Appendix F 

CONSEQUENCES OF VESSEL FAILURE 

T .  E. Cole J. R. McWherter 

I n  view of the  p o s s i b i l i t y  t h a t  the  p re sen t  High Flux Iso tope  Beac- 
t o r  (HFIK) v e s s e l  i n t e g r i t y  s tudy would i n d i c a t e  some noncompliance with 
the  American Socie ty  of Mechanical Engineers (ASME) Code, the e a r l y  
eva lua t ion  of the  consequences of ves se l  f a i l u r e 1  was reviewed, and a 
p r o b a b i l i s t i c  fracture-mechanics a n a l y s i s  w a s  performed i n  an e f f o r t  t o  
j u s t i f y  the  poss ib l e  noncompliance. The p r o b a b i l i s t i c  f rac ture-mechanics  
s tudy is included i n  t h i s  r epor t  as Appendix G,  and a memorandum review- 
ing  the  e a r l y  consequences eva lua t ion  i s  included i n  t h i s  appendix. A s  
i nd ica t ed  by the  review, f a i l u r e  of the vesse l  i n  a manner c o n s i s t e n t  
wi th  the  very l o c a l i z e d  na ture  of the radiat ion-embri t t lement  would 
r e s u l t  i n  no consequences t o  the  publ ic .  

RE PEKE NCE 

1.  F. T. Binford,  T .  E. Cole, and E. N. Crarner, The High F Z m  1c;otope 
Reactor Accgent Amzysis ,  ORNL-3573, Union Carbide Corp. Nuclear 
Div., Oak Ridge Natl. Lab., A p r i l  1967.  
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B. D. Cheverton, Bldg. 9204-1, MS-6 
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HFIR Pressure Vessel- P u b l i c  Consequences of a F a i l u r e  

This memo is i n  response t o  your r eques t  t h a t  we assess t h e  con- 
sequences of a f a i l u r e  of t h e  W I R  pres su re  v e s s e l  i n  t e r n  of t h e  
e s t ima ted  r a d i a t i o n  e f f e c t s  t o  t h e  public.  We have reviewed t h e  HFIR 
d e s c r i p t i v e  r e p o r t 1  and the  HPIR acc iden t  a n a l y s i s  r e p o r t 2  and we have 
examined t h e  consequences of a p res su re  v e s s e l  f a i l u r e  r e l a t i v e  t o  t h e  
HFIR maximum c r e d i b l e  acc iden t  (MCA) and a s s o c i a t e d  consequences. We 
have concluded t h a t  a f a i l u r e  of t h e  p r e s s u r e  v e s s e l  concurrent  with t h e  
HFIR PICA does not i n c r e a s e  t h e  consequences t o  t h e  pub l i c  beyond t h a t  
r e s u l t i n g  from t h e  HPIR MCA. We a l s o  have concluded t h a t  a spontaneous 
f a i l u r e  of t h e  p re s su re  v e s s e l  during otherwise normal f u l l  power 
operatiom would r e s u l t  in p u b l i c  consequences of much smaller magnitude 
than those from t h e  HFIR MCA. 

In  o rde r  t o  provide some pe r spec t ive  r ega rd ing  t h e  consequences of 
t h e  HFIR MCA, Attachment I. sets f o r t h  r a d i a t i o n  dosage va lues  fo r  loca-  
tions designated as s i g n i f i c a n t  by NRC. These va lues  are taken from t h e  
acc iden t  a n a l y s i s  r e p o r t  .2 

Before s t a t i n g  t h e  bases  f o r  QUK conclusions,  we be l i eve  t h a t  i t  
should be noted t h a t  t h e  primary coo lan t  system of HPIR opera t e s  with 
bulk coolant  temperatures  below t h e  b o i l i n g  p o i n t  of water  at  at- . 
rnospheric p re s su re ,  t h e  system has no f r e e  gas volume, and p res su re  is 
atair.tained by a balance between flow i n t o  the system from a p r e s s u r i z e r  
pump and flow out  of t h e  system v i a  p re s su re  c o n t r o l l e d  valves .  For 
t h i s  system a change from 600 p s i  t o  a tmospheric  pressure r e q u i r e s  only 
the  release of about 33 g a l l o n s  of water. As a consequence a major 
l e a k ,  while o f  great concern, would. not i n  i t s e l f  r e s u l t  i n  t he  g r e a t  
commotion a t t e n d a n t  on a similar f a i l u r e  in an ope ra t ing  l i g h t  water  
power r e a c t o r  where t h e  temperature,  p r e s s u r e  and volume of t h e  coo lan t  
system are such t h a t  a very l a r g e  amount of s t o r e d  eneray r e l a t i v e  t o  
a tmospheric  cond i t ions  is present .  In  a d d i t i o n ,  we made s e v e r a l  e s t i -  
mates of t he  rate of p re s su re  dec rease ,  t h e  p o s s i b l e  e f f e c t s  of t r a n -  
s i e n t  f lows induced by t h e  r ap id  p r e s s u r e  change, etc. We d id  not  f i n d  
any s i g n i f i c a n t  e f f e c t s  and we conclude t h a t  t h i s  is not an a rea  of 
c r i t i c a l  concern. 

lThe High 
3572 (Rev. 2).  

*me High 

Flux I so tope  Reactor,  A Func t iona l  Descr ipt ion.  OWL- 

Flux I so tope  Reactor Accident Analysis  - ORNL-3573. 



233 

B. I). Cheverton -2- February 9 ,  1987 

The HFIR MCA is  pos tu l a t ed  t o  be *--- a n  ex tens ive  meltdown of t h e  
r e a c t o r  co re  concurrent with a f a i l u r e  of t h e  primary containment s u f f i -  
c i e n t l y  seve re  t o  allow some of t h e  f i s s i o n  products t o  escape d i r e c t l y  
i n t o  t h e  bu i ld ing ,  but  not  v i o l e n t  enough t o  g r o s s l y  r u p t u r e  t h e  r e a c t o r  
v e s s e l  o r  t h e  high-pressure piping."3 The primary containment r e f e r r e d  
t o  i n  t h i s  case was  the r e a c t o r  p re s su re  v e s s e l  and t h e  f a i l u r e  r e f e r r e d  
t o  w a s  desc r ibed  as due t o  l eak ing  f l anges ,  broken beam tubes,  etca4 To 
erne e x t e n t  t he  d e f i n i t i o n  of t he  HCA may seem con t rad ic to ry  t o  o t h e r  
s t a t emen t s  i n  t h e  acc iden t  a n a l y s i s ;  however, t h e  MCA w a s  chosen on t h e  
b a s i s  t h a t  i t  represented a reasonable  upper bound on f i s s i o n  product 
releases from a broad range of accidents .  The p o t e n t i a l  f o r  p h y s i c a l  
damage r e s u l t i n g  from d i scha rge  of t h e  l i m i t e d  volume of water has  been 
examined and was judged as no t  s i g n i f i c a n t  i n  terms of damage t o  t h e  
r e a c t o r  pool.* The rup tu re  af t h e  r e a c t o r  v e s s e l  concurrent  with t h e  
MCA i n  terms of release of v e s s e l  p r e s s u r e  and an accompanying opening 
f o r  fission products  to  escape t o  t h e  pool,  vhile not e x p l i c i t l y  de- 
f i n e d ,  is considered t o  be covered by t h e  assumptions of v e s s e l  leakage 
which l e a d  t o  t h e  f i s s i o n  product release t o  t h e  poal .  It should be 
noted t h a t  the MCA d e f i n i t i o n  is couched in terms of f.p. r e l e a s e  not  i n  
terms of t h e  size of t h e  l eak ;  t h e  behavior would be r e l a t i v e l y  
independent of l e a k  or crack s i z e .  Gross rup tu re  of t h e  v e s s e l  as used 
i n  t h e  acc iden t  a n a l y s i s  would inc lude  t h e  e f f e c t s  of an explosion,  
blowing t h e  top head o f f ,  etc. and t h i s  was judged t o  be s u f f i c i e n t l y  
u n l i k e l y  t o  al low i t  t o  be ruled out .  

