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FOREWORD 

T h i s  r e p o r t  i s  t h e  t e n t h  i n  a s e r i e s  o f  Q u a r t e r l y  Techn ica l  Progress 
Repor ts  on -Damage A n a l y s i s  and Fundamenta l  S t u d i e s "  (DAFS) wh ich  i s  one 
element o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  suppo r t  o f  t h e  
Magnet ic  Fus ion  Energy Program o f  t h e  U. S. Department o f  Energy. The f i r s t  
e i g h t  r e p o r t s  i n  t h i s  s e r i e s  were numbered DOE/ET-0065/1 t h rough  8. 
elements o f  t h e  M a t e r i a l s  Program are: 

Other  

. 
Spec ia l  Purpose M a t e r i a l s  (SPM). 

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  

A l l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP) 
P1 asma-Mater i a1 s I n t e r a c t i  on ( P M I  ) 

from a number o f  N a t i o n a l  L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organ ized b y  t h e  M a t e r i -  
a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fus ion  Energy, DOE, and a Task 
Group on Damage A n a l y s i s  and Fundamenta l  S t u d i e s  which opera tes  under t h e  
auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p ro-  
v i d e  a work ing  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  program 
p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  genera l ,  and f o r  t h e  Depart-  
ment o f  Energy. 

P lan  o f  t h e  same t i t l e  so t h a t  a c t i v i t i e s  and accanpl ishments may be 
f o l l o w e d  r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan.  
l a b o r a t o r y  may appear th roughout  t h e  r e p o r t .  
annotated f o r  t h e  convenience o f  t h e  reader .  

Th i s  r e p o r t  i s  o rgan ized  a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program 

Thus, t h e  work o f  a g i ven  
The Tab le  o f  Conten ts  i s  

T h i s  r e p o r t  has been ccmpi led and e d i t e d  under t h e  guidance o f  t h e  
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D. G. Doran, Hanford  Eng inee r i ng  Development Labora to ry .  H i s  e f f o r t s  and 
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PROGRAM I .  

I1 

T i t l e :  RTNS-I1 Operations (WZJ-16) 
Principal  Inves t iga tor :  C .  M .  Logan 
Af f i l i a t ion :  Lawrence Livermore National Laboratory 

OBJECTIVE 

The objec t ives  o f  this work a r e  operat ion o f  OFE's RTNS-I1 ( a  14-MeV 
neutron source f a c i l i t y ) ,  machine development, and support  of the experi-  
mental program t h a t  u t i l i z e s  this f a c i l i t y .  Experimenter serv ices  
include dosimetry, handling, scheduling, coordinat ion,  and report ing.  

111. RELEVANT OAFS PROGRAM TASWSUBTASK 

TASK II.A.2,3,4. 
TASK II.B.3,4. 
TASK II.C.1,2,6,11,18. 

IV. SUMMARY 

A var i e ty  of s h o r t  term i r r a d i a t i o n s  were performed i n c l u d i n g  s t u d i e s  

F a c i l i t y  operat ion was rou t ine  during the quar te r .  
A dosimetry experiment t o  cha rac te r i ze  the neutron f i e l d  was begun.  

of NbTi ,  C u ,  and A1 a t  4K. 

V .  ACCOMPLISHMENTS A N D  STATUS 

A .  I r r a d i a t i o n s  - N .  E .  Ragaini, M .  W .  Guinan and C .  M .  Logan(LLNL) 

The exposure of glass-bonded mica and MACOR samples for Frank 
Clinard (LASL) was completed. 
B i l l  J e s se r  ( U n i v .  o f  Virginia)  was a l s o  completed. 

The exposure of H V E M  t e n s i l e  specimens f o r  
The i r r a d i a t i o n  o f  

3 



NbTi samples a t  4°K f o r  R. Van Konynenburg (LLNL) was s t a r t e d  and com- 

p l e t e d .  

r e s i s t i v i t y l d a m a g e  s t u d i e s  f o r  Mike Guinan (LLNL) was s t a r t e d  and com- 

p l e t e d .  

He ikk inen,  and Logan was done. Q u a r t z  and sapph i re  samples were i r r a -  

d i a t e d  f o r  J. McNeese (HEDL). Low f l u e n c e  i r r a d i a t i o n s  f o r  Russ Jones 

(PNL) were completed. 

t i o n  exper iment  o f  Kne f f  e t  a l .  (RIES, ANL,LLNL) was begun. 

I n  a d d i t i o n ,  the  i r r a d i a t i o n  o f  Cu and A1 samples a t  4°K f o r  

Another  i r r a d i a t i o n  o f  l i v e r  enzymes f o r  Vessey (V.A./SFO), 

The neu t ron  f i e l d  c h a r a c t e r i z a t i o n  and He produc-  

B. RTNS-I1 S ta tus  C. M. Logan and D. W. He ikk inen  (LLNL) 

There were no major  unscheduled outages d u r i n g  t h i s  q u a r t e r .  The 
o n - l i n e  computer sys tem f o r  beam and neu t ron  m o n i t o r i n g  h a s  been i m p l e -  

mented. Ta rge t  data i s  now s t o r e d  on  d i s k  and magnet ic  tape.  

n a l  h o r i z o n t a l  t u r b o  pump has been rep laced .  Th is  has r e s u l t e d  i n  i m -  

proved i o n  source per formance.  The unused machine beam t r a n s p o r t  vacuum 

system i s  o p e r a t i o n a l  f r om the  a c c e l e r a t o r  tube  s e c t i o n  t o  t he  t a r g e t  

room. 

The t e r m i -  

V I  I. FUTURE WORK 

Du r i ng  t h i s  q u a r t e r  i r r a d i a t i o n s  a r e  scheduled f o r  W. Barmore 

(LLNL), M. Guinan (LLNL), R. Jones (PNL) and N .  Panayotou (HEDL). The 

l a t t e r  i n v o l v e s  i n s t a l  l a t i o n  and check-out  o f  t h e  two tempera ture  

furnace.  

VIII.PUBLICATIONS 

C .  M. Logan, J. C .  Davis,  T. A.  Gibson, D. W. He ikk inen,  B. J .  
Schumacher and M. S .  Singh " T r i t i u m  Exper ience a t  RTNS-11", UCRL-83405 

(1980) 

B .  J. Schumacher, "RTNS-I1 T r i t i u m  Scrubber Design and Performance" 

UCRL-83403 (1980) 



I .  PROGRAM 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  D.L.Johnson/F.M.Mann 

A f f i l i a t i o n :  Hanford  Eng inee r i ng  Development L a b o r a t o r y  (HEDL) 

Nuc lea r  Data f o r  Damage S t u d i e s  and FMIT (WH025/EDK) 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  supp l y  n u c l e a r  da ta  needed f o r  

damage s t u d i e s  and i n  t h e  des ign  and o p e r a t i o n  o f  t h e  Fus ion  M a t e r i a l  

I r r a d i a t i o n  T e s t i n g  (FMIT) f a c i l i t y .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A l l  t a s k s  t h a t  a r e  r e l e v a n t  t o  FMIT use, w i t h  emphasis upon: 

SUBTASK I I . A . 2 . 3  F l u x  s p e c t r a  d e f i n i t i o n  i n  FMIT 

TASK I I . A . 4  Gas Genera t ion  Rates 

SUBTASK I I .A .5 .1  

SUBTASK I I .B .1 .2  A c q u i s i t i o n  o f  Nuc lea r  Data 

He l ium Accumulat ion M o n i t o r  Development 

I V .  SUMMARY 

Neut ron  s p e c t r a  and r a d i a t i o n  h e a t i n g  d a t a  have been o b t a i n e d  f rom 

p r e l i m i n a r y  a n a l y s i s  o f  measurements o f  t h e  t r a n s m i s s i o n  o f  FMIT- l i ke  

neu t rons  th rough  t h i c k  i r o n .  These d a t a  w i l l  be used t o  c o n f i r m  neu- 
t r o n  t r a n s p o r t  c a l c u l a t i o n s  used f o r  p r e d i c t i o n s  o f  r a d i a t i o n  h e a t i n g  

i n  FMIT t e s t  c e l l  w a l l s  b u t  w i l l  a l s o  shed l i g h t  on neu t ron  t r a n s p o r t  

c a l c u l a t i o n s  w i t h i n  an expe r imen ta l  t e s t  m a t r i x .  

A n a l y s i s  o f  measurements o f  t h e  prompt gamma y i e l d  and s p e c t r a  f r om 

t h e  t h i c k  t a r g e t  L i ( d , x y )  r e a c t i o n  a t  35 MeV shows a v e r y  smal l  gamma 

y i e l d  o f  low enerf ly gamma rays .  

t i o n  h e a t i n g  and damage i s  expec ted  t o  be much s m a l l e r  t han  n e u t r o n  

c o n t r i b u t i o n s .  

Hence t h i s  c o n t r i b u t i o n  t o  r a d i a -  
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A s tudy  o f  p o t e n t i a l  methods t o  reduce t h e  s a t u r a t e d  l e v e l  o f  r a d i o -  

a c t i v e  Be i n  t h e  FMIT l i t h i u m  t a r g e t  and the reby  reduce maintenance 

problems shows t h a t  i t  i s  d i f f i c u l t  t o  ach ieve  l a r g e  r e d u c t i o n s  v i a  

n u c l e a r  means. 

7 

The FMIT neu t ron  a c t i v a t i o n  f i l e  now has ove r  1080 r e a c t i o n s  on 107 

n u c l i d e s .  

a r e  oDera t iona1 b o t h  a t  HEDL and a t  NMFECC. 

The NEUACT code system and t h e  p r e - e q u i l i b r i u m  code PRECO-D 

V.  ACCOMPLISHMENTS AND STATUS 

A. Neut ron  T r a n s l o r t  and R a d i a t i o n  H e a t i n g  Measurements -- 
D.L.Johnson and F.M.Mann (HEDL), G.L.Woodruff  (Un iv .  o f  Wash.), 
F.P.Brady,  J.L.Rorner-o, J.L.Ullrnann, M.L.Johnson and C.M.Castaneda 
(Un iv .  o f  C a l i f .  a t  Dav i s )  

Measurements o f  t h e  t r a n s m i s s i o n  o f  FMIT- l i ke  neut rons  th rough t h i c k  

i r o n  and t h e  r a d i a t i o n  h e a t i n g  w i t h i n  t he  i r o n  were b r i e f l y  o u t l i n e d  

i n  t h e  l a s t  DAFS q u a r t e r l y  r e p o r t .  The o b j e c t i v e  was t o  p r o v i d e  da ta  

t o  c o n f i r m  neu t ron  t r a n s p o r t  c a l c u l a t i o n s  which a r e  used f o r  p r e d i c -  

t i o n s  o f  r a d i a t i o n  h e a t i n g  i n  t h e  FMIT t e s t  c e l l  w a l l s .  Fur thermore,  

da ta  were o b t a i n e d  f o r  a s i t u a t i o n  t h a t  i s  n e a r l y  i d e n t i c a l  t o  t h a t  

wh ich  w i l l  be exper ienced i n  t h e  t e s t  m a t r i c e s  w i t h i n  t h e  FMIT t e s t  

c e l l .  The comparison o f  measurements and c a l c u l a t i o n s  o f  t h e  same 

q u a n t i t i e s  w i l l  shed l i g h t  p r i m a r i l y  on t h e  adequacy o f  o u r  knowledge 

o f  ( 1 )  n u c l e a r  da ta  f o r  neu t rons  up t o  50 MeV on i r o n  and, ( 2 )  
c h a r a c t e r i s t i c s  o f  t h e  bare  n e u t r o n  source. The l a r g e s t  u n c e r t a i n -  

t i e s  m i g h t  be expec ted  i n  t h e  n u c l e a r  da ta  which have been extended 

f a r  beyond t h e  20 MeV l i m i t  i n  ENDF/B e v a l u a t i o n s .  

The neu t rons  were produced by a 6mm beam o f  35 rleV deut rons  

stopped i n  a s o l i d  l i t h i u m  t a r g e t  t h a t  was 21 2.5 cm i n  d iame te r  b y  

2 cm t h i c k .  T h i s  t a r g e t  was p laced  c l o s e  t o  t h e  c e n t e r  o f  a n e a r l y  

c u b i c a l  b l o c k  o f  s o l i d  i r o n  wh ich  was about  60 cm ( 2  f e e t )  t h i c k  on 
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each s i de .  Neut rons f rom t h e  source had t o  p e n e t r a t e  a t  l e a s t  about  30 

cm (1  f o o t )  o f  i r o n  i n  any d i r e c t i o n  i n  o rde r  t o  escape t h e  i r o n  b l ock .  

Measurements o f  t he  neu t ron  s p e c t r a  were made w i t h  d e t e c t o r s  p l aced  

10 cm ( 4  i nches )  o u t s i d e  t he  b l o c k  a t  0"  and 90" w i t h  r e s p e c t  t o  t h e  

beam d i r e c t i o n .  Pro ton  r e c o i l  p r o p o r t i o n a l  coun te r s  were used t o  

measure t he  p o r t i o n  o f  t h e  spectrum f rom about 10 KeV t o  about  1.5 MeV 

where most o f  t h e  t r a n s m i t t e d  neu t rons  a re  found. An NE213 l i q u i d  s c i n -  

t i l l a t o r  was used t o  measure t he  spectrum f rom about 1 MeV up t o  t he  

maximum t h a t  m i g h t  be observab le  (abou t  50 MeV). 

P r e l i m i n a r y  r e s u l t s  o f  a n a l y s i s  o f  p r o t o n  r e c o i l  s p e c t r a l  measurements 
a re  shown i n  F i g u r e  1 f o r  t he  da ta  a t  0'. The magnitudes of  t h e  da ta  

a r e  n o t  y e t  known, however, t h e  s p e c t r a l  shapes a re  q u i t e  s i m i l a r  t o  

p rev i ous  obse rva t i ons  o f  neu t rons  t r a n s m i t t e d  b y  t h i c k  i r o n .  Note t h a t  

t he  spec t ra  drop r a p i d l y  above 1 MeV and t h a t  t h e r e  a re  w e l l  known 

f e a t u r e s  such as t h e  l a r g e  peak a t  about  24 KeV t h a t  cor responds t o  a 

deep minimum i n  the  i r o n  c ross  s e c t i o n .  

t he  same shaoe as t h a t  a t  0'. 

The spectrum a t  90" has about 

P r e l i m i n a r y  r a d i a t i o n  h e a t i n g  da ta  has a l s o  been ob ta i ned  f rom CaF2:Mn 

thermoluminescent  dos imeters  (TLD's)  t h a t  were p l aced  w i t h i n  and on t h e  
s u r f a c e  o f  t h e  i r o n  b l o c k .  F i g u r e  2 shows the  d i s t r i b u t i o n  o f  t h e  r a d i a -  

t i o n  h e a t i n g  r a t e  (watts/gm-A) th rough  the  i r o n  in t he  d i r e c t i o n  o f  t h e  

i n c i d e n t  beam (0" ) .  

The TLD's a re  s e n s i t i v e  t o  r a d i a t i o n  h e a t i n g  induced by  b o t h  gamma r a y s  
and by  neu t rons .  

determined. 

magni tude p e r  f o o t  o f  i r o n  shou ld  be a severe t e s t  o f  t h e  c a l c u l a t i o n a l  

model and da ta .  

FMIT, one p r o j e c t s  a h e a t i n g  r a t e  of about 10 watts/gm o r  more i n  i r o n  t h a t  

i s  ad jacen t  t o  t h e  t a r g e t ,  c o n s i s t e n t  w i t h  e a r l i e r  t r a n s p o r t  c a l c u l a t i o n s .  

The r e l a t i v e  c o n t r i b u t i o n s  have n o t  a s  y e t  been 

The l a r g e  d rop  i n  t he  h e a t i n g  r a t e  o f  about  3 o rde rs  o f  

Note t h a t  f o r  a beam c u r r e n t  o f  0.1 amperes, as in 
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6. Measurements o f  t he  Prompt Gamma Y i e l d  and Spec t ra  f rom t h e  Th i ck  

Ta rge t  L i ( d , xy )  r e a c t i o n  a t  35 MeV. D.L.Johnson and F.M.Mann (HEDL) 

J.W. Watson, J. L.U1 lmann, and W.G. Wyckoff  (U. C. Dav is )  

The gamma y i e l d  and spectrum f rom the  FMIT t a r g e t  a r e  needed t o  e v a l u a t e  

r a d i a t i o n  h e a t i n g  and p o s s i b l e  gamma induced damage i n  t h e  v i c i n i t y  o f  

t h e  FMIT t a r g e t .  Measurements o f  prompt gamma y i e l d  and s p e c t r a  f rom 

35 MeV deuterons i n c i d e n t  on a t h i c k  t a r g e t  o f  n a t u r a l  l i t h i u m  were done 

s imu l taneous l y  w i th  t h e  same NE213 l i q u i d  s c i n t i l l a t o r  d e t e c t o r  used f o r  

measurements o f  t h e  neu t ron  y i e l d s  and spec t ra .  

t i n g u i s h  neu t ron  and gamma r a y  events  v i a  t h e  r i s e  t ime  o f  t h e i r  e l e c -  

t r o n i c  pulses.  P r e l i m i n a r y  a n a l y s i s  shows t h e  f o l l o w i n g  r e s u l t s .  The 

d i f f e r e n t i a l  y i e l d  as a f u n c t i o n  o f  ang le  i s  about  2.4(109)(gammas/uc-Sr) 
and the  angu la r  d i s t r i b u t i o n  i s  i s o t r o p i c .  The spectrum has about  80% 

o f  t he  gamma r a y s  w i t h  an energy o f  about  0.5 MeV and about  20% w i t h  an 

energy of about  1 MeV. 

T h i s  d e t e c t o r  can d i s -  

When i n t e g r a t e d  ove r  s o l i d  ang le  t he  t o t a l  gamma y i e l d  i s  about  3 (101 ' )  

(gammas/uc). T h i s  compares w i t h  t h e  t o t a l  neu t ron  y i e l d  o f  about  3(10")  

(neut rons /uc) .  Hence t h e  r a t i o  o f  gammas t o  neut rons  i s  about  1 t o  10. 
T h i s  i s  a v e r y  weak gamma p roduc t i on .  

energy on b e r y l l i u m ,  t h e  r a t i o  i s  e s t i m a t e d  t o  be n e a r l y  u n i t y .  

Even f o r  deuterons of s i m i l a r  

The observed spectrum can be i n t e r p r e t e d  i n  terms o f  o n l y  t h r e e  gamma 

r a y s  t h a t  a r e  expec ted  f rom deuteron  induced r e a c t i o n s  i n  l i t h i u m .  These 

gamma r a y s  come f rom prompt decay o f  t h e  f i r s t  e x c i t e d  s t a t e s  of ' L i  

( .478 MeV), Be(0.429 MeV) and 'Li(O.981 MeV) t h a t  a r e  popu la ted  v i a  
these  r e a c t i o n s .  The angu la r  d i s t r i b u t i o n s  f r om decay o f  these s t a t e s  

a r e  known t o  be e s s e n t i a l l y  i s o t r o p i c .  Note t h a t  no o t h e r  s t r o n g  prompt 

gamma r a y s  were a n t i c i p a t e d  s i n c e  a l l  e x c i t e d  s t a t e s  o f  o t h e r  p r o d u c t  

n u c l i d e s  t h a t  may be popu la ted  and h i g h e r  e x c i t e d  s t a t e s  o f  t h e  n u c l i d e s  

cons ide red  above a r e  unbound and decay p r e f e r e n t i a l l y  v i a  p a r t i c l e  

em iss ion  r a t h e r  t han  gamma emiss ion.  
t e r o n s  on b e r y l l i u m  where r e a c t i o n  p roduc ts  h a v i n g  seve ra l  bound s t a t e s  
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T h i s  c o n t r a s t s  w i t h  33 MeV deu- 



can be formed and the gamma y i e ld  i s  about 6 times l a rge r .  

In summary, the small gamma y i e ld  compared t o  beryllium, the energy 
spectrum, and the i so t rop i c  angular d i s t r i b u t i o n  a l l  appear t o  be con- 
s i s t e n t  with expectat ions .  Therefore,  t he  contr ibut ion t o  gamma heating 
and damage i s  expected t o  be qu i t e  small compared t o  the neutron induced 
contr ibut ion even in the immediate v i c i n i t y  of the t a r g e t .  

C. Reduction of 7Be in the Lithium Target Loop. D.L.Johnson (HEDL) 

The radionuclide 'Be i s  a major consideration in the design of the FMIT 
li thium system from the standpoint  of maintenance. 
there  i s  a s i gn i f i can t  production via the reac t ions  7Li(d,2n)7Be, and 
6Li (d ,n)7Be,  the half  l i f e  i s  f a i r l y  long  (53 days) ,  decay gamma rays 
of about 0.48 MeV are  emit ted,  and i t  has a tendency t o  adhere t o  the 
walls  of piping. I t  i s  the only long-lived,gamma-emitting radionuclide 
t h a t  can be produced via deuteron- or neutron-induced react ions  with the 
l i thium. Other long-lived, gamma-emitting radionuclides can be produced 
via deuteron- and neutron-induced react ions  with contaminants of 
o ther  elements in the l iqu id  l i th ium; however, t h e i r  contr ibut ion t o  
ac t i va t i on  l eve l s  i s  much smaller t h a n  t h a t  of 7Be in proportion t o  the 
t r ace  quan t i t i e s  of these contaminants. Therefore, there  i s  substan- 
t i a l  i n t e r e s t  i n  searching f o r  p o t e n t i a l  ways t o  reduce the  quant i ty  
of 7Be in the l i thium system. 

This i s  because 

The  potent ia l  f o r  reduction of 'Be by several  means was i nves t i -  
gated. 

Reduction of the sa tura ted  level of 7Be by absorption of thermal neutrons 
i s  possible s ince the energy dependence of the cross  sect ion a t  low 
energies i s  l / v  and the thermal value i s  about 50,000 barns. 
i t  would take an external source equivalent  t o  about a 1 megawatt TRIGA 
reac tor  in  which the coolant and moderator was the FMIT l i thium. 

However 



Furthermore, the l i thium i n  the loop would have t o  be enriched t o  nearly 
100% 7 L i  t o  reduce p a r a s i t i c  absorption of thermal neutrons by ‘ L i .  
Reductions i n  7Be of up t o  about 60% would be possible  w i t h  such an 
approach. 

Use of ‘Li  a s  the t a rge t  r a the r  than natural  l i thium would r e s u l t  i n  a 
15% reduction in the sa tura ted  ’Be level  s ince  the  th ick  t a r g e t  y i e l d  
from the 6Li(d,n)7Be react ion i s  l e s s  than t h a t  from natural  l i thium 
(92.5% 7 L i ) .  

I t  appears t o  be d i f f i c u l t  t o  make la rge  reductions in the  quant i ty  of 

Be a t  s a tu ra t ion  by nuclear means. I t  may be necessary t o  rely on 7 

o the r  means such a s  t rapping ,or  possibly increasing the t o t a l  l i thium 
volume and thereby decreasing the concentrat ion t h a t  can adhere t o  pip- 
i n g  walls .  

0. FMIT Neutron Activation Library. F.M.Mann, R.J.Morford, and 
L.L.Carter ( H E D L )  

The FMIT Activation Library i s  a pointwise nuclear cross  sec t ion  l i b r a r y  
extending from 10-5eV t o  40 MeV. 
nucl ides a r e  included. Experimental da t a ,  Hauser-Feshbach ca l cu la t ions ,  
the E N O F / B - V  evaluated l i b r a r y ,  and  the Lawrence Livermore Laboratory 
ACTL f i l e  were used t o  update THRESH computer code ca lcula t ions .  

Present ly over 1080 reac t ions  on 107 

The NEUACT computer code system i s  designed t o  combine FMIT f l u x  data 
w i t h  nuclear data t o  ca l cu la t e  user desired quan t i t i e s .  Three f l u x  
l i b r a r i e s  a r e  present ly ava i l ab le ,  t he  empty FMIT t e s t  c e l l ,  t he  FMIT 
t e s t  c e l l  f i l l e d  w i t h  ha l f  dens i ty  i ron ,  and the  FMIT l i n a c  vaul t .  
Activation cross  sec t ions  and decay data  f o r  the common mater ia l s  below 
z inc  a re  a l s o  present .  Helium production and displacement c ross  sec-  
t i o n s  a r e  a l s o  present .  The code system i s  i n  use f o r  ca lcula t ion  of 
ac t iva t ion  of mater ia l s  in FMIT and has been used t o  ca l cu la t e  damage 
r a t e s  i n  the FMIT Test Cel l .  The code system with abbreviated nuclear 



da ta  l i b r a r i e s  i s  a l s o  o p e r a t i o n a l  a t  NMFECC. 

E. Cross S e c t i o n  P r e d i c t i o n s .  F.M.Mann (HEDL) and C. Kalbach ( T r i a n g l e  

U n i v e r s i t i e s  Nuc lea r  L a b o r a t o r y )  

The p r e - e q u i l i b r i u m  code PRECO-D wh ich  p r e d i c t s  t h e  a n g u l a r  d i s t r i b u t i o n  

o f  o u t g o i n g  p a r t i c l e s  i s  now o p e r a t i o n a l  a t  HEDL and t h e  NMFECC. 