As a consequence of t h e  assumptions made r ega rd ing  v e s s e l  leakage 
during t h e  MCA, we conclude t h a t  a p r e s s u r e  v e s s e l  f a i l u r e  of t h e  type  
p r e s e n t l y  being considered,  a through-the-wall crack,  would not  e x a c e r  
bate the  MCA in terms of pub l i c  consequences. 

For t h e  case of a spontaneous r u p t u r e  of t h e  p r e s s u r e  v e s s e l  du r ing  
normal ope ra t ion ,  we b e l i e v e  the  immediate e f f e c t  would be a r ap id  de- 
crease in primary system pressure.  This dec rease  would t r i g g e r  a corn 
plex series of even t s  and a s soc ia t ed  phenomena a s  t h e  r e a c t o r  scrammed 
in response t o  t h e  p re s su re  decrease,  t h e  main pumps would t r i p ,  etc. 
X t  appears p o s s i b l e  t o  cons t ruc t  a d e t a i l e d  mathematical  model which 
might he u s e f u l  i n  terms of providing a b e t t e r  understanding; however, 
many of the assumptions would be e s s e n t i a l l y  guesses and t h e r e f o r e  the 
r e s u l t s  would be open t o  quest ion.  During t h e  course of t h e  HFIR ac- 
c i d e n t  a n a l y s i s  review, a ques t ion  w a s  r a i s e d  by t h e  ACRS regarding t h e  
thermal  e f f e c t s  on t h e  c o r e  of a r ap id  d e p r e s s u r i z a t i o n  of t h e  primary 

3QRNL-3573, Sec t ion  6, p. 23, paragraph 2. 

40RNL-3573, t op  of page 20. 

s01UdL-3S73, Q&A, 59, page 206. 
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system.C An a n a l y s i s  of t h e  e f f e c t s  of a s t e p  change i n  pressure from 
40 a t m .  t o  1 atm w a s  made i n  response t o  t h e  quest ion.  The r e s u l t s  of 
the a n a l y s i s  i nd ica t ed  t h a t  t he  average co re  temperature reached only 
648OF, w e l l  below the melting point .  The hot-spot temperatures were 
c a l c u l a t e d  t o  reach 1210°F and i t  was judged t h a t ,  even i f  a complete 
k l - U j O 8  r e a c t i o n  were t o  proceed, the needed heat  of fus ion  would not be 
a v a i l a b l e  and melt ing would not occur. The r e s u l t s  were followed by a 
d i sc l a imer  regarding the  v a l i d i t y  of t h e  d e t a i l s ,  but t h e  o v e r a l l  con- 
c l u s i o n  w a s  t h a t  t h e  maximum temperatures were f a i r l y  r e a l i s t i c .  

For the l a t t e r  case, i t  is our conclusion t h a t  a spontaneous 
f a i l u r e  of t h e  p re s su re  v e s s e l  would r e s u l t  i n  e s s e n t i a l l y  no f i s s i o n  
product release and the re fo re  l i t t l e  or no consequences t o  t h e  publ ic .  

P l e a s e  l e t  m e  know i f  you have ques t ions  on t h e  above. We w i l l  be 
happy t o  d i scuss  these  r e s u l t s  with YOU a t  your convenience. 

T. E. Cole, Bldg. 9201-3, MS-2 
Engineering Technology Division 

cc: R. M. Harrington 

J ,  G. & r k l e  
J. U. Swanks 
R. S. W i l t s h i r e  

A. L e  L o t t s  

J. R. McWherter 
Consultant 

60W~-3.573, QhA, 23.R-C, page 131. 
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The doses set f o r t h  below f o r  t h e  R F I R  MCA a r e  taken from t h e  FIFIX 
acc iden t  a n a l y s i s  r e p o r t ,  O W - 3 5 7 3 ,  Table 1.6*1,  page 26. The NRC 
10CFR100 o f f s i t e  r a d i a t i o n  exposure r e f e r e n c e  va lues  t o  whish the HFIR 
MCA va lues  may be compared a r e :  

Exclusion Area Boundary, 2-hr dose: 25 rem, whole body 
300 rem thyroid 

(due to i od ine )  

Low Populat ion Boundary, m dose: 25 r e m ,  whole body 
300 r e m ,  thyroid 

(due t o  i o d i n e )  

The pred ic t ed  2-hour doses a t  t h e  exc lus ion  a r e a  boundary (2.82 km 
SE) are 2.8 r e m  t o  t h e  thy ro id ,  13 r ad  whole-body gamma and 11 rad 
whole-body beta .  'fhe corresponding doses f o r  i n f i n t t e - t i m e  exposure a t  
t h e  l o w  populat ion boundary (5.72 km) a r e  1.5 rem t o  t h e  thyroid,  7.2 
rad whole-body gama and 6.2 rad whole-body beta .  The main body of QRNL 
lies a t  1.34-2.06 km NNW-WNW and t h e  2-hour doses are:  t hy ro id  3.5-6.8 
rems, whole-body gamma 17-26 rads and whole-body be ta  15-23 rads.  

The MCA is based on a meltdown of not  more than 50% of t h e  f u e l  
with discharge o f  t he  fission prodricts t o  the atmosphere from t he  H F I R  
s t a c k  fol lowing washout, depos i t i on ,  and f i l t r a t i o n ,  as provided i n  t h e  
HFIX dynamic confinement system. Meteorological cond i t ions  were based 
on a n  average of "worst average" and "most r ep resen ta t ive"  cond i t ions  
f o r  t he  area based on a v a i l a b l e  information a t  t h a t  t h e .  The per- 
centage of t i m e  t h e  wind d f r e c t i o n  Ps toward t h e  c i t e d  l o c a t i o n s  is of 
the order  of 3%. Prel iminary e s t ima tes  based on the present  rntich more 
d e t a i l e d  d a t a  of hourly wind speeds and d l r e c t i a n s  occurring during the 
pear i n d i c a t e  t h a t  the dose va lues  should be reduced by a factor of 
1.5-2 from those est imated in t h e  NFIR acc iden t  a n a l y s i s  r epor t .  
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Appendix G 

PROBABILITY OF FLAW PROPAGATION I N  TIE H F I R  VESSEL 

R. D. Cheverton D. Go Bal l  

The p r o b a b i l i t y  of f law propagat ion has been est imated f o r  the  High 
Flux Iso tope  Reactor (HFIR) v e s s e l  using the  OCA-P code,lB2 which was 
developed a t  Oak Ridge Nat ional  Laboratory (ORNL) as a p a r t  of the  Heavy- 
Sec t ion  S t e e l  Technology (HSST) and In t eg ra t ed  Pressur ized  Thermal Shock 
(IPTS) programs. Cons is ten t  wi th  Monte Carlo methodologies,  OCA-P simu- 
lates a l a rge  number of v e s s e l s ,  each wi th  a d i f f e r e n t  combination of t h e  
va r ious  va lues  of t he  d i f f e r e n t  parameters involved i n  the  a n a l y s i s  of 
f law behavior.  For  each of t hese  ves se l s  and f o r  a given loading  condi- 
t i o n ,  a d e t e r m i n i s t i c  fracture-mechanics a n a l y s i s  i s  performed ( ca l cu la -  

and KIa) t o  determine whether flaws w i l l  propagate  
through tion Of KiY t e wa 1. The p r o b a b i l i t y  of " f a i l u r e "  ( through-wal l  c racking)  
f o r  the  s p e c i f i c  loading cond i t ion  is simply the number of ves se l s  t h a t  
f a i l  d iv ided  by the  number of v e s s e l s  simulated.  For a s i n g l e  v e s s e l ,  
the cond i t iona l  p r o b a b i l i t y  of f a i l u r e  r ep resen t s  t he  chance of vessel 
f a i l u r e  when the  load is appl ied .  I f  a spec iEic  load is appl ied  i n f r e -  
quent ly ,  the frequency of f a i l u r e  can be obtained from 

where 

9(F) = t o t a l  frequency of f a i l u r e ,  

i 
4 ( E )  = f requency of event i, 

Pi(FIE) = p r o b a b i l i t y  of f a i l u r e  f o r  event  i. 

The parameters s imulated i n  OCA-P f o r  t he  HFIR a n a l y s i s  inc lude  t h e  
f a s t  neutron f luence  a t  the  inner  su r face  of the  ves se l  (Fo) ,  the  i n i t i a l  
value of the  re ference  n i l - d u c t i l i t y  temperature ( RTNDTo), the i nc rease  
i n  RTNDT as a r e s u l t  of r a d i a t i o n  damage (ARTNDT), the s t a t i c  craek- 
i n i t i a t i o n  f r a c t u r e  toughness (KIc), and f law depth. 
depth,  the d i s t r i b u t i o n s  f o r  the  parameters w e r e  assumed t o  be normal; 
s tandard  dev ia t ions  and t runca t ion  va lues  are shown i n  Table G .  1. 

Marshall r e p o r t 3  and is shown g r a p h i c a l l y  i n  Fig. G.1. 
equat ion  is 

Except f o r  flaw 

The flaw-depth dens i ty  func t ion  included i n  OCA-P was taken from the  
The corresponding 



10' 

1 0 - ~  

0 10 20 30 40 50 60 
CRACK DEPTH. a ( m m )  

F ig .  G.l. Flaw-depth-density and flaw-nondetection probability 
€uric t ions . 
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Table G . l .  Parameters s imulated i n  OCA-P 

Standard 
Parameter d e v i a t i o n  Truncat ion 

(a) 
~ 

RTNDT, 17"Fa U 

K I C  0.15 v(KIc) f4 I3 

KIa 0.10 P(KIa) f4 0 

ARTNDT 24 " Fa U 

Flaw depth 2.2 in .  

a, (RTNDT) = [OfRTNDTo ) + 0 2  ( 

t runca ted  a t  *3@. 

where 

a = crack  depth,  in. ,  
f ( a )  = ( f r a c t i o n  of cracks wi th  depths  i n  the  range a +. a + da)/da.  

Thus , 

f ( a )  da = 1 , l: 
where 

w = w a l l  th ickness .  

Equation ( G . 2 )  desc r ibes  the  flaw-depth dens i ty  k f o r e  p re se rv ice  
i n s p e c t i o n  and r e p a i r .  To o b t a i n  the  dens i ty  corresponding t o  the time 
a t  which the  v e s s e l  goes i n t o  s e r v i c e ,  Eq. (G .2 )  must be mul t ip l i ed  by 
the  p r o b a b i l i t y  of nondetec t ion  a s soc ia t ed  with the  f i n a l  p r e s e r v i c e  
in spec t ion ,  t he  assumption being made t h a t  any f law de tec ted  is repa i red  
or otherwise disposed of .  An express ion  f o r  the p r o b a b i l i t y  of nondetec- 
t i o n  was a l s o  taken from the  Marshall r e p ~ r t . ~  It, too ,  is shown i n  Fig. 
G. 1 , and the corresponding equat ion  i s  

B(a) = 0.005 f 0.995 , ( ( 3 . 4 )  
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where 

B(a) = (number of c r a c k s  i n  t h e  range a + a f da when v e s s e l  goes 
i n t o  s e r v i c e ) / ( t o t a l .  miruher o f  c r a c k s  i n  t h e  range a +- a + da 
b e f o r e  r e p a i r s ) .  

Thus, t h e  number of cracks i n  a s p e c i f i c  r e g i o n  o f  t h e  vessel w i t h  d e p t h s  
i n  t h e  range ha as t h e  v e s s e l  goes i n t o  s e r v i c e  i s  

i 

where 

N = number o f  f l a w s  of a l l  s i z e s  p e r  u n i t  s u r f a c e  area of 

A = s u r f a c e  area of s p e c i f i c  r eg ion  of v e s s e l ,  

i i 

s p e c i f  i c  r e g i o n  of vessel b e f o r e  p r e s e r v i c e  i n s p e c t i o n ,  

Aa = a s p e c i E i e d  range of c r a c k  dep ths  about  a such 
t h a t  1 bai = w. 

i 

Table G.2 l i s t s  the  values oE Aa and 3. t h a t  were used f o r  t he  HFIX i 1 s tcady" 

Table G.2. F l a w  d e p t h s  and r e l a t e d  d a t a  
f o r  2-D f l a w s  s imula t ed  i n  OCA-P 

Bb 

4.3180 
4.7235 

5.6522 
6.1829 
6.7635 
7.3986 
8.0933 
8.8533 

5.1670 

2.1590 
6.6797 

11.6250 
17.0345 
22.9521 
29.4253 
36.5063 
44 2523 
52.7255 

0.69121788 
0.?.2306607 
0.06445519 
0.01655962 
0.00376842 
0 .OO076296 
0.00014054 
0.00002481 
0.00000450 

0.69121788 
0.91428395 
0.97873914 
0.99529877 
0.99906719 
0.99983014 
0.99997069 
0.99999550 
1.00000000 
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The c o n d i t i o n a l  p r o b a b i l i t y  of v e s s e l  f a i l u r e  P(P /E) is obta ined  
from 

where 

N” = actual  number of f a i l u r e s  c a l c u l a t e d  f o r  vessels w i t h  a f law 

N’ = a c t u x  number of v e s s e l s  s i m u l a t e d  t h a t  c o n t a i n  a f l a w  i n  t h e  
f j  i n  j t h  r e g i o n ,  

vj  j f i  reg ion .  

Each term i n  Eq. ( G . 6 )  r e p r e s e n t s  t h e  p r o b a b i l i t y  of a f law i n  t h e  j t h  
r e g i o n  r e s u l t i n g  i n  v e s s e l  f a i l u r e .  

t h e  HFIR s t u d i e s ,  a v a l u e  o b t a i n e d  from Ref. 3 i n d i c a t e s  t h a t  a volu- 
metric d e n s i t y  of -0.03 f l a w s / f  t3 i s  reasonable  f o r  pressur ized-water  
r e a c t o r  (PWR) v e s s e l s .  Converted t o  a s u r f a c e  d e n s i t y  f o r  HFIR, t h e  
va lue  becomes 7 x f l a w s / f t 2 .  According t o  Ref. 3 ,  t h i s  f law d e n s i t y  
i n c l u d e s  embedded, a s  well as s u r f a c e ,  f laws  and f l a w s  of a l l  o r i e n t a -  
t i o n s .  Because a x i a l l y  o r i e n t e d  s u r f a c e  f laws  normal t o  t h e  s u r f a c e  a r e  
of g r e a t e s t  concern,  t h e  f l a w  d e n s i t y  used f o r  H F I R  tends  t o  be eonserva- 
t i v e .  