A c t i v a t i o n  c r o s s  s e c t i o n s  f o r  t h e  FMIT A c t i v a t i o n  L i b r a r y  have been 

c a l c u l a t e d  f o r  i m p o r t a n t  r e a c t i o n s  wh ich  a r e  n o t  i n  t h e  e v a l u a t e d  d a t a  

l i b r a r i e s  o f  ENDF/B-V and ACTL. 

HAUSER*5 c a l c u l a t i o n  ( m u l t i - s t e p  Hauser-Feshbach w i t h  p r e - e q u i l i b r i u m )  

(a  code based on s y s t e m a t i c s ) .  

F i g u r e  3 shows t h e  r e s u l t s  o f  t h e  

a l o n g  w i t h  t h e  expe r imen ta l  da ta  o f  Qaim (1 ) and t h e  p r e d i c t i o n s  o f  THRESH 

V I .  REFERENCES 

1. S. M.  Qaim and G. S t o c k l i n ,  Nuc. Phy.,A257 (1976) p. 233; S. M. 

Qaim and R. Wol f le ,  Nuc. Phy., A295 (1978)  p .  150. 

V I I .  FUTURE WORK 

A n a l y s i s  o f  measurements o f  t h e  t r a n s m i s s i o n  o f  FMIT neu t rons  
th rough  t h i c k  i r o n  w i l l  con t inue .  

A n a l y s i s  o f  deuteron  a c t i v a t i o n  measurements, d e s c r i b e d  i n  p r e v i o u s  

DAFS q u a r t e r l y  r epo r t s ,  w i l l  be resumed. 

The NEUACT code system w i l l  be expanded t o  i n c l u d e  more f l u x  maps 

and more n u c l e a r  data, i n  p a r t i c u l a r  damage parameters w i l l  be  i n -  

s t a l l e d  a t  NMFECC. 

V I I I .  PUBLICATIONS 

None 
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I V  

PROGRAM 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  D.L.Johnson/F.M.Mann 

A f f i  1 i a t i o n :  

Nuc lea r  Data f o r  Damage S tud ies  and FMIT (WH025/EDK) 

Hanford  Eng inee r i ng  Development L a b o r a t o r y  (HEDL) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  supp l y  n u c l e a r  d a t a  needed f o r  

damage s t u d i e s  and i n  t h e  des ign  and o p e r a t i o n  o f  t h e  Fus ion  

M a t e r i a l  I r r a d i a t i o n  T e s t i n g  (FMIT) f a c i l i t y .  

RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A l l  t a s k s  t h a t  a r e  r e l e v a n t  t o  FMIT use, w i t h  emphasis upon: 

SUBTASK I I .A .2 .3  F l u x  s p e c t r a  d e f i n i t i o n  i n  FMIT 

TASK I I . A . 4  Gas Genera t ion  Rates 

SUBTASK I I .A .5 .1  

SUBTASK 11.6.1.2 A c q u i s i t i o n  o f  Nuc lea r  Data 

Hel ium Accumulat ion M o n i t o r  Development 

SUMMARY 

The Symposium on Nuc lea r  Cross Sec t i ons  f r om 10 t o  50 MeV was 

h e l d  a t  t h e  Brookhaven N a t i o n a l  L a b o r a t o r y  f r om May 12 t o  14. 

The r e p o r t  o f  t h e  workshop on FMIT r e l a t e d  problems i s  reproduced 

h e r e  b y  consent  o f  t h e  Symposium chairman. 

V. ACCOMPLISHMENTS AND STATUS 

The Symposium on Nuc lea r  Cross Sec t i ons  f r om 10 t o  50 MeV was 

h e l d  a t  t h e  Brookhaven N a t i o n a l  Labo ra to ry .  The s i x  r e v i e w  

papers and t h e  t h i r t y - t h r e e  c o n t r i b u t e d  papers w i l l  be p u b l i s h e d  

i n  a Brookhaven r e p o r t .  

A ma jo r  p a r t  o f  t h e  symposium were f o u r  workshops: 
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Intense High Energy Neutron Sources and Their Characteristics 
Differential Data Including Dosimetry Reactions 
Fusion Materials Irradiation Test (FMIT) Facility Related 

Nuclear Model Codes and Data Evaluation. 
Problems - Shielding and Materials Damage Studies 

The reports of these workshops will also appear inthe proceedings. 
The workshop report on FMIT related problems appears on the following 
pages. 



SYMPOSIUM ON NEUTRON CROSS SECTIONS FROM 10-50 MeV 

WORKSHOP REPORT 

FMIT RELATED PROBLEMS 

SHIELDING AND MATERIALS DAMAGE STUDIES 

F.M. Mann, HEDL - Chai rperson 

R.G. A l s m i l l e r ,  Jr., 

L.L. Ca r te r ,  

D.G. Doran, 

H. F a r r a r  I V ,  
A.N. Goland 

R. Gold, 

L.R. Greenwood, 

M.W. Guinan, 

0. Heikk inen,  

D.L. Johnson 

ORNL 

HEDL 

HEDL 

R I  

BNL 

HEDL 

AN L 
LLL 

LLL 
HEDL 

D.W. K n e f f ,  R I  
R.J. LaBauve, LASL 

D.C. Larson, ORNL 

B. Leonard, PNL 

E.P. L i p p i n c o t t ,  HEDL 

B.A.  Magurno, BNL 

D.W. M u i r  LASL 

S.M. Qaim JUL 

R.E. Schenter  HEDL 

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

The p r ima ry  o b j e c t i v e  o f  FMIT i s  t o  p r o v i d e  a h i g h  f l u x  o f  fus ion-  
energy neu t rons  f o r  t he  s tudy  o f  r a d i a t i o n  e f f e c t s  i n  f u s i o n  r e a c t o r  

m a t e r i a l s .  I n  o r d e r  t o  app l y  m a t e r i a l s - p r o p e r t y  da ta  ob ta i ned  i n  FMIT 

t o  t h e  p r e d i c t i o n  o f  r a d i a t i o n  e f f e c t s  i n  a f u s i o n  dev ice,  two r e q u i r e -  

ments dependent on n u c l e a r  da ta  must be met. 

env i ronment  t o  which each specimen i s  exposed be w e l l  de f i ned .  To 
accompl ish t h i s ,  a comb ina t ion  o f  dos ime t r y  measurements and t r a n s p o r t  

c a l c u l a t i o n s  w i l l  be needed. A second requ i rement  i s  t h a t  t h e  neu t ron  

env i ronment  be expressed i n  terms o f  energy-dependent damage parameters 

such as d isp lacement  and t r ansmu ta t i on  r a t e s .  Such parameters p rov ide  

t h e  s t a r t i n g  p o i n t  f o r  damage c o r r e l a t i o n  models needed t o  r e l a t e  da ta  

One i s  t h a t  t h e  n e u t r o n  
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ob ta ined  i n  d i f f e r e n t  envi ronments.  

Severa l  o t h e r  areas impac t i ng  b o t h  FMIT des ign  and u t i l i z a t i o n  a r e  

dependent on adequate n u c l e a r  da ta .  

t i o n s  o f  a t t e n u a t i o n  i n  s h i e l d i n g  m a t e r i a l s  and f l u x - s p e c t r a  i n  e x p e r i -  

menta l  assembl ies,  2 )  energy d e p o s i t i o n  i n  t e s t  c e l l  w a l l s  and e x p e r i -  

menta l  assembl i e s ,  3)  a c t i v a t i o n  o f  f a c i l i t y  components and expe r imen ta l  

assembl ies and specimens. 

The FMIT neu t ron  spec t ra  ex tend t o  about  50 MeV. I n  a d d i t i o n ,  spa l -  

l a t i o n  sources such as (LAMPF-WAR, IPNS- I, and SIN) may be used t o  s tudy  

r a d i a t i o n  e f f e c t s  and t h e i r  spec t ra  w i l l  e x tend  t o  s t i l l  h i g h e r  energ ies .  

Hence n u c l e a r  da ta  f o r  t h e  above a p p l i c a t i o n s  a re  needed w e l l  above t h e  

20 MeV l i m i t  o f  t h e  ENDF/B f i l e s .  I n  t he  f o l l o w i n g  s e c t i o n ,  t h e  s t a t u s  

o f  n u c l e a r  d a t a  f o r  FMIT a p p l i c a t i o n s  i s  b r i e f l y  descr ibed .  
t i o n s  a r e  made f o r  a c t i o n s  t h a t  a re  cons idered  v i t a l  f o r  t h e  successfu l  
u t i l i z a t i o n  o f  t h e  FMIT f a c i l i t y .  

These i n c l u d e  1 )  t r a n s p o r t  c a l c u l a -  

Recommenda- 

11. S t a t u s  and Recommendations 

A. I n t e r a c t i o n  among users  and gene ra to rs  ___ o f  n u c l e a r  da ta  

A l though t h e r e  has been i n f o r m a l  c o n t a c t  between the  users  o f  

n u c l e a r  da ta  f o r  m a t e r i a l s  damage s t u d i e s  and f o r  s h i e l d i n g  a p p l i c a t i o n s  

and those who genera te  such data,  t h e r e  must be i nc reased  i n t e r a c t i o n .  

Generatcrs o f  n u c l e a r  data,  whether  e x p e r i m e n t a l i s t s ,  e v a l u a t o r s ,  o r  

t h e o r i s t s ,  must r e a l i z e  t h a t  r eques t  l i s t s  a r e  j u s t  i n d i c a t i o n s  o f  user  

needs. 

and energy ranges a re  i n v e s t i g a t e d .  

D i r e c t  c o n t a c t  must be made so t h a t  p rope r  m a t e r i a l s ,  r e a c t i o n s ,  

I n  o r d e r  t o  f o r m a l i z e  such i n t e r a c t i o n s  - the Cross S e c t i o n  E v a l u a t i o n  

Working Group (CSEWG) r h o u l d  - c r e a t e  ~ a ~- committee ._-~I_ designed t o  ensure  t h a t  

n u c l e a r  da ta  needs _~____ i o r  f u s i o n  m a t e r i a l s  s t u d i e s  a r e  recogn ized and met 

i n  a t i m e l y  and acceptab le  manner. C o o r d i n a t i o n  w i t h  t he  Damage 

A n a l y s i s  and Fundamental S tud ies  Task Group o f  t h e  DOE-OFE/iUI&RE branch 

would be c r u c i a l  f o r  success. 

v i des  an example o f  such i n t e r a c t i o n .  Such d new committee would h e l p  

The s h i e l d i n g  subcommittee o f  CSEWG p ro-  



ensure t h a t  use r  needs are  presented t o  t h e  n u c l e a r  data  community i n  a 

way t h a t  t h e  community can understand and respond t o .  I n  a d d i t i o n ,  t h e  

committee c o u l d  oversee t h e  methods, adequacy, and accuracy  o f  f i l e s  n o t  

o n l y  i n  t h e  t r a d i t i o n a l  ENDF/B range o f  .00001 eV t o  20 MeV b u t  a l s o  f o r  

t h e  h i g h e r  energy of FMIT (50  MeV f o r  dos ime t ry  c ross  s e c t i o n s  and 40 MeV 

f o r  damage c ross  s e c t i o n s ) .  

i s  a l r e a d y  r e s p o n s i b l e  f o r  dos imet ry ,  a c t i v a t i o n ,  and gas p r o d u c t i o n  

f i l e s  t o  20 MeV. 

The c r e a t i o n  o f  n u c l e a r  data  i s  n o t  s o l e l y  a 

The Spec ia l  A p p l i c a t i o n  F i l e s  subcommittee 

U n i t e d  S t a t e s  e f f o r t .  

Fo re ign  p a r t i c i p a t i o n  has been s i g n i f i c a n t  and i s  expected t o  remain so. 