The f r a c t u r e  toughness  of t h e  HF’IR v e s s e l  mter ia l s  as a f u n c t i o n  of 
T - RTNDT was based on t h e  f r a c t u r e - t o u g h n e s s  d a t a  inc luded  i n  Sect .  X I  
of t h e  ASME Code f o r  l i g h t  water r e a c t o r  (LWR) v e s s e l s .  Two crack- 

- i n i t i a t i o n  f rac ture- toughness  curves  were def ined:  Klc = 1 . 4 3  KIc and 

KI 
an$ KLK is t h e  Code lower bound for  the KIa d a t a  ( the c o e f f i c i e n t s  a r e  
d e r i v e d  i n  Kef. 1). The  use of t h e  former r e l a t i o n  may n o t  a d e q u a t e l y  
account  f o r  t h e  c o n t r i b u t i o n  of low-toughness si tes;  t h e  lattrer r e l a t i o n ,  
however, very l i k e l y  o v e r e s t i m a t e s  t h e  c o n t r i b u t i o n .  Thus, f a i l u r e  
p ro  ba b i  1 i s t i cs we re c a l c u  l a  t ed u s  i n g  bo t h . 

P(F1E) was c a l c u l a t e d  € o r  s e m i e l l i p t i c a l  s u r f a c e  f l a w s  with a 
s u r f a c e - l e n g t h  t o  depth  r a t i o  of s ix ,  and t h e  f laws  were assumed t o  be 
l o c a t e d  i n ,  o r  a d j a c e n t  t o ,  t h e  HB-3 n o z z l e  weld a t  t h e  h igh- f lux  s i d e  o f  
t h e  nozz le  ( t h e  high-f lux zone i s  l i m i t e d  t o  an  area of -1 f t 2 ) .  
se l  l i f e  e x t e n s i o n  of -10 years  w a s  cons idered ,  f o r  which RTNDT = 140°F 
a t  the  p a r t i c u l a r  l o c a t i o n .  Two vessel tempera tures  (120 and 90°F) and 
f o u r  primary-system p r e s s u r e s  were a l s o  cons idered .  The tempera tures  
correspond t o  p o s s i b l e  extremes,  and t h e  p r e s s u r e s  correspond approxi-- 
mately t o  t h e  h y d r o s t a t i c  proof tes t ,  t h e  r e l i e f - v a l v e  s e t t i n g ,  t h e  
pressurizer-pump c u t o f f  , and normal o p e r a t i o n .  Values of P(F I E )  are i n -  
cluded i n  Tables G.3 and G.4 f o r  t h e s e  p r e s s u r e s ;  as i n d i c a t e d ,  they a r e  

t h a n  those  based on Kyc  da ta .  

I_ 

The f law d e n s i t y  N i n  Eqs.  (G .5 )  and (G.6) i s  not  well known. For 

- 
= 1.25 KIR, where KIc i s  t h e  Code lower bound f o r  s t a t i c  i n i t i a t i o n  

A ves- 

Values based on ICIa d a t a  are less than a f a c t o r  of 10 g r e a t e r  
When f u e l  i s  i n  t h e  r e a c t o r ,  ? ( F I E )  < 

2 x 
Tables  G . 3  and G.4 a l s o  c o n t a i n  estimates of t h e  frequency of t h e  

s p e c i f i c  e v e n t s  Q ( E )  and t h e  cor responding  f r e q u e n c i e s  of vessel Eail- 
u r e  (p(P) .  A s  i n d i c a t e d ,  t h e s e  l a t t e r  v a l u e s  are very  small, ranging 



Table  G.3. Values of ?(FIE) and #(F) f o r  RTNDTo = 2 0 ' 3 ,  
K N D T  = 140"F, N = 7.1 x flaws/ft2, A = 1.0 f t 2 ,  - 

= 1.43 KIc (Code Lower Bound) 
%C 

Hydro t e s t  900 1.3 x low7 6.5 x 1.0 1.3 10-7 6.6 x 10-8 

S a f e t y  v a l v e  580 3.2 x 1.6 x lo-* 0.1 3 . 2  x 10-9 1.4 x 10-9 

PP c c t o f f  508 6.4 x 2.7 x 0.5 3 . 2  10-9 1.4 x 10-9 

Normal o p e r a t i o n  458 3 . 6  x 1 .2  x 

N 
c- 
N 



Table G.4. Values of P ( F I E )  and +(F) for RTNDT, = 20"F, 
RTNDT = 140"F, N = 7.1 X lo-' f l a w s / f t 2 ,  A = 1.0 ft2, - 

K I c  = 1.25 KIR 

~~ 

Hydro t e s t  900 5.8 x 10-7 3.7 x 10-7 1.0 5.8 x 3.7 x 

S a f e t y  valve 680 1.6  x 9.2 x IO-* 0.1 1.6 x 10-8 9.9 x 10-9 

PP c u t o f f  508 3 .7  x IO-$ 2.0 x IO-$ 0.5 1.9 x 10-8 1.0 x 10-8 

Normal o p e r a t i o n  458 1.8 x 10-8 9.9 x 10-9 

N 
Fc w 
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froin 1 x When f u e l  is i n  the  r e a c t o r ,  
+ ( F )  < 2 x lo-*. 
quent e v e n t s  w i t h  f u e l  i n  t h e  r e a c t o r  i s  <4 x f a i l u r e s / y e a r .  The 
chance of f a i l u r e  d u r i n g  normal o p e r a t i o n  i s  (2 x low8. 

of f a i l u r e ,  but  because of t h e  lower v a l u e s  of RTNDT i n  t h e s e  areas,  t h e  
c o n t r i b u t i o n  i s  q u i t e  s m a l l .  

by a f a c t o r  of 10, t h e  c a l c u l a t e d  p r o b a b i l i t i e s  would s t i l l  be ve ry  
small  ( < 5  x 10-6). 

e v a l u a t e d  t o  some e x t e n t  by comparison wi th  what t h e  Nuclear Regu la to ry  
Commission (NRC) a c c e p t s  f o r  PLJRs. A s  i n d i c a t e d  i n  an NKC d r a f t  r egu la -  
t o r y  gu ide4  p e r t a i n i n g  t o  p r e s s u r i z e d  thermal-shock l o a d i n g  c o n d i t i o n s ,  a 
f r equency  of f a i l u r e  of 5 x f a i l u r e s / r e a c t o r  yea r  i s  pe r io i s s ib l e .  
Thus, even wi thou t  c o n s i d e r i n g  t h e  enormous d i f f e r e n c e  i n  consequences of 
v e s s e l  f a i l u r e  f o r  a l a r g e  commercial PWR and t h e  r e l a t i v e l y  small  low- 
t empera tu re  H F I R ,  t h e  c a l c u l a t e d  p r o b a b i l i t i e s  of v e s s e l  f a i l u r e  f o r  HFLR 
a p p e a r  t o  be a c c e p t a b l e .  

t o  6 x loo7 f a i l u r e s / y e a r .  
The t o t a l  frequency of f a i l u r e  a s s o c i a t e d  w i t h  i n f r e -  

Areas o t h e r  t han  t h a t  around HB-3 w i l l  c o n t r i b u t e  t o  t h e  p r o b a b i l i t y  

Note t h a t  even i f  t he  assumed f l aw d e n s i t y  f o r  HFLK were i n c r e a s e d  

The a c c e p t a b i l i t y  o f  t h e  e s t i m a t e d  p r o b a b i l i t i e s  f o r  X F I R  can be 
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Appendix H 

ANALYSIS OF HYPOTHETICAL OVERLOAD TRANSIENTS 

J. G. Merkle 

During the  o r i g i n a l  s a f e t y  ana lys i s '  f o r  the High Flux Iso tope  Reac- 
t o r  ( H F I R ) ,  var ious  t r a n s i e n t s  were examined with regard t o  t h e i r  cred- 
i b i l i t y .  The c o n t r o l  system w a s  designed t o  handle ,  without  s i g n i f i c a n t  
core  damage, a r e a c t i v i t y  add i t ion  c o n s i s t i n g  of the  i n s e r t i o n  of the 
worst  poss ib l e  void i n t o  the  f l u x  t r a p  region with the  t a r g e t  s t i l l  pres- 
en t .  T h i s  t r a n s i e n t  does not r e s u l t  i n  a s i g n i f i c a n t  i nc rease  i n  p res -  
s u r e  loading on the v e s s e l ,  and more severe  t r a n s i e n t s ,  In  terms of 
primary-system pressure  bui ldup,  are of such low p r o b a b i l i t y  t h a t  they 
are considered i n c r e d i b l e .  Even so ,  i n  response to  an Advisory Committee 
on Reactor Safeguards (ACRS) ques t ion  regarding energy abso rp t ion  capa- 
b i l i t y  of t h e  v e s s e l ,  Oak Ridge Nat ional  Laboratory (ORNL) considered 
more-severe r e a c t i v i t y  t r a n s i e n t s .  The eva lua t ion  is d iscussed  i n  Ref I, 
and t h i s  s tudy has been conducted t o  eva lua te  the  e f f e c t  of r a d i a t i o n  
damage t o  the  vessel. 

Severa l  approaches were used i n  Ref. 1 fo r  es t imat ion;  the  m o s t  
s eve re  with respec t  t o  the  v e s s e l  was based on the conserva t ive  assump- 
t i o n  t h a t  a r e a c t i v i t y  t r a n s i e n t  can release energy as f a s t  as a TNT 
explosion.  For t h i s  assumption, a semiempir ical  a n a l y s i s  based on 
experimental  d a t a  obtained with s c a l e  models a t  the  U.S. Naval Ordnance 
Laboratory ( was employed t o  c a l c u l a t e  the  al lowable energy release 
i n  terms of pounds of TNT. The primary v a r i a b l e s  i n  t h i s  c a l c u l a t i o n  a re  
the  v e s s e l  inner  and outer  r a d i i ,  the  u n i t  weight and t e n s i l e  p r o p e r t i e s  
of the  ves se l  m a t e r i a l ,  and the  presence or absence of coolant  i n  the  
v e s s e l  and water s h i e l d i n g  around the ves se l .  The e f f e c t s  of weld f laws  
and nozzle-region s t r a i n  concent ra t  ions were considered i n  the NOL analy- 
sis by employing a s a f e t y  f a c t o r  of t h ree  an s t r a i n  to le rance .  The NOL 
formula f o r  the  l i m i t i n g  energy release capac i ty  is2 

-..!--- 0.1563 ( 2 0 .  + au + a E ) E~ (3.41 C 0.117 5, (-)(It: - R:)1*85 

, (H.1) _. - hO 
Y u u  

-I_ -I_ 

- 0.811 ~ 

1.47 + 0.0373 -L RO. 15 i 
'Rmax 

RO. 15 
i 

-..!--- 0.1563 ( 2 0 .  + au + a E ) E~ (3.41 C 0.117 5, (-)(It: - R:)1*85 

, (H.1) _. - hO 
Y u u  

-I_ -I_ 

- 0.811 ~ 

1.47 + 0.0373 -L i 
'Rmax 

whe r e  

(iRlmax = maximum explos ive  charge weight f o r  real ves se l  without 
rup tu re ,  l b ,  

a = y i e l d  stress, k s i ,  

CI = engineer ing  u l t ima te  stress, k s i ,  
Y 

U 
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E -. e n g i n e e r i n g  u l t i m a t e  t e n s i l e  s t r a i n , "  d i m e n s i o n l e s s ,  

Ri = v e s s e l  i n t e r n a l  r a d i u s ,  f t ,  

Re = v e s s e l  e x t e r n a l  r a d i u s ,  f t ,  

ho = v e s s e l  w a l l  t h i c k n e s s ,  f t ,  

U 

w = w a l l  u n i t  we igh t ,  l b / f t 3 .  

Equa t ion  ( H . l )  i n c l u d e s  t h e  s a f e t y  f a c t o r  of t h r e e  a p p l i e d  t o  t h e  
s t r a i n  cU. In deve lop ing  and a p p l y i n g  Eq. (H.l) NOL3s4 found that  t h e  
s a f e t y  f a c t o r  of t h r e e  p rov ides  a degree  of conse rva t i sm s u f f i c i e n t  t o  
pe rmi t  u s i n g  t h e  t o t a l  e l o n g a t i o n  i n  p l a c e  o f  t h e  less commonly a v a i l a b l e  
uniform e l o n g a t i o n  as the  va lue  of cU. Subsequen t ly ,  c a l c u l a t i o n s  f o r  
t h e  H F I R  v e s s e l  i n  t h e  u n i r r a d i a t e d  c o n d i t i o n  were made on t h i s  b a s i s  by 
Wise.' The c a l c u l a t e d  energy release c a p a c i t y  oE t h e  H F I R  pr imary 
system, expres sed  i n  terms of a weight  of TNT, was 55  l b .  The numerical  
v a l u e s  used as i n p u t  t o  Eq. ( H . l )  f o r  t h i s  c a l c u l a t i o n  are shown i n  Tab le  
H.l. Because t h e  t e n s i l e  p r o p e r t i e s  used by Wise were t h e  minimum s p e c i -  
f i e d   value^,^ t h e  energy release c a p a c i t y  of t h e  H F I R  pr imary system 
s t i l l  exceeds the  o r i g i n a l l y  c a l c u l a t e d  v a l u e ,  as exp la ined  below. 

*An a l t e r n a t e  d e E i n t t i o n  was a l s o  developed by NOL f o r  use on ly  i n  
combination w i t h  t h e  s a f e t y  f a c t o r  of t h r e e .  See the  f o l l o w i n g  d i s c u s -  
s i o n .  

Table  H . l .  H F I R  v e s s e l  c h a r a c t e r i s t i c s  r e l e v a n t  
t o  t h e  e s t i m a t i o n  of t r ans i en t .  energy 