B. Dos imet ry  React ions  

Dos imet ry  p l a y s  an e s s e n t i a l  r o l e  i n  damage s t u d i e s  as i t  a l l o w s  

t h e  d e t e r m i n a t i o n  o f  t h e  neu t ron  exposure o f  t h e  samples. 

ensure t h a t  an adequate da ta  base i s  a v a i l a b l e  f o r  FMIT o p e r a t i o n ,  

s u p p o r t  must  be m a i n t a i n e d  f o r  dos ime t ry  development. 

r a d i o m e t r i c  f o i l s  have been i r r a d i a t e d  i n  d+Be neu t ron  f i e l d s  produced 

by 40 MeV deuterons.  Measured a c t i v i t i e s  agreed w e l l  w i t h  c a l c u l a t e d  

a c t i v i t i e s  based on e x t r a p o l a t e d  c ross  s e c t i o n s  and a t i m e - o f - f l i g h t  

measurement o f  t h e  neu t ron  spectrum ( 1 ) .  
d+Be n e u t r o n  f i e l d  produced by  30 MeV deuterons u s i n g  b o t h  r a d i o m e t r i c  

f o i l s  and he l i um accumula t ion  n e u t r o n  dos ime t ry  i s  b e i n g  per formed ( 2 ) .  
S o l i d  s t a t e  t r a c k  reco rde rs  (SSTR) a r e  be ing  i n v e s t i g a t e d  f o r  p o s s i b l e  

use (3 ) .  A l though 
t h e  f i l e  extends t o  o n l y  20 MeV, i t  does c o n t a i n  u n c e r t a i n t y  data .  

Tab le  I l i s t s  t h e  most 

i m p o r t a n t  r e a c t i o n s  f o r  pass ive  i n - s i t u  dos ime t ry .  Note t h a t  A r t h u r ,  e t  

a1 ( 4 )  have r e c e n t l y  p r o v i d e d  e v a l u a t i o n s  o f  Co-59 and Fe r e a c t i o n s .  

A d d i t i o n a l  r e a c t i o n s  which may be used f o r  r a d i o m e t r i c  s t u d i e s  a r e  g i v e n  

i n  Reference 5 (Tab le  V) and i n  Reference 6 (Tab le  6 ) .  
l i m i t e d  space i n  t h e  r e g i o n  o f  h i g h e s t  f l u x  i n  FMIT, m a t e r i a l s  w i t h  

seve ra l  use fu l  r e a c t i o n s  shou ld  have h i g h  p r i o r i t y .  For t h e  same reason, 

I n  o r d e r  t o  

Since t h e  l a s t  symposium, much success has been achieved.  Pass ive  

I n  a d d i t i o n ,  mapping o f  t h e  

A lso ,  t h e  ENDF/B-V dos ime t ry  f i l e  has been re leased.  

However, much work remains t o  be performed. 

Because o f  t h e  



c o n s i d e r a t i o n  shou ld  be g i v e n  t o  u s i n g  a l l o y s  f o r  dos ime t r y  m a t e r i a l s .  

An i m p o r t a n t  cand ida te  f o r  pass i ve  dos ime t r y  i s  t h e  he l i um accumula t ion  

f l u e n c e  m o n i t o r  (HAFM) which r e q u i r e s  t o t a l  h e l i u m  p r o d u c t i o n  c ross  

s e c t i o n s .  Because o f  t h e i r  p o s s i b l e  i n t e r f e r e n c e  i n  t h e  i n t e r p r e t a t i o n  

o f  t h e  a c t i v e  dosimeters,  (n,charged p a r t i c l e s )  c r o s s  s e c t i o n s  o f  C, 0, 

and S i  w i l l  be needed. The measurement o f  Ra-226 (n , f ) ,  (n,2n) and 

(n,pn) would h e l p  ex tend the  use fu lness  o f  SSTR 's .  F u r t h e r  c r o s s  s e c t i o n  

needs may be found i n  Reference 6. 

s e c t i o n  data, b u t  a l s o  t h e  u n c e r t a i n t i e s  i n  such da ta .  The modern un- 

f o l d i n g  codes (FERRET, SAND, and STAYSL) use such i n f o r m a t i o n  t o  p r o v i d e  

t h e  ad jus tments .  I n  p a r t i c u l a r ,  t h e  presence o f  c ross  m a t e r i a l  covar-  

iances  i n  t h e  ENDF/B dos imet ry  f i l e  i s  necessary i n  c e r t a i n  cases. 

The s u p p l i e r  o f  n u c l e a r  da ta  must n o t  o n l y  supp l y  t h e  needed c ross  

C. Damage Cross Sec t i ons  .-I_ 

Damage c ross  s e c t i o n s  a l l o w  m a t e r i a l  s c i e n t i s t s  t o  c o r r e l a t e  damage 

The most exper ienced i n  one t y p e  of f a c i l i t y  w i t h  t h a t  i n  another  type .  

i m p o r t a n t  ( a l t hough  n o t  t h e  o n l y )  n u c l e a r  da ta  needed f o r  the  c a l c u l a -  

t i o n  o f  damage c ross  s e c t i o n s  a re  t h e  p r i m a r y  r e c o i l  s p e c t r a  and t o t a l  

h e l i u m  and hydrogen p r o d u c t i o n .  The p r i m a r y  r e c o i l  spectrum i s  t h e  

energy spectrum o f  t h e  heavy atoms r e c o i l i n g  f rom e l a s t i c  s c a t t e r i n g  

and n u c l e a r  r e a c t i o n s .  A l though t h i s  spectrum i s  genera ted  by  o b t a i n i n g  

t h e  angle- energy emiss ion  c ross  s e c t i o n s  o f  l i g h t  r e a c t a n t s  and then  

de te rm in ing  t h e  cor respond ing  r e c o i l  o f  t h e  heavy r e a c t a n t ,  u s i n g  reac-  

t i o n  k i nema t i cs ,  i t  shou ld  be emphasized t h a t  i t  i s  t h e  r e c o i l  o f  t he  

heavy atoms t h a t  a re  des i red .  Thus t h e  c r e a t i o n  o f  p r i m a r y  r e c o i l  f i l e s  

( e s p e c i a l l y  i f  taken d i r e c t l y  f rom adequate model c a l c u l a t i o n s )  i s  

h i g h l y  d e s i r a b l e .  He l ium p roduc t i on ,  i t  must be remembered, i n c l u d e s  

n o t  o n l y  (n.a) r e a c t i o n s  b u t  a l s o  such r e a c t i o n s  as (n,nct) and (n,an). 

S i m i l a r l y ,  hydrogen p r o d u c t i o n  i s  n o t  s i m p l y  desc r i bed  by  t h e  (n,p) 

c r o s s  s e c t i o n .  

A ma jo r  impediment f o r  damage c ross  s e c t i o n  a p p l i c a t i o n  f o r  FMIT i s  

t h e  l i m i t a t i o n  o f  ENDF/B t o  a maximum energy o f  20 MeV. Greenwood ( 7 )  



has extended recoil spectra for several metals up to 44 MeV using 
approximations to compensate for inadequate data. 
of Fe (4) to 40 MeV and the ORNL evaluation of Cu (8) to 32 MeV are 
good examples of work needed to lessen the impact of the ENDF/B limita- 
tion. 

The acquisition of nuclear data for total helium production by use 
of helium accumulation (lo), charged particle observation (11,lZ) and 
activation techniques (13) has been impressive. A recent advance in 
methodology is the calculation of damage cross sections in multicompon- 
ent nonmetals (9,ga). 

still meager, particularly in a format useful to the damage studies 
community. The samples most likely to be irradiated in FMIT will con- 
tain Fe, Ni, Cr (highest priority), Ti, Al, Cu (next priority), C, Sn, 
Nb, and W (lowest priority). 
spectrum and total helium and hydrogen production are needed for these 
metals for neutron energies to 40 MeV. In addition, elemental trans- 
mutation cross sections are needed but with much lower priority and 
accuracy. 
come from metallurgists. Needless to say, uncertainty estimates and 
proper documentation are extremely important. 

The LASL evaluation 

Although many data have been acquired, the nuclear data base is 

Evaluated files containing the recoil 

Guidance on specific transmutation products of interest must 

D. Shielding 

The need for shielding information is of primary concern during 
FMIT design. Already data have been obtained for the total cross 
sections of importance: Fe, 0, Si, Ca, and C by ORNL (14), by UCD (15), 
and by LASL (16). In addition, nonelastic and removal cross sections 
at 40 and 50 MeV have been determined by UCD for Fe, 0, Ca, and C. The 
new LASL evaluation for Fe which conserves energy will be quite useful 
in heating calculations. 

scale is short (essentially CY80) and the need is for consistent evalua- 
tions. The conceDt of removal cross sections has been a useful tool and 

What is most needed now are evaluations of C, 0, and Si. The time 
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t h e i r  measurement i s  encouraged. 
Although ac t iva t ion  i s  not s t r i c t l y  a sh ie ld ing  problem, ac t iva t ion  

cross  sec t ions  play an important r o l e  not only i n  b u l k  sh ie ld ing  design 
b u t  a l s o  i n  the design of experimental assemblies. 
vation f i l e s  a t  ANL (17)  and a t  H E D L  (18) wi l l  be he lpfu l .  
because of t h e i r  importance, some experimental ac t iva t ion  determinations 
would be he lpfu l .  
in Reference 18. 

The crea t ion  of a c t i -  
However, 

Other needed ac t iva t ion  cross  sec t ions  can be found 

E .  S e n s i t i v i t y  Studies 

As th is  area i s  s t i l l  i n  i t s  infancy, s e n s i t i v i t y  s tud ie s  w i l l  
provide ample rewards. The evaluator  of t h e  recoi l  spectrum should pro- 
vide s trong guidance t o  the experimenter and model code user as  t o  
which cross  sec t ions  a r e  important i n  each energy range and f o r  each 
mater ia l .  For example, the damage energy response f o r  Fe a t  15  MeV 
a r i s e s  from i n e l a s t i c  ( 3 0 % ) ,  ( n , 2 n )  (%30%),  e l a s t i c  (%20%), and ( n .  

charged p a r t i c l e )  ( G ’ O % )  ( 1 9 ) .  

ance t o  eva lua tors ,  exper imenta l i s t s ,  and model code users  a s  t o  
important react ion types and energy ranges. The use of ca lcula ted  f lux  
maps wi l l  show the  response of dosimetry cross  sec t ions  ( 6 )  and damage 
cross  sec t ions  ( 2 0 ) .  

S e n s i t i v i t y  s tud ie s  in ca lcu la t ional  dosimetry wi l l  provide guid- 

F .  Integral  Testing 

Unlike the s i t u a t i o n  a t  f i s s i o n  energ ies ,  t he re  does not e x i s t  
s u f f i c i e n t  d i f f e r e n t i a l  data a t  higher enerqies  f o r  t he  important mater- 
i a l s  t o  provide complete evaluat ions.  Therefore, the use of in tegra l  
experiments wi l l  provide needed checks on the dccuracy of t he  ava i l ab le  
experimental data  and on the r e l i a b i l i t y  of nuclear model codes. Such 
checks wi l l  not only confirm cross  sec t ions  b u t  a l s o  t h e  methods and 
data used i n  the ca lcu la t ional  dosimetry. 

Progress has already been made. Greenwood ( 1 )  has shown the  con- 
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s i s t e n c y  o f  many o f  t h e  p a s s i v e  d o s i m e t r y  r e a c t i o n s .  Qaim, e t  a1 (13)  
have used t h e  d+Be n e u t r o n  sources t o  i n t e g r a l l y  t e s t  a c t i v a t i o n  c r o s s  

s e c t i o n s  w h i l e  K n e f f ,  e t  a1 (10)  have used s i m i l a r  sources f o r  t o t a l  

h e l i u m  p r o d u c t i o n .  F i n a l l y ,  u s i n g  t i m e - o f - f l i g h t  measurements, Johnson, 

e t  a1 (21 )  and Sal tmarsh,  e t  a1 (22)  have c h a r a c t e r i z e d  d+L i  and d+Be 

a t  deu te ron  e n e r g i e s  o f  35 and 40 MeV, r e s p e c t i v e l y .  

111. Summary 

Much p rogress  has been made i n  t h e  t h r e e  years  s i n c e  t h e  l a s t  

symposium. However, much more p rogress  needs t o  be made. I n c r e a s e d  

i n t e r a c t i o n  between t h e  u s e r  community and t h e  genera to rs  o f  n u c l e a r  

da ta  w i l l  e x p e d i t e  t h i s  progress.  Measured and c a l c u l a t e d  c r o s s  sec- 

t i o n  s e t s  must be p u t  i n t o  useable  fo rm i n  o r d e r  t o  have impac t  on FMIT 

u t i l i z a t i o n .  
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I .  PROGRAM 

T i t l e :  Dos imetry  and Damage A n a l y s i s  

P r i n c i p a l  I n v e s t i g a t o r :  L. R. Greenwood 

A f f i l i a t i o n :  Argonne Na t i ona l  Labora to ry  

I I .  OBJECTIVE 

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos imet ry  f o r  mixed-spectrum r e a c t o r s  

and t o  p r o v i d e  dos imet ry  and damage a n a l y s i s  f o r  OFE exper iments .  

I I I .  RELEVANTS DAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . A . l . l  F l u x - s p e c t r a l  d e f i n i t i o n  i n  a t a i l o r e d  f i s s i o n  

r e a c t o r .  