release c a p a c i t y  of t h e  
primary system 

Tensile properties 

U n i r r a d i a t e d  
I r r a d i a t e d  i n  H F I R ,  

me as u r ed  
P r o p e r t y  

Mini mum 
s pe c i  f i e d  Measured 

U 38 k s i  47.1 56.5 

U 70 k s i  82.4 80.3 

E 2 2 x  31 19.8 

Y 

U 

t 

Other vessel characteristics 

Ri = 3.9167 f t  

Re = 4.1667 f t  

h = 0.25 f t  
0 

w = 490 l b / f t 3  
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As discussed  i n  Appendix D ( see  Sects .  D.4.3.5 and D.6.2.71, t e n s i l e  
tes ts  were conducted by ORNL on both u n i r r a d i a t e d  and i r r a d i a t e d  speci-  
mens from the  A212B m a t e r i a l  i n  t he  HFIR vessel. The i r r a d i a t e d  spec i -  
mens were subs i ze  specimens with a th i ckness  of 0.03 In ,  Some of the  
u n i r r a d i a t e d  specimens were a l s o  subs ize  wi th  t h e  same th i ckness ,  and the 
rest were l a r g e r  with a diameter  of 0.20 in .  There were no s i g n i f i c a n t  
s i z e  e f f e c t s  i n  the  u n i r r a d i a t e d  da ta .  The i r r a d i a t e d  specimens were 
machined from the  broken halves  of t h r e e  s u r v e i l l a n c e  specimens, and t h e  
u n i r r a d i a t e d  subs i ze  specimens were machined from t w o  companion u n i r r a d i -  
a t e d  a rch ive  specimens, as ind ica t ed  i n  Table D.23 of Appendix D. The 
0.2-in.-diam u n i r r a d i a t e d  t e n s i l e  specimens were machined from Charpy 
blanks taken from the  nondes t ruc t ive  examination (NDE) nozzle  dropout. 
Table H . 1  l ists  the  t e n s i l e  p r o p e r t i e s  used a n a l y t i c a l l y  i n  the  p re sen t  
study. The measured un i r rdd ia t ed  d a t a  are the  average va lues  for  the  
0.2-in.-diam specimens. The i r r a d i a t e d  d a t a  are t h e  average va lues  f o r  
t he  four  specimens taken  from the  broken ha lves  of s u r v e i l l a n c e  specimen 
NO. A140. 

The f luence  a t  the  HB-3 weld on t h e  core ho r i zon ta l  midplane (IMP) 
i s  greater than the  f luence  a t  the  A212B s u r v e i l l a n c e  specimen loca t ions .  
Therefore ,  it is necessary t o  estimate t h e  t e n s i l e  p r o p e r t i e s  a t  the  
governing l o c a t i o n  i n  the  v e s s e l  by ex t r apo la t ion .  The mode of f a i l u r e  
r e l evan t  t o  the  energy containment c a l c u l a t i o n  i s  t e n s i l e  i n s t a b i l i t y  i n  
the  p l a s t i c  range. Residual  stresses w i l l  have no e f f e c t ,  and the  ten-  
s i l e  i n s t a b i l i t y  load should be governed by the  through-thickness average 
d u c t i l i t y  a t  t h e  l o c a t i o n  of least  d u c t i l i t y .  This q u a n t i t y  was es t i -  
mated as the  through-thickness average d u c t i l i t y  near t h e  HB-3 weld a t  
the core  HMP, based on the  through-thickness average f l u x  r e l a t i v e  t o  the  
f l u x  a t  t he  s u r v e i l l a n c e  specimen loca t ion .  

Refer r ing  t o  Table 5.2, the  through-thickness  average f l u x  near t h e  
HB-3 weld w a s  es t imated  as the average of the  ins ide-sur face  f l u x  i n  the 
nozzle  weld ad jacent  t o  the  nozzle  forg ing  (5.30 x 108 n/cm2*s) and the  
o u t s i d e  su r face  f l u x  i n  the  ad jo in ing  base metal  (2.96 x 108 n/cm2=s). 
Thus, the  es t imated  through-thickness average f l u x  is 4 . 1 3  x 108 n/cmz*s. 
The s u r v e i l l a n c e  specimen f l u x  is given i n  T a b l e  5.2 as 2.68  x IO8 n/crn2*s. 
Thus, t he  r a t i o  of t h e  f luence  a t  the  governing l o c a t i o n  a f t e r  a s e r v i c e  
l i f e  ex tens ion  of 10 e f f e c t i v e  full-power years  (EFPY) and the  f luence  a t  
t h e  s u r v e i l l a n c e  specimen l o c a t i o n  i n  1986 i s  

= 2.28 . @ 4.13 [17.53 + ( 1 0 ) ( 0 . 8 4 6 ) ]  
- e  

( 2 . 6 8 ) ( 1 7 . 5 3 )  
@REF 

As noted i n  Sect. D.6.3 .3  of Appendix D, t he  damage t rends  for the  BFIK 
s u r v e i l l a n c e  d a t a  are w e l l  represented by a power-law express ion  i n  which 
the exponent has the  va lue  of 0.25. Thus, the r a t i o  of t;he change i n  
t o t a l  e longa t ion  a t  the governing l o c a t i o n  t o  t h a t  determined from the 
1986 s u r v e i l l a n c e  material i s  es t imated  t o  be 

AE 
= ( 2 . 2 8 ) 0 * 2 5  = 1.23 , t 

A €  
t , R E F  
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and t h e  t o t a l  e l o n g a t i o n  a t  t h e  governing l o c a t i o n  a t  t h e  end of the 
a d d i t i o n a l  10-EFPY o p e r a t i n g  pe r iod  is  e s t i m a t e d  t o  be 

E = 31 - 1.23 ( 3 1  - 19.8) = 17.2% . 
t 

A c o n s e r v a t i v e  c a l c u l a t i o n  of t h e  minimum t o t a l  e l o n g a t i o n  f o r  which 
the  energy release c a p a c i t y  of t h e  HFIR pr imary system w i l l  s t i l l  be  
e q u a l  t o ,  o r  g r e a t e r  t h a n ,  that  c a l c u l a t e d  by Wise1 f o r  the v e s s e l  i n  i t s  
o r i g i n a l  c o n d i t i o n  can be made by s o l v i n g  K q .  (11.1) f o r  cU. For the 
v e s s e l  c h a r a c t e r i s t i c s  g iven  i n  Table  H. 1 ,  Eq. (H.l)  becomes 

Based on t h e  minimum s p e c i f i e d  u n i r r a d i a t e d  t e n s i l e  p r o p e r t i e s  g iven  i n  
Table  H . l ,  t h e  c a l c u l a t e d  v a l u e  of (E is  58.6 l b .  E v i d e n t l y ,  t h e  
55 lb g iven  by Wise w a s  rounded down Po the n e a r e s t  5 l b .  
above c a l c u l a t e d  va lue  of <f;"K)m, and the  i r r a d i a t e d  y i e l d  and u l t i m a t e  
t e n s i l e  stresses g iven  i n  Table H . l ,  w i th  no al lowance f o r  t h e i r  f u r t h e r  
i n c r e a s e  d u r i n g  t h e  a d d i t i o n a l  10-EFPY o p e r a t i n g  p e r i o d ,  Eq. ( H . 2 )  can be 
s o l v e d  as a q u a d r a t i c  f o r  E ~ ,  g i v i n g  cU = 17.1%. Because t h e  c a l c u l a t e d  
v a l u e  of c t  a t  t h e  end of t h e  a d d i t i o n a l  10-EFPY o p e r a t i n g  p e r i o d  exceeds 
t h i s  v a l u e ,  i t  fo l lows  t h a t  t h e  c a p a b i l i t y  of t h e  H F I R  v e s s e l  f o r  energy 
containment w i l l  remain g r e a t e r  t han  t h e  o r i g i n a l l y  c a l c u l a t e d  v a l u e  of 
55 l b  OE "NT dur ing  an a d d i t i o n a l  10-EFPY o p e r a t i n g  pe r iod .  

Using t h e  
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Appendix 'I 

CONSEQUENCES OF C.MCK EXTENSION 

J. G. Merkle 

1.1 INTRODUCTION 

Although no recordable  i n d i c a t i o n s  have been found i n  the  High Flux 
Isotope Reactor (HFIR) v e s s e l  dur ing  previous i n s p e c t i o n s ,  and l i n e a r  
e l a s t i c  f r a c t u r e  mechanics (LEFM) a n a l y s i s  shows t h a t  even a flaw 1 i n .  
deep w i l l  not propagate ,  t h e  consequences of hypo the t i ca l  crack ex tens ion  
have been inves t iga t ed .  Three through-wall propagat ing crack configura-  
t i o n s  have been s tudied .  The f i r s t  conf igu ra t ion  is a through-wall c rack  
propagat ing a x i a l l y  i n  both d i r e c t i o n s  from the  HB-3 nozzle  weld a t  i ts  
i n t e r s e c t i o n  with the  core  h o r i z o n t a l  midplane. The second conf igu ra t ion  
i s  a through crack propagat ing from the same origin but fol lowing the 
HB-3 nozzle-to-cylinder weld. The t h i r d  conf igu ra t ion  is a through crack 
propagat ing a x i a l l y  i n  the  plane conta in ing  t h e  nozzle a x i s ,  o r i g i n a t i n g  
either i n  the  HB-3 nozz le  weld o r  a t  t he  i n s i d e  nozzle  cornerc  The crack 
running a x i a l l y  from t h e  core  h o r i z o n t a l  midplane has the  g r e a t e s t  ten- 
dency f o r  continued propagat ion,  but based on average c rack-ar res t  tough- 
ness  p r o p e r t i e s ,  it w i l l  be a r r e s t e d .  Based on even lower-bound crack- 
arrest toughness p r o p e r t i e s ,  t h e  o the r  two crack pa ths  lead  t o  a r r e s t .  

L.2 CRACK RUNNING AXIALLY FROM THE CORE HORIZONTAL MIDPLANE 

A reasonable  procedure f o r  ana lyz ing  a through-wall crack running 
a x i a l l y  from the HE-3 nozz le  weld a t  the core  h o r i z o n t a l  midplane i s  t o  
assume t h a t  i t  can run beyond the  he ight  of both the  core  and the  nozzle  
and t o  analyze i t  as an a x i a l  through crack i n  a pressur ized  cy l inde r ,  
A t  a he igh t  of 15 in .  above the  core  h o r i z o n t a l  midplane, t he  m i d w a l l  
neutron f l u x  should be e s s e n t i a l l y  equal  t o  t h e  va lue  determined by t h e  
two-dimensional a n a l y s i s ,  which, from Fig. E . 2 1 ,  is 0.44 x 108 n/cm2*s. 
For t h i s  a n a l y s i s ,  t he  midwall f l u x  a t  t h a t  he igh t  w i l l  be assumed t o  be 
0.5 x 108 n/cm2*s. 

For a through-crack propagat ing i n  t he  a x i a l  d i r e c t i o n ,  t he  ~ O V -  
ern ing  toughness corresponds t o  the  LT o r i e n t a t i o n .  Using Eq. (8) i n  
Chap. 5 and r e f e r r i n g  t o  Table 5.2, the  rate of i nc rease  of RTNDT wi th  
time a t  f u l l  power i s  given by 

SFp = 4.28 (;:i8) - = 0.799'F/year. 

Therefore ,  

RTNDT-86 = 20 + (17.53)(0.799) = 34°F , 
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and f o r  A t  =: 3 years* and P = 84.6 EM, 

RTNDT = 34 + ( 0 . 8 4 6 ) ( 3 ) ( 0 . 7 9 9 )  z= 36'F 

For a midwall t empera ture  of 107.5'F, T - RTNDT = 71.5"P 2nd ICpR = 61.86 
k s i * &  It is  u n l i k e l y  t h a t  t h i s  lower-bound toughness  would be s u f f i -  
c i e n t  t o  arrest  a 30-in.-long running crack. However, t o  be more r e a l i s -  
t i c  about  t h e  l i k e l i h o o d  of arrest of t h i s  h y p o t h e t i c a l  running c r a c k ,  i t  
i s  reasonable  t o  use an  estimate of t h e  mean c r a c k - a r r e s t  toughness in-  
s t e a d  of a lower bound. Based on t h e  o b s e r v a t i o n  of Cheverton and B a l l s 1  
an  estimate can be made t h a t  t h e  average c r a c k - a r r e s t  toughness impl ied  
by a compi la t ion  of t h i c k - s e c t i o n  thermal-shock and wide-plate  crack-  
arrest d a t a  i s  75% above t h e  lower bound (Fig.  1.1). Thus, t h e  governing 

*Note t h a t  t h e  c a l c u l a t i o n s  i n  t h i s  appendix were based on a l i f e  
e x t e n s i o n  of 3 years .  However, f o r  a l i f e  e x t e n s i o n  of 10 y e a r s ,  t h e  
toughnesses  d e c r e a s e  only  s l i g h t l y  and t h e  r e s u l t s  remain q u a l i t a t i v e l y  
t h e  same. 

ORNL-DWG 87 4948 ETD 

0 TSE-4.5,5A, 6 (ORNL); +, dK,/da 

A FRENCHTSE 
0 JAPANESE ESSQ TESTS 

0 

-40 -20 0 20 40 SQ 80 100 
T-RTNDT (QC) 

Fig. I. 1. Comparison of l a r g e  specimen c r a c k - a r r e s t  d a t a  wi th  
curves r e p r e s e n t i n g  KIR, 1.25 KIR,  and 1.75 KIR. Source: R. D. 
Cheverton and D. G. B a l l ,  "The Role of Crack Arrest i n  t h e  Evalua t ion  
of PWR P r e s s u r e  Vessel I n t e g r i t y  During PTS T r a n s i e n t s , "  Eng. Fract. 
Me&. 2 3 ( 1 ) ,  71-80 ( 1 9 8 6 ) .  
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crack-ar res t  toughness i s  

RIa = 1.75 KIR = 108 ksi-J;i';r;- 

For  an ax ia l  through crack i n  a t h i n ,  p ressur ized  cy l inde r ,  t he  
geometry f a c t o r  i n  Eq. (14) of Chap. 5 i s  given by2 

C =  J=g . 
For  a = 15 in . ,  R = 47 in . ,  and t = 3 in . ,  

C s 1.889 

For a pressure  of 508 p s i ,  t he  average hoop stress is given. by 

u = p (t) = 7.96 k s i  , 

and the  app l i ed  s t r e s s - i n t e n s i t y  f a c t o r  i s  given by 

- 
KI = C ad';;;;; = (1.889)(7.96)dn(15) = 103 ks i -d in .  

I n  t h i s  c a l c u l a t i o n ,  a c rack- t ip  p l a s t i c  zone s i z e  i s  not added t o  the 
crack l eng th  because recent  Heavy-Section S t e e l  Technology (HSST) Program 
wide-plate c rack-ar res t  tests have shown t h a t  the  p l a s t i c  zone s i z e  f o r  a 
f a s t  running crack  i s  very small.3 
toughness exceeds the  app l i ed  value of KIP crack arrest  is  predicted.  

p l o t t i n g  the  es t imated  c rack-ar res t  toughness and t h e  appl ied  va lue  of 
K , along with the measured c rack-ar res t  toughness da t a  f o r  A212B s t e e l  
o h a i n e d  by Nordell  and H a l l 4  (Fig. 1 . 2 ) .  
t i o n  of crack arrest f o r  an a x i a l  through crack ,  Fig. 1.2 a l s o  shows the  
conservat ism of applying the  KIR curve t o  8 2 1 2 B  steel .  
t r a n s i t i o n  (NDT) va lue  used f o r  p l o t t i n g  Fig. 1 .2  is  20°F, a va lue  es t i -  
mated by Irwin5 probably because it is the  temperature a t  which the  
l o n g i t u d i n a l  Charpy V-notch impact energy is  close to  15 f t - l b .6  

Because the average c rack -a r r e s t  

The reasonableness  of t he  foregoing a n a l y s i s  can be denons t ra ted  by 

Besides j u s t i f y i n g  the  predic-  

The n i l - d u c t i l i t y  
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Fig.  1.2.  Comparison of e s t i m a t e d  KI and KIa v a l u e s  f o r  a hypo- 
t h e t i c a l  30-in.-long a x i a l  p ropaga t ing  c r a c k  i n  t h e  HFIR v e s s e l  w i t h  
c r a c k - a r r e s t  toughness  d a t a  from wide -p la t e  t e s t s  f o r  A212B s tee l  
[ S O U P C ~ :  W. J. Norde l l  and W. J. H a l l ,  "Two S tage  F r a c t u r i n g  i n  Welded 
Wide S t e e l  P l a t e , "  Weld. J . ,  Research Supplement, 4 4 ( 3 ) ,  124-s t o  134-s 
(1965)l  and t h e  KIR curves.  