SUBTASK II.A.1.3 A p p l i c a t i o n s .  

I V .  SUMMARY 

Dosimeters have been p repared  f o r  t h e  T1 and T2 i r r a d i a t i o n s  i n  HFIR. 

The s t a t u s  o f  a l l  o t h e r  r e a c t o r  i r r a d i a t i o n s  i s  summarized. 

V .  ACCOMPLISHMENTS AND STATUS - 

A. F l ux- Spec t ra l  Measurements i n  HFIR - L. R. Greenwood ( A N )  

Dosimetry  capsules have been p repared  f o r  t h e  T1 and T2 i r r a d i a -  

t i o n s  i n  t h e  H igh  F l u x  Iso topes  Reac to r  (HFIR) a t  ORNL. 

capsules were f a b r i c a t e d ,  each measur ing 1 /8"  OD by 1 /2"  i n  l eng th .  Twelve 

dos imet ry  w i r e s  were encapsulated, each measur ing 20-40 m i l e s  OD by 1/16"  - 
1/8" l e n g t h .  

S i x  aluminum 

Rad iomet r i c  dos imeters  inc luded ,  N i ,  Cu, 0.1% Co-A1, 80% 
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Mn-Cu, Nb, T i ,  Fe, and Z r .  He l i um a n a l y s i s  w i l l  be per fo rmed on  these 

specimens by Rockwel l  I n t e r n a t i o n a l  as w e l l  as f o r  a d d i t i o n a l  samples o f  

A1 and a l l o y s  o f  B and L i .  

6. S t a t u s  o f  O the r  Exper iments 

The s t a t u s  o f  a l l  o t h e r  r e a c t o r  dos imet ry  measurements i s  summa- 

r i z e d  i n  t h e  f o l l o w i n g  t a b l e .  

__._ 

Tk9LE 1 
S t a t u s  o f  Reac tor  _- Exper iments 

Fat i 1 i ty/ 
Exper iment  

ORR .- 

-MFE 1 
-MFE 2 

-MFE 4A 

-MFE 48 

-TBC 07 

S t a t u s  and Comments 

A n a l y s i s  coi t ip lete 

I r r a d i a t i o n  completed, samples 

en r o u t e  t o  ANL f o r  a n a l y s i s  

I r r a d i a t i o n  s t a r t e d  5/80 

Dosimeters s e n t  t o  ORNL 5/80 

A n a l y s i s  i n  p rog ress  

HFIR __ 
CTR 30,31,32 Dosimeters sen t  t o  ORNL 4/80 

Dosimeters s e n t  t o  ORNL 6/80 T1, T2 

Omega West 

S p e c t r a l  Run Dosimeters sen t  t o  LASL 5/80 

EBR I1 
X287 A n a l y s i s  i n  p rog ress  



V I .  REFERENCES 

None 

V I I .  FUTURE WORK 

The MFE 4A and 4B i r r a d i a t i o n s  i n  ORR and t h e  HFIR i r r a d i a t i o n s  have 

seve ra l  p a r t s  which w i l l  be i r r a d i a t e d  f rom 3 months t o  severa l  years .  

Dosimeters w i l l  be analyzed f o r  each segment o f  t h e  i r r a d i a t i o n  and com- 

pared t o  neu t ron i cs  c a l c u l a t i o n s .  

w i l l  a l s o  be ob ta i ned  f o r  a l l  i r r a d i a t i o n s .  

Hel ium measurements and c a l c u l a t i o n s  

VIII.PUBLICATIONS 

A paper e n t i t l e d  "Review o f  Source C h a r a c t e r i z a t i o n  f o r  Fus ion  M a t e r i -  

a l s  I r r a d i a t i o n s "  was p resen ted  a t  t h e  Symposium on Neut ron Cross Sec t ions  

f rom 10-50 MeV a t  BNL on May 12-14, 1980. 



I. PilOGRAM 

T i t l e :  Dosimetry  and Damage A n a l y s i s  

P r i n c i p a l  I n v e s t i g a t o r :  L .  R. Greenwood 

A f f i l i a t i o n :  Argonne N a t i o n a l  Labo ra to ry  

11. OBJECTIVE 

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos imet ry  f o r  h igh- energy neu t ron  

f a c i l i t i e s .  

111. RELEVAIITS OAFS PROGRAM TASK/SUBTASK 

SUBTASK II.A.2.2 F l u x- s p e c t r a l  d e f i n i t i o n  i n  RTNS-11. 

I V  . SUMMARY 

A dos imet ry  exper iment  has been i r r a d i a t e d  a t  RTNS-11, j o i n t l y  w i t h  

R I E S  and LLL. 

c h a r a c t e r i z e  t h e  f a c i l i t y .  

Rad iome t r i c  and he l i um g e n e r a t i o n  da ta  w i l l  be used t o  

V. ACCOMPLISHYENTS AN0 STATUS 

F lux- Spec t ra l  C h a r a c t e r i z a t i o n  o f  RTNS-I1 - L .  R .  Greenwood (ANL), 0. 

K n e f f  ( R I E S ) ,  M. Guinan (LLNL) 

A j o i n t  i r r a d i a t i o n  was conducted d u r i n g  June 23  - J u l y  3 ,  1980 a t  t h e  

R o t a t i n g  T a r g e t  Neut ron  Source (RTNS)I I  a t  Lawrence L ivermore  Labo ra to ry  

(LLL) .  

i r r a d i a t e d  a t  l o c a t i o n s  c l o s e  t o  t h e  source as w e l l  as on 5, 15, and 30 cm 
a rcs .  

and on t h e  back w a l l  t o  measure room r e t u r n  e f f e c t s .  O the r  f o i l s  were 

p l a c e d  near  t h e  a c t i v e  neu t ron  d e t e c t o r s  ( p r o t o n  r e c o i l  and i o n i z a t i o n  

chamber) t o  p r o v i d e  a c r o s s  c a l i b r a t i o n .  

Approx imate ly  400 r a d i o m e t r i c  f o i l s  and 200 he l i um specimens were 

Large  f o i l  specimens were a l s o  p l a c e d  a t  t h e  r e a r  o f  t h e  t a r g e t  c a r t  
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F o l l o w i n g  i r r a d i a t i o n ,  a l l  o f  t h e  samples w i l l  be ana lyzed a t  ANL, LLL, 

and Rockwel l  I n t e r n a t i o n a l  Energy Systems (RIES). The neu t ron  f i e l s  w i : l  be 

mapped, s i m i l a r  t o  p r e v i o u s  work a t  RTNS-I and U. C .  Dav is .  1 2 

V I .  REFERENCES 

1. H. F a r r a r  I V ,  D. W. K n e f f ,  R .  A.  B r i t t e n ,  and R. R. H e i n r i c h ,  

Symposium on Neut ron  Cross S e c t i o n s  10-40 MeV, BNL-WS-50681, 

p. 175 (1977) .  

2.  L. R. Greenwood, DOE/ER-0045/1, Damage A n a l y s i s  and Fundamental 

S tud ies  Q u a r t e r l y  Progress  Report ,  p. 30 (1980) ;  see a l s o  s e c t i o n  

V I I I .  

V I I .  FUTURE WORK 

F o l l o w i n g  t h e  i r r a d i a t i o n ,  t h e  Au, Co, Ag, T i ,  Mn, Cu, and Z r  f o i l s  

w i l l  be gamma counted  a t  ANL; t h e  Nb, N i ,  Fe, A l ,  Sc, Y,  and Tm f o i l s  a t  

LLL; and t h e  h e l i u m  specimens w i l l  be ana lyzed a t  R I E S .  I n  a d d i t i o n ,  

s e l e c t e d  he l i um specimens w i l l  a l s o  be gamma counted. 

t h e  neut ron  f i e l d ,  measure he l i um g e n e r a t i o n  ra tes ,  t e s t  r a d i o m e t r i c  and 

h e l i u m  g e n e r a t i o n  c r o s s  sec t i ons ,  measure thermal  o r  room r e t u r n  neutrons,  
and c r o s s  c a l i b r a t e  a c t i v e  neut ron  systems. 

We then  expec t  t o  map 

VIII.PUBLICATIONS 

1. 0. W. K n e f f ,  H. F a r r a r  I V ,  L. Greenwood, and M. W.  Guinan, Char- 

a c t e r i z a t i o n  o f  t h e  Be (d,n)  Neut ron  F i e l d s  by Pass i ve  Dosimetry  

Techniques, Proceedings o f  Symposium on Neut ron  Cross Sec t i ons  
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I .  PROGRAM 

T i t l e :  Dos imet ry  and Damage A n a l y s i s  

P r i n c i p a l  I n v e s t i g a t o r :  L. R. Greenwood 

A f f i l i a t i o n :  Argonne N a t i o n a l  Labo ra to ry  

11. OBJECTIVE 

To enhance f l u x - s p e c t r a l  u n f o l d i n g  techn iques  f o r  OFE m a t e r i a l s  irra- 

d i a t i o n s .  

111. RELEVANTS DAFS PROGRAM TASK/SUBTASK 

TASK I I . A . 6  Dos imetery  S t a n d a r d i z a t i o n .  

TASK I I . A . l  F i s s i o n  Reac to r  Dosimetry .  

TASK I I .A.2 High-Energy Neu t ron  Dosimetry .  

I V .  SUMMARY 

A l l  n e u t r o n  a c t i v a t i o n  f i l e s  have been r e v i s e d  acco rd ing  t o  ENDF/B-V. 

A l l  i n t e g r a l  da ta  t e s t i n g  has been repeated  and t h e  r e s u l t s  a r e  compared t o  

p r e v i o u s  t e s t s  u s i n g  ENDF/B-IV, 

V .  ACCOMPLISHMENTS AND STATUS - 

A. I n t e g r a l  Tes ts  o f  ENOF/B-V Neut ron  A c t i v a t i o n  Cross Sec t i ons  

L. R .  Greenwood (ANL) 

As r e p o r t e d  l a s t  q u a r t e r  (DOE/ER-0046/1), a l l  dos imet ry  c ross-  

s e c t i o n  f i l e s  have been r e v i s e d  acco rd ing  t o  iNOF/B-V.l 

p r e v i o u s l y  conducted i n t e g r a l  t e s t s  o f  many o f  t h e  c r o s s  s e c t i o n s  i n  Be 

(d,n)  n e u t r o n  we have now repeated  these  t e s t s  u s i n g  t h e  r e v i s e d  

data. 

S ince  we have 
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Tab le  I presen ts  a comparison o f  average i n t e g r a l  c r o s s  s e c t i o n  

e r r o r s  o b t a i n e d  w i t h  ENDF/B-IV and V .  Be (d,n) neu t ron  f i e l d s  were mea- 

su red  by t i m e - o f - f l i g h t  spec t romet ry  a t  deuteron  ene rg ies  o f  14, 16, and 40 

MeV. 

v e r s i o n  I V ,  a l t hough  b o t h  ve rs ions  a r e  q u i t e  accu ra te  ( < l o % )  f o r  most  o f  
t h e  c r o s s  sec t i ons .  A t  t h e  l o w e r  energ ies ,  t h e  l a r g e s t  improvements a r e  

seen f o r  6 0 N i  (n,p) and % N i  (n,2n), e s p e c i a l l y  i n  t h e  t h r e s h o l d  reg ion .  

S i g n i f i c a n t  e r r o r s  a r e  s t i l l  seen w i t h  45Sc (n,2n) and ''2, (n,2n). A t  

h i g h e r  ene rg ies  t h e  d i f f e r e n c e s  a r e  much s m a l l e r  s i n c e  ENDF s tops  a t  20 

MeV. 

As can be seen i n  Tab le  I ,  v e r s i o n  V g e n e r a l l y  does b e t t e r  t h a n  

A l though we have n o t  conducted i n t e g r a l  t e s t s  f o r  f i s s i o n  spec- 

t r a ,  we have a l s o  t r i e d  t h e  new da ta  u s i n g  dos imet ry  measurements a t  t h e  

Oak Ridge Research Reactor .  Again, t h e  d i f f e r e n c e s  between v e r s i o n s  I V  and 

V a r e  g e n e r a l l y  smal l  ( < 5 % ) ,  a l t hough  s i g n i f i c a n t  d i sc repanc ies  p e r s i s t  

i n  b o t h  ve rs ions  f o r  t h e  6 0 N i  (n ,p) ,  54Fe (n,a), and 47T i  (n,p) reac-  

t i o n s .  

be more c o n s i s t e n t  i n  v e r s i o n  V .  