1 . 3  CIRCULAR CRACK FOLLOWING THE HB-3 NOZZLE WELD 

Because the HB-3 nozz le - to -cy l inde r  weld is a c o n t r o l l i n g  r e g i o n  
w i t h  r ega rd  t o  f r a c t u r e  s a f e t y ,  t h e  case of h y p o t h e t i c a l  c r a c k  e x t e n s i o n  
f o l l o w i n g  t h i s  weld w a s  considered.  The assumed o r i g i n  of c r a c k  exten-  
s i o n  i s  t h e  HB-3 nozz le - to -cy l inde r  weld a t  the c o r e  h o r i z o n t a l  midplane,  
and t h e  c r a c k  d e s c r i b e s  a c i r c u l a r  arc of 10-in. r a d i u s ,  p ropaga t ing  i n  
b o t h  d i r e c t i o n s  f o l l o w i n g  t h e  weld. Two modes of c r a c k  e x t e n s i o n  occur  
s i m u l t a n e o u s l y :  Mode T i n v o l v i n g  c r a c k  opening and Mode I1 i n v o l v i n g  
L'orward s h e a r .  Mode 111, i n v o l v i n g  t r a n s v e r s e  s h e a r ,  may a l s o  occur  
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because of v e s s e l  i n t e r n a l  p re s su re ,  but i t s  i n t e r a c t i o n  with the o the r  
two modes should be n e g l i g i b l e  because i t  makes no con t r ibu t ion  t o  the  
mean t e n s i l e  stress near the  c rack  t i p .  

handbook by Rooke and C a r t ~ r i g h t . ~  
The s t r e s s - i n t e n s i t y  f a c t o r  s o l u t i o n s  f o r  this  problem appear i n  the 

The s o l u t i o n s  take the  forms 

and 

where 0 is  the  p o s i t i o n  angle  of the  upper crack t i p  measured from the 
core  h o r i z o n t a l  midplane, the  f a c t o r s  G I  and G2 are func t ions  of the 
angles  de f in ing  the  stress a x i s  and the  crack-t ip  l o c a t i o n s ,  and R1 i s  
the  rad ius  of the crack path. For a v e s s e l  i n t e r n a l  pressure  o f  508 p s i  
and a t r ansve r se  r e s i d u a l  stress of 1.7 ksi, 

At f r a c t u r e  the  i n t e r a c t i o n  of Modes I and I1 is assumed t o  be governed 
by the r e l a t i o n s h i p s  

!L+(k-) 2 =: 

KIc 

suggested by Hellan, * 

(1.4) 

and 

Fi 

S u b s t i t u t i n g  KIR f o r  KIc,  conbining Eqs .  ( 1 . 4 )  and (X.5), and genera l iz -  
i n g  the  r e s u l t  give 
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where propagat ion  occurs  f o r  A > 1 and arrest occurs  i f  X < 1 .  Using t h e  
midth ickness  toughness a t  t h e  core  h o r i z o n t a l  midplane,  which i s  q u i t e  
c o n s e r v a t i v e ,  RTNnT = 116.8'F a t  t h e  end of the  a d d i t i o n a l  3-year oper- 
a t i n g  p e r i o d ,  T -  RTNuT =-9.3'F, and KIR = 37.65 k s i - 6  F igure  1 . 3  
shows t h e  v a r i a t i o n  of t h e  propagat ion  parameter A w i t h  angle  8. Propa- 
g a t i o n  can occur  f o r  8 2 3 Q 0 ,  but  arrest occurs  near  8 = 9Qo, meaning 
t h a t  t h e  h y p o t h e t i c a l  c r a c k  cannot propagate  more than half-way around 
t h e  nozz le- to-cy l inder  weld. 

1.4 

1.2 

1.0 

0.8  
h 

0.0  

0.4 

0.2 

0 

1 I 1 I 1 I 1 

/\ PROPAGATION \ 

0 20 40 BO 00 100 120 140 
8 (deg) 

Fig. 1.3. V a r i a t i o n  of t h e  c r a c k  propagat ion  parameter  A wi th  
c r a c k - t i p  p o s i t i o n  a n g l e  8 f o r  h y p o t h e t i c a l  c r a c k  propagat ing  i n  combined 
Modes I and XI around t h e  HB-3 nozzle- to-cyl inder  weld. 

1.4 CRACK EXTENDING AXIALLY ABOVE THE NOZZLE AXIS 

For t h e  h y p o t h e t i c a l  e x t e n s i o n  of an a x i a l  c rack  above the  nozz le  
a x i s ,  it is assumed t h a t  t h e  c r a c k  e i t h e r  o r i g i n a t e s  a t ,  o r  extends t o ,  
the  i n s i d e  nozz le  c o r n e r  and, a l s o ,  t o  some d i s t a n c e  above the  n o z z l e  
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ax i s .  For t h i s  a n a l y s i s ,  i t  w i l l  be determined i f  t he  crack could propa- 
g a t e  beyond a d i s t a n c e  of 15 in .  above t h e  nozzle  ax i s .  

The crack conf igu ra t ion  is analyzed as a crack extending r a d i a l l y  
from a hole  i n  a p l a t e  under b i a x i a l  loading. For t h i s  conf igu ra t ion ,  
t h e  stress d i s t r i b u t i o n  i s  separa ted  i n t o  an e q u i b i a x i a l  component and a 
u n i a x i a l  component, and the  s t r e s s - i n t e n s i t y  f a c t o r  is w r i t t e n  as9 

where t h e  s u b s c r i p t s  on the  nondimensional geometry f a c t o r s  denoted by F 
i n d i c a t e  the  number of r a d i a l  cracks (one i n  t h i s  case)  and the  stress 
component ( b i a x i a l  o r  u n i a x i a l ) ,  r e s p e c t i v e l y ,  and L is the  crack l eng th  
measured from the  edge of t h e  hole .  
where Rp is t h e  hole  radius .  For 

The F f a c t o r s  are func t ions  of L / R 2 ,  

F I B  = 0.95 and Flu = 0.97. 
f o r  p = 508 p s i ,  t he  va lue  of KI i s  given by 

For 2 : l  b i a x i a l  loading ,  crB = ou = p r / 2 t ,  and 

KI = (0 .96) (7 .96)4~(11)  = 44.92 k s i . 6  

Because t h i s  va lue  is less than the  va lue  of KIR 15 in .  above the core  
h o r i z o n t a l  midplane, crack arrest  w i l l  occur. Thus, crack arrest  occurs 
f o r  a l l  t h ree  crack conf igu ra t ions .  
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