The 238U ( n , f ) ,  5 8 N i  (n ,p) ,  and 48Ti (n,p) c r o s s  s e c t i o n s  appear t o  

A more complete d e s c r i p t i o n  o f  these  r e s u l t s  was p resen ted  a t  a 
4 r e c e n t  con ference a t  Brookhaven N a t i o n a l  Labo ra to ry .  
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V I I .  FUTURE WORK 

F u r t h e r  i n t e g r a l  da ta  t e s t i n g  i s  now b e i n g  p lanned a t  t h e  U n i v e r s i t y  

o f  C a l i f o r n i a  a t  Dav is  c y c l o t r o n .  The ENOF/B-V c r o s s- s e c t i o n  e r r o r  and 

cova r i ance  data f i l e s  a r e  a l s o  b e i n g  compared t o  o u r  i n t e g r a l  r e s u l t s .  
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TABLE 1 

I n t e g r a l  Cross S e c t i o n  E r r o r s  (ENDF/B)  Deduced f rom 
A c t i v a t i o n  and T i m e- o f- F l i g h t  Measurements i n  Be 
(d,n) F i e l d s .  Abso lu te  e r r o r s  a r e  ~ 1 0 % ;  r e l a t i v e  +_2% 

Keac t ion  

2% ( n , f ) 
2 3 8 ~ (  n, f )  

1151n( n,nl )115m~ n 

T i  ( n, p )46Sc 

T i ( n , p )  Sc 
48Ti (n ,p)  48 Sc 

Fe(n,p) M n  
56Fe(n,p) 56 Mn 

%Ni(n ,p)  58 Co 

60Ni(n,p) 60 Co 

27A l (n ,a )  24 Na 

54Fe( n,a)’lCr 

59Co(n,a)56Mn 

47 

54 

59Co(n,p) 59 Fe 

45SC ( n ,2 n )44mSc 
58tdi(n,2n) 57 N i  

5 9 ~ o ( n , ~ n )  58 co  

89 Zr(n,2n) Z r  

93Nb( n,211)’~~Nb 

16’Trn( n,2n) 168Tm 

169Tm(n,3n)167Tm 

lg7Au(  

197Au(n,3n)195Au 

197Au(n,4n) lg4Au 

238~(n,2n)237U 

ED = 14-16 MeV 
I V  V 

ED = 40 MeV 
IV V 

+7 +8 

+4 +4 

-1 -2 

-7 -1 

t 2  +6 

-7 -1 

+6 -3 

-2 - 2 

-8 -4 

0 -3 

+14 -2 

t 3  +6 

-4 + 1  

-4 -2 

-14 -15 

-11 + 1  
+1 +6 

+13 +9 

t 7  +6 

-9 -8 
-- -- 

+ 4  +1 

+1 
-1 
-3 

-89( +14 a 

-798(+15)a 

+2 
- 8 9 ( + l ) a  

- 4 

+a 
+9 

+3 

0 

-36 

-4 

-1 
-30(+14) 

-9 

-4 

+6 

+7 

-9 
-1 

+8 
+ 1  

-11 

+1 

-1 
-2 

(+24)a  

( - 5 6 I a  

t 4  

(+4 Ia  
- 4 

+5 

+3 

+3 

-1 

-20 

- 5  

+3 

(+14)b 
-3 

-1 

+7 

+ l o  

-8 

+ 1  

+12 

+ l  

-11 

aValues i n  p a r e n t h e s i s  i n c l u d e  c o n t r i b u t i o n s  f rom h i g h e r  mass i so topes .  

bValue i n  p a r e n t h e s i s  m o d i f i e d  a c c o r d i n g  t o  B .  P. Bayhurs t ,  e t  a l . ,  
Phys. Rev. - C12,451 (1975) .  
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I. PROGRAM 

T i t l e :  Hel ium Genera t ion  i n  Fus ion  Reactor  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  D. W.  Kne f f ,  H a r r y  F a r r a r  I V  

A f f i l i a t i o n :  Rockwel l  I n t e r n a t i o n a l ,  Energy Systems Group 

I I. OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  program a r e  t o  measure h e l i u m  g e n e r a t i o n  

r a t e s  o f  m a t e r i a l s  f o r  Magnet ic  Fus ion  Reactor  a p p l i c a t i o n s  i n  t he  v a r i o u s  

n e u t r o n  env i ronments  used f o r  f u s i o n  r e a c t o r  m a t e r i a l s  t e s t i n g ,  t o  c h a r -  

a c t e r i z e  these n e u t r o n  t e s t  envi ronments,  and t o  deve lop  h e l i u m  accumula- 

t i o n  n e u t r o n  dos imeters  f o r  n e u t r o n  f l u e n c e  and energy spectrum dos ime t r y  
i n  these t e s t  envi ronments.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .A .4 .2  T(d,n)  Hel ium Gas P r o d u c t i o n  Data 

SUBTASK I I .A .4 .3  Be(d,n) Hel ium Gas P r o d u c t i o n  Data 

TASK I I . A . l  F i s s i o n  Reactor  Dos imet ry  

SUBTASK I I .A .2 .1  F lux- Spec t ra l  D e f i n i t i o n  i n  t he  Be(d,n) F i e l d  

SUETASK I I .A .2 .2  F lux- Spec t ra l  D e f i n i t i o n  i n  RTNS-I1 

SUBTASK I I .A .5 .1  He l ium Accumula t ion  M o n i t o r  Development 

I V .  SUMMARY 

The n e u t r o n  f l u e n c e  map has been completed f o r  t h e  second j o i n t  

Rockwel l  I n t e r n a t i o n a l  -Argonne N a t i o n a l  L a b o r a t o r y  (ANL) -Lawrence L i v e r -  

more L a b o r a t o r y  (LLL)  14.8-MeV neu t ron  i r r a d i a t i o n  exper iment  a t  R T N S- I ,  

and t o t a l  h e l i u m  p r o d u c t i o n  c r o s s  s e c t i o n s  have been de termined f o r  

s e v e r a l  pu re  e lements and separa ted  i so topes .  I n i t i a l  c o r r e l a t i o n s  have 

been made between t h e  r a d i o m e t r i c  neu t ron  spectrum map and h e l i u m  genera-  

t i o n  r e s u l t s  f o r  t h e  Rockwell-ANL-LLL j o i n t  Be(d,n) neu t ron  i r r a d i a t i o n  
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exper iment .  Ano ther  i n t e r l a b o r a t o r y  i r r a d i a t i o n  exper iment  has been 

i n i t i a t e d  t o  c h a r a c t e r i z e  t h e  n e u t r o n  env i ronment  and measure h e l i u m  

g e n e r a t i o n  c r o s s  s e c t i o n s  i n  RTNS-11. Hel ium accumu la t ion  dos imet ry  

m a t e r i a l s  were s u p p l i e d  t o  ANL f o r  i n c l u s i o n  i n  the Omega West Reactor  

s p e c t r a l  i r r a d i a t i o n ,  and i n  t h e  H i g h  F l u x  I s o t o p e s  Reactor  (HFIR) i r r a d i -  

a t i o n  exper imen ts  HFIR-MFE-T1 and T2. 

V .  ACCOMPLISHMENTS AND STATUS 

A. Neut ron Fluence Map and T o t a l  H e l i u m  Genera t ion  Cross Sec t ions  

f o r  t h e  14.8-MeV Neut ron Environment o f  RTNS- I  -- D. W .  Knef f ,  

B. M. O l i v e r ,  M. M. Nakata, and H a r r y  F a r r a r  I V  (Rockwel l  I n t e r n a t i o n a l ,  

Energy Systems Group) 

A d e t a i l e d  n e u t r o n  f l u e n c e  map has been c o n s t r u c t e d  f o r  t h e  h i g h -  

f l u x  r e g i o n  o f  t h e  R o t a t i n g  T a r g e t  Neut ron Source- I  (RTNS-I) n e u t r o n  

f i e l d ,  f o r  t h e  second j o i n t  Rockwel l  I n te rna t iona l- ANL- LLL  n e u t r o n  i r r a d i -  

a t i o n  exper iment .  

and h e l i u m  accumu la t ion  dos imet ry ,  was then combined w i th  t h e  mass 

s p e c t r o m e t r i c  h e l i u m  analyses o f  s e v e r a l  pu re  elements and separated 

i s o t o p e s  t o  de te rm ine  t o t a l  h e l i u m  g e n e r a t i o n  c r o s s  s e c t i o n s  f o r  these 

m a t e r i a l s .  
t he  Department o f  Energy’s O f f i c e  o f  B a s i c  Energy Sciences.  

T h i s  map, based on a comb ina t ion  o f  f o i l  a c t i v a t i o n  

The a n a l y s i s  o f  t h i s  exper iment  was a l s o  suppor ted i n  p a r t  by  

The i r r a d i a t i o n  exper iment  has been d e s c r i b e d  i n  d e t a i l  e l s e -  
where. ( l ” )  
s t a i n l e s s  s t e e l  capsu le  c o n t a i n i n g  two l a y e r s  o f  pu re  elements,  separated 

i s o t o p e s ,  and pure  element h e l i u m  accumulat ion dos imet ry  w i r e  r i n g s ,  

sandwiched between l a y e r s  o f  t h i n  r a d i o m e t r i c  dos imet ry  f o i l s .  The f o i l s  

were p r o v i d e d  by ANL. The assembly was mounted on t h e  f i x e d  o u t s i d e  

cover  o f  t h e  RTNS- I  r o t a t i n g  t r i t i u m  t a r g e t  assembly, and i r r a d i a t e d  t o  a 

t o t a l  n e u t r o n  f l u e n c e  r a n g i n g  from 0.3 t o  2.6 x n/cm over  t h e  

The i r r a d i a t i o n  assembly c o n s i s t e d  b a s i c a l l y  o f  a sma l l  

2 

37 



volume o f  t h e  capsule.  The average neu t ron  energy was determined t o  be 

14.8 i 0.1 MeV. 

segmented f o r  subsequent c o u n t i n g  a t  ANL and L L L .  
samples were etched, segmented, weighed, and ana lyzed f o r  h e l i u m  u s i n g  

F o l l o w i n g  t h e  i r r a d i a t i o n ,  t h e  r a d i o m e t r i c  f o i l s  were 

The h e l i u m  g e n e r a t i o n  

h i g h - s e n s i t i v i t y  gas mass spec t rome t r y .  ( 3 )  

A d e t a i l e d  th ree- d imens iona l  neu t ron  f l u e n c e  map was then  cons t ruc-  

t e d  f o r  t h e  capsu le  i r r a d i a t i o n  volume u s i n g  t h e  da ta  f r om t h e  r a d i o m e t r i c  
and he l i um accumula t ion  dos ime t r y  m a t e r i a l s  i n c l u d e d  i n  t h e  capsu le .  ( 2 )  

T h i s  mapping was p a r t i c u l a r l y  i m p o r t a n t  because o f  t h e  s teep f l u e n c e  

g r a d i e n t s  p r e s e n t  w i t h i n  t h e  capsu le  volume, and because t h e  f l u e n c e  

d e t e r m i n a t i o n  i s  t h e  l a r g e s t  source o f  u n c e r t a i n t y  i n  t h e  c r o s s  s e c t i o n  

measurements. An average map was f i r s t  c o n s t r u c t e d  u s i n g  t h e  f o i l  
a c t i v a t i o n  c o u n t i n g  r e s u l t s ,  assuming a symmetr ic  neu t ron  f l u e n c e  p ro-  

f i l e .  F i g u r e  l a  shows t h e  f l u e n c e  con tou rs  d e r i v e d  f rom t h i s  map fo r  t h e  

midp lane o f  t h e  f i r s t  (upstream) specimen l a y e r  o f  t h e  i r r a d i a t i o n  

capsule.  

D e t a i l e d  ad jus tments  were t hen  made t o  t h i s  map u s i n g  t h e  h e l i u m  

c o n c e n t r a t i o n  g r a d i e n t s  measured about  t h e  A l ,  T i ,  Fe, N i ,  and Cu h e l i u m  

accumula t ion  dos ime t r y  r i n g s  i n c l u d e d  i n  t h e  i r r a d i a t i o n  capsu le .  V a r i a -  

t i o n s  i n  t h e  no rma l i zed  hel iu i i i  c o n c e n t r a t i o n  r e s u l t s  w i t h  p o s i t i o n  i n  t h e  

capsu le  f o r  each e lement  p r o v i d e d  a v e r y  s e n s i t i v e  measure o f  t h e  i r r e g u -  

l a r i t i e s  i n  t h e  neu t ron  f l u e n c e  p r o f i l e .  The s e n s i t i v i t y  o f  these  l a t t e r  

measurements f o l l o w s  f rom t h e  f a c t  t h a t  t h e  hel iurn genera ted  i n  each 

segment was measured w i t h  an a b s o l u t e  1c u n c e r t a i n t y  o f  1-2'". Addi-  

t i o n a l l y ,  because t h e  r i n g s  were app rox ima te l y  c o n c e n t r i c  about  t h e  

neu t ron  source a x i s ,  and t h e  average neu t ron  energy was n e a r l y  c o n s t a n t  

over  t h e  sample i r r a d i a t i o n  volume, t h e  he l i um g e n e r a t i o n  c ross  s e c t i o n s  

were a l s o  e f f e c t i v e l y  c o n s t a n t  ove r  t h i s  volume. 

d e r i v e d  by  combin ing t h i s  he l i um accumu la t i on  dos ime t r y  w i t h  t h e  r a d i o -  

m e t r i c  map i s  rep resen ted  by t h e  f o l l o w i n g  e m p i r i c a l  express ion :  

The neu t ron  f l u e n c e  map 
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A. RADIOMETRIC DOSIMETRY, 
ASSUMING SYMMETRIC 
FLUENCE PROFILE 

FIGURE 1. Contours o f  Constant  Neutron F luence Over t h e  F r o n t  
Hel ium Specimen Layer  f o r  t h e  Second RTNS-I I r r a d i a t i o n  
( U n i t s  o f  1017 n/cmz). 



where R i s  the rad ia l  d is tance  from the neutron source a x i s ,  AZ i s  the 
axial  d is tance  from the f ron t  face of the capsule,  ec i s  the polar  angle 
about the i r r a d i a t i o n  assembly a x i s ,  and Rc i s  the rad ia l  d is tance  from 
t h i s  ax i s .  The term CI = [C4/(C4tAL)]2 i s  the normalization of the 
rad ia l  p r o f i l e  as a function of AZ, and p =  C5/(C5+AZ) i s  an adjustment 
f a c t o r  f o r  the changing rad ia l  shape of the f luence curve as  a function 
o f  AZ. The C i  a r e  cons tants ,  and K = 1 ( R c  > 4.5)  o r  0 ( R  5 4 . 5 ) .  

C 

Figure l b  i s  the fluence contour p l o t  f o r  the midplane of the 
upstream specimen layer  of the i r r a d i a t i o n  capsule,  as  represented by 
Equation ( 1 ) .  The i r r e g u l a r  p r o f i l e  shape suggests t h a t  one edge of the 
time-averaged deuteron beam was a t tenuated  by a beam-line co l l imator .  
Comparison of Figure l b  w i t h  Figure l a  shows t h a t  t h i s  i r r e g u l a r  deuteron 
beam p r o f i l e  produced f luences s i g n i f i c a n t l y  d i f f e r e n t  from those calcu-  
l a t e d  by i n i t i a l l y  assuming a symmetric f luence p r o f i l e .  This f i na l  map 
was a l s o  found t o  be more cons i s t en t  with the l e s s- de ta i l ed  radiometric 
dosimetry r e s u l t s .  The map r e s u l t s ,  and i n  p a r t i c u l a r  t h e  fac tor- of- four  
va r i a t ion  in f luence over the 2-cm2 area represented by Figure 1 ,  demon- 
s t r a t e  t he  importance of including comprehensive passive dosimetry in 
neutrori i r r a d i a t i o n  experiments. 

The ~ C T  absolute  fluence uncertainty f o r  t h i s  f i na l  neutron fluence 
map is  estimated t o  be 7%. This includes an estimated 57 r e l a t i v e  uncer- 
t a i n t y  from the  map i t s e l f ,  due in  pa r t  t o  addi t ional  b u t  smaller i r regu-  
l a r i t i e s  n o t  incorporated i n  the iiiap, and 2" and 4' absolute  unce r t a in t i e s  
from the  radiometr ic  counting r e s u l t s  and from the 93Nb(n,2n) c ross  
s e c t i o n ,  respec t ive ly .  
19 was adopted as the absolute  normalization for this  f luence map. 

A 93Nb(n,2n)92mNb c ross  sec t ion  value of 463 5 
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4 The He generated i n  the i r r ad i a t ed  samples measured t o  date from 
t h i s  experiment ranged from 3 x 10l1 atoms (from -0.5-mg samples) t o  1 . 2  x 
10 atoms (from -5-mg samples). T h i s  corresponds t o  He concentrations 
ranging from 25.7 appb  (atomic p a r t s  per b i l l i o n ,  lo-' atom f r a c t i o n )  in  
aluminum, down t o  0.072 appb  in  g o l d .  Absolute lcr uncer ta in t ies  for  most 
of the He measurements were 2 2 % .  The pa r t i cu l a r ly  low helium concentra- 
t ions  in  the gold samples were measured t o  average 1c uncer ta in t ies  of 
-3-10%. Measurements of He were a l so  made f o r  several  samples, includ-  
ing a l l  of the separated isotopes ,  b u t  none was detected in each case.  
The upper l i m i t  of the 
isotopes  was 0.05 appb .  

9 4 

4 

3 

3 He concentration f o r  the nickel and copper 

The to t a l  helium production cross  sec t ions  determined f o r  these 
mater ia ls  a re  presented in  Table 1. 
combining the measured helium concentrations with the neutron fluences 
obtained from the map. The cross  sec t ions  f o r  the spec i f i c  isotopes were 
evaluated by f i r s t  determining the cross sec t ions  for  the avai lable  
isotope enrichments, and then solving a matrix of equations f o r  each 
i so top ic  material  t o  cor rec t  f o r  the small concentrations of each of the 
o ther  isotopes  in the mater ia l .  The  cross sect ion values obtained f o r  
d i f f e r e n t  specimens of each material a t  d i f f e r e n t  locat ions  within the 
i r r a d i a t i o n  capsule were generally in  very close agreement (within ?4%) 
This r e f l e c t s  the reproduc ib i l i ty  of  the helium measurements ( t o  w i t h i n  
2%) ,  and  a l s o  demonstrates the va l id i t y  of the f ina l  fluence map. 

These r e s u l t s  were obtained by 

Table 1 a l so  shows t h a t  the present cross  sec t ion  determinations f o r  
Al, T i ,  Fe, and  Cu  are in exce l len t  agreement with the r e s u l t s  f o r  the 
same mater ia ls  in a previous RTNS-I i r r a d i a t i ~ n . ' ~ )  
gold,  f o r  which the high helium concentrations measured previously are  
a t t r i b u t e d  almost e n t i r e l y  t o  a r eco i l s  i n t o  the thin  f o i l s  from nearby 

mater ia l s .  
measurements o f  Grimes, - _  e t  a l .  ( 6 ' 7 )  

The exception i s  

Also shown in Table 1 a r e  the corresponding charged-particle 
Comparison o f  these measurements 
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TABLE 1 

TOTAL HELIUM GENERATION CROSS SECTIONS FOR 
-14.8-MeV NEUTRONS 

M a t e r i a l  

A1 

T i  

C r  

Fe 
N i  

5 8 N i  

6 o N i  

61Ni  

6 2 N i  

6 4 N i  

cu 

63cu 

65cu 

Au 

P resen t  
Work 

145 i 10 

37 i 3 

34 i 4 

48 i 3 
100 i 7 

116 ? 8 

79 * 6 
53 t 4 

18 i 6 

61  i 4 

5 1  i- 3 

67 i 5 

0.72 i 0.09 

17 i 2 

Cross S e c t i o n  (mb) 

P rev ious  
Expe r i  men ta 

143 1 7 
38 t 3 

- 

48 3 
98 i 6 

- 
- 
- 
- 
- 

51  ? 3 
- 
- 

24 L 12' 

Charged- Par ti c l  e 
Measurements 

121 t 25 

34 i 7 
38 +_ 6 

43 i 7 
97 i 16 

106 i 17 

76 i 12 
- 
- 
- 

42 i 7 

56 k 10 

13 I 3 
- 

a F a r r a r  and K n e f f ,  Ref.  5. 

bGrimes, e t  a l . ,  Ref. 6, 7. 

'High va lue  a t t r i b u t e d  t o  h e l i u m  r e c o i l  i n t o  t h e  t h i n  Au 
samples a v a i l a b l e  f o r  analysis. 



w i t h  the  helium generation r e s u l t s  shows t h a t  the cross  section measure- 
ments of Grimes, -- e t  a l .  a r e  general ly  lower, b u t  agree within the quoted 
uncer ta in t ies .  

A comparison between the helium production cross  sec t ions  f o r  the 
individual isotopes and  t h e i r  associated pure elements provides a good 
consistency check of the measurements. The sums of the i so top ic  c ross  
sec t ions  f o r  nickel and copper, respec t ive ly ,  weighted by the natural  
i so top ic  abundances, a re  102 i 7 mb and 52 j 4 mb. 
exce l l en t  agreement with the 100 ? 7 mb and 51  f 3 mb c ross  sec t ions  
measured f o r  the  natural  pure elements, respect ively .  

These values are i n  

I t  i s  a l s o  of i n t e r e s t  t o  compare the previously measured helium 
production cross  sect ion of Type 316 s t a i n l e s s  s t e e l ,  a primary candidate 
s t ruc tu ra l  material  f o r  f i r s t  generation fusion reac tors ,  w i t h  the 
weighted sum of the cross sec t ions  of the component elements. The 
measured s t a i n l e s s  s t e e l  cross sect ion i s  57 ? 4 mb. ( 5 )  The weighted sum 
of the cons t i tuen t  elements Fe, Cr, Ni, 140, and C [No and C from a 
previous experiment (5 ) ]  i s  52 f 3 mb. The small d i f ference i s  g rea te r  
than expected from the various uncer ta in t ies ,  and may be due in p a r t  t o  
a minor s t a i n l e s s  s t e e l  component with a r e l a t i v e l y  h i g h  helium produc- 
t ion  c ross  sect ion.  

This experiment a l so  provided information on the r e l a t i v e  cross 
sec t ions  of the radiometric dosimetry react ions  used. Figure 2 shows the 
ca lcu la ted  neutron source ax i s  f luences f o r  most of the segmented radio-  
metric f o i l s ,  p lo t ted  as a function of the f o i l  d is tance from the f ron t  
face of the  i r r a d i a t i o n  capsule. The so l id  curve i s  the axial  fluence 
p r o f i l e ,  as defined by Equation (1).  Examination o f  the data shows t h a t  
a number of inconsis tencies  e x i s t  between these reaction cross  sec t ions .  
The assumed cross  sec t ion  f o r  the 197Au(n,2n)196Au reaction (2110 mb) i s  

i n  exce l len t  agreement with the 93Nb(n,2n)92mNb cross  sec t ion  (463 mb), 
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FIGURE 2.  Neutron Fluences Obta ined f rom R T N S - I  Rad iomet r ic  F o i l s ,  
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58 a s  demonstrated previously.  ( 8 )  However, the assumed 59Co(n ,2n)  Co 
c ross  sect ion (692 mb) i s  about 12% low r e l a t i v e  t o  9 3 N b ( n , 2 n ) ,  and t h a t  
f o r  90Zr(n,2n)89Zr (760 mb) i s  a b o u t  5% low. T h e  assumed cross sec t ions  
f o r  5 4 F e ( n , ~ )  
high r e l a t i v e  t o  niobium. 
require  fu r the r  ana lys i s .  

5 1  54 Cr ( 9 5  mb) and 54Fe(n ,p)  Mn (306 mb) both  appear t o  be 
More de ta i led  cross  sect ion comparisons 

B. Characterization of the RTNS-I1 Neutron Field -- D. W. Kneff, 
B. 14. Oliver ,  M. M. Nakata ,  a n d  Harry Farrar IV (Rockwell In te rna t iona l ,  
Energy Systems Group) 

A neutron charac te r iza t ion  experiment has been i n i t i a t e d  a t  the 
RTNS-I1 f a c i l i t y  a t  L L L .  The object ives  o f  t h i s  experiment, a j o i n t  
experiment with L .  R .  Greenwood ( A N L )  and  M .  W .  Guinan ( L L L ) ,  a re  t o  
charac te r ize  the RTNS-I1 neutron environment f o r  smal l- target  experiments, 
f u r the r  develop neutron dosimetry f o r  long-term experiments a t  t h i s  
f a c i l i t y ,  and measure helium generation cross  sec t ions  for  29 pure 
elements, 45 separated isotopes ,  and 3 candidate fusion reactor  a l l oys .  
The i r r ad i a t i on  assembly cons i s t s  of a small s t a i n l e s s  s t e e l  capsule 
containing numerous helium accumulation samples, wire dosimetry r i ngs ,  
and  ac t i va t i on  f o i l s ,  and  a r e l a t i v e l y  large t r a i l i n g  assembly containing 
addi t ional  ac t iva t ion  and  helium accumulation mater ia ls  a t  well-defined 
source angles. The i r r a d i a t i o n  wil l  be completed during the f i r s t  week 
of the next report period,  and  wil l  be described in  de t a i l  in the follow- 
ing quar te r ly  progress report .  

C .  Helium Production by Be(d,n) Neutrons -- D. W .  Kneff, Harry 
Farrar IV (Rockwell I n t e rna t iona l ,  Energy Systems Group),  L .  R.  Greenwood 
( A N L ) ,  and M. W. Guinan ( L L L )  

I n i t i a l  co r r e l a t i ons  have been made between the neutron fluence and 
energy spectrum map and  the helium generation r e s u l t s  f o r  the j o i n t  
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Rockwell International-ANL-LLL Be(d,n) neutron i r r a d i a t i o n  experiment. 
The objec t ives  of t h i s  experiment,") performed with 30-MeV deuterons,  
were t o  cha rac te r i ze  the neutron f i e l d  i n  d e t a i l ,  fu r the r  develop rad io-  
metric and helium accumulation neutron dosimetry, and measure the helium 
generation c ross  sec t ions  of several mater ia l s  i n  this neutron environ- 
ment. The neutron spectrum map, derived from the spec t ra l  unfolding of 
t he  radiometric dosimetry da t a ,  using an i r r a d i a t i o n  assembly beam axis  
o f f s e t  determined from helium accumulation dosimetry, was described 
b r i e f l y  i n  the previous qua r t e r ly  progress report. (') 
have now been made between the  spectrum-integrated helium generation data 
and t o t a l  helium production cross  sec t ion  evaluat ions taken from the 
1 i t e r a tu re .  ( l o )  
spec t ra l  map t o  p red ic t  helium generation p r o f i l e s  w i t h i n  the i r r a d i a t i o n  
volume. Comparisons w i t h  the data demonstrate the potent ia l  t o  i n t e g r a l l y  
t e s t  helium generation cross  sec t ions  f o r  th i s  neutron environment. This 
work wi l l  be continued by making more de ta i l ed  comparisons with updated 
c ross  sec t ion  eva lua t ions ,  and wi l l  be reported i n  a subsequent qua r t e r ly  
progress report .  

I n i t i a l  comparisons 

The l i t e r a t u r e  values were combined w i t h  the neutron 

0. Helium Accumulation Neutron Dosimetry f o r  Mixed-Spectrum Reactor 
I r r a d i a t i o n s  - -  D .  W .  Kneff and Harry Farrar  IV (Rockwell In t e rna t iona l ,  
Energy Systems Group) 

Helium accumulation dosimetry mater ia l s  were supplied t o  ANL f o r  
inc lus ion  i n  the Omega West Reactor spec t ra l  i r r a d i a t i o n ,  and i n  the High 
F l u x  Isotopes Reactor (HFIR) i r r a d i a t i o n  experiments HFIR-MFE-T1 and T 2 .  

VI. R E F E R E N C E S  

1. 0. W .  Kneff and H. Farrar  IV, Helium Generation i n  Fusion 
Reactor Mater ia l s ,  Technical Progress Report f o r  Period April - 
September 1977, AI-DOE-13219, Atomics In t e rna t iona l ,  Canoga 
Park, Ca l i fo rn ia ,  January 1978. 
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be pub l i shed ) .  

V I1  . FUTURE WORK 

He l ium analyses w i l l  be per formed and c ross  sec t i ons  determined f o r  

a d d i t i o n a l  f u s i o n  r e a c t o r  m a t e r i a l s  i r r a d i a t e d  i n  the  T(d,n) and Be(d,n) 
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i r r a d i a t i o n  experiments. More de ta i l ed  co r re l a t ions  will be made between 
the Be(d,n) helium generation measurements and cross  sec t ion  evaluat ions 
from the l i t e r a t u r e ,  i n  a j o i n t  e f f o r t  w i t h  A N L  and L L L .  The RTNS-I1 
neutron cha rac te r i za t ion  experiment w i l l  be disassembled, and the ana lys i s  
of the i r r ad ia t ed  mater ia l s  wi l l  be i n i t i a t e d .  Par t ic ipa t ion  i n  rnixed- 
spectrum reac to r  dosimetry f o r  fusion mater ia l s  t e s t  i r r a d i a t i o n s  wi l l  
continue. 

VIII.PUBLICATIONS 

The following two papers were presented a t  the Symposium on Neutron 
Cross Sect ions from 10 t o  50 MeV, Brookhaven National Laboratory, on 
May 1 2 ,  1980, and the f ina l  manuscripts were submitted f o r  publicat ion in 
t h e  proceedings: 

"Character izat ion of the Be(d,n) Neutron Field by Passive Dosimetry 
Techniques," by 0 .  W .  Kneff, Harry Farrar  IV (Rockwell In t e r -  
n a t i o n a l ) ,  L .  R .  Greenwood ( A N L ) ,  and M .  W .  Guinan ( L L L ) .  

"Helium Generation Cross Sect ions f o r  Fast Neutrons," by 0. W .  Kneff, 
B .  M .  Oliver ,  M .  M .  Nakata, and Harry Farrar  IV. 

48 



PROGR.4M I. 

I 1  

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r :  Don M. P a r k i n  

A f f i l i a t i o n :  

R a d i a t i o n  Damage A n a l y s i s  and Computer S i m u l a t i o n  

Los Alamos S c i e n t i f i c  L a b o r a t o r y  o f  t h e  

U n i v e r s i t y  o f  C a l i f o r n i a  

The o b j e c t i v e  of t h i s  work i s  t o  deve lop d isp lacement  f u n c t i o n s  f o r  

po lya tomic  m a t e r i a l s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.B.2.3 Cascade P r o d u c t i o n  Methodology 

I I .B .4 . i  I n t e r f a c e  w i t h  o t h e r  des igns  and o t h e r  t a s k s  

11.5.4.2 Develop t h e o r y  o f  s p e c t r a l  and r a t e  e f f e c t s  

I V .  SUMMARY 

A n a l y s i s  o f  t h e  n e t  d isp lacement  f u n c t i o n s  i n  po lya tomic  m a t e r i a l s  

generated u s i n g  t h e  computer code DISPLC, has shown t h a t  t h e  d isp lacement  
cascade i n  these m a t e r i a l s  can be d e s c r i b e d  b o t h  by PKA energy and mate-  

r i a l  type.  Above a c e r t a i n  PKA energy, t h c  n a t u r e  o f  t h e  d isp lacement  

cascade becomes independent o f  t h e  PKA atom t y p e  and below t h i s e n e r g y  

i t  i s  a s t r o n g  f u n c t i o n  o f  t h e  PKA atom type .  

c o n s t i t u e n t s  have a mass r a t i o  near  one, t h i s  energy i s  about  10 eV. For  
m a t e r i a l s  w i t h  a mass r a t i o  much g r e a t e r  t h a n  one, t h i s  energy i s  about  

l o 5  eV. As a r e s u l t  o f  t h i s  behav ior ,  d isp lacement  cascades i n  f i s s i o n  

and f u s i o n  r e a c t o r s  a r e  expected t o  be s i m i l a r  f o r  t h e  f i r s t  case ( t ype- 1  
m a t e r i a l s )  and t o  be q u i t e  d i f f e r e n t  i n  t h e  second case ( t ype- 2  m a t e r i a l s ) .  

For m a t e r i a l s  whose 
3 



V .  ACCOMPLISHMENTS AN0 STATUS 

A. Disp lacement  Func t i ons  f o r  Po lya tomic  M a t e r i a l s  - - D. 11. 

P a r k i n  (LASL) and C. A. C o u l t e r  (The U n i v e r s i t y  o f  Alabama). 

The n a t u r e  o f  t h e  d isp lacement  cascade i n  po l ya tom ic  m a t e r i a l s  does 

n o t  l e n d  i t s e l f  t o  a d e s c r i p t i o n  by a u n i v e r s a l  formula,  dependent o n l y  

on model and m a t e r i a l s  parameters, as i s  t h e  case f o r  monatomic mate- 

r i a l s l Y 2 .  

t h e  behav io r  o f  t h e  n e t  d isp lacement  f u n c t i o n  g . . ( E )  we have made t h e  

f o l  1 owi ng d e f i n i t i o n  : 

To b r i n g  some o r d e r  t o  t h e  d i s c u s s i o n  and t o  h e l p  i l l u m i n a t e  

1 J  

( 1  1 d 6 . .  t k.. f .  vi /€.  
1 J  1J 1 J  J J 9 . .  

where 6 . .  = 1 i f  i = j and z e r o  i f  i # j and vi i s  t h e  damage energy f o r  
t y p e - i  atoms i n  t h e  m a t e r i a l . 3  

e f f i c i e n c i e s  k . .  Using  t h i s  d e f i n i t i o n  we must assume i n  gene ra l  t h a t  
1.J. 

1J 
Equat ion  ( 1 )  d e f i n e s  t h e  d isp lacement  

Equa t i on  ( 7 )  i s  a g e n e r a l i z a t i o n  o f  t h e  m o d i f i e d  Khinchin-Pease 
fo rmula  t o  t h e  po l ya tom ic  case. k . .  can be though t  of as  a c o r r e c t i o n  

1 5  
f u i i c t i o n  t h a t  desc r i bes  t h e  v a r i a n c e  between t h e  t r u e  behav io r  o f  9 . .  and 

1 J  
t h a t  p r e d i c t e d  by t h e  po l ya tom ic  damage energy f o r  t y p e - i  atom PKAs. I f  

Eq. ( 1 )  i s  a u s e f u l  d e s c r i p t i o n  o f  t h e  behav io r  o f  g .  ., t h e n  k . .  w i l l  be 

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

t h a t  d e s c r i b e  d isp lacement  cascades i n  po l ya tom ic  m a t e r i a l s .  

Severa l  o t h e r  p r o p e r t i e s  o f  Eq. ( 1 )  a r e  p e r t i n e n t .  The r i g h t - h a n d  

s i d e  o f  Eq. ( 1 )  c o n t a i n s  terms i n  wi and E .  t h a t  make 9 . .  a f u n c t i o n  o f  

b o t h  t h e  PKA t y p e  ( t y p e - i  atoms) and t h e  d i s p l a c e d  atom t y p e  ( t y p e - j  

atoms). 

Thus a s i g n a t u r e  o f  t h e  PKA t y p e  i s  ma in ta ined.  

subsequent d isp lacements  so t h a t  k . .  i s  t h e  e f f i c i e n c y  f o r  d i s p l a c i n g  
1 J  

atoms o t h e r  than  t h e  i n i t i a l  r e c o i l .  

1J 1.I 

d 
J 1J 

T h i s  occurs  even i f  k . .  becomes independent  o f  i and/or  j. 
1.I 

The d e l t a  f u n c t i o n  i n  Eq. ( 1 )  separa tes  t h e  PKA when i = j f rom 

The i n i t i a l  va lue  of kij i s  t h u s  
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equal  t o  zero. F u r t h e r  Eq. (1)  can be r e w r i t t e n  as 

d K . .  = 9 . .  E./ f .v.  
1J 1J J J 1  ( 3 )  

d where 9 . .  
ence o f  k . .  r e f l e c t s  any f a i l u r e  o f  t h e  damage energy t o  d e s c r i b e  t h e  

n a t u r e  o f  po l ya tom ic  d isp lacement  cascades. 

9.. i s  a c c u r a t e l y  descr ibed  byvi,  t hen  k . .  
1 J  1J 

between t h e  n e t  number of d isp lacements  o t h e r  t han  t h e  PKA and t h e  damage 

energy m u l t i p l i e d  by a te rm c o n t a i n i n g  t h e  d isp lacement  energy and t h e  

s t o i c  h i  ometry . 

adopted t h e  f o l l o w i n g  n o t a t i o n .  

meters  w i l l  be g i v e n  as AXBY ... 
f o r  a d i a t o m i c  m a t e r i a l  we have A B (Ec:!, E 12, 21, 2 2 ) .  Because 

we have used E t  = EcaP and Ei = 0, t h i s  n o t a t i o n  c o n t a i n s  i n f o r m a t i o n  on 

a l l  t h e  parameters used i n  a s p e c i f i c  c a l c u l a t i o n .  

The energy dependence o f  k . .  i s  c h a r a c t e r i z e d  by  t h e  da ta  f o r  MgO 
1J 

(62,00,00,62) and Ta0(60,60,60,00) i n  F igs .  1 and 2 r e s p e c t i v e l y .  The 

d a t a  f o r  MgO, a m a t e r i a l  f o r  which M1/M2 % 1, d i s p l a y  t h e  same c h a r a c t e r -  

i s t i c s  as t h e  e q u i v a l e n t  r e s u l t  f o r  monatomic m a t e r i a l s  (Eq. 7 i n  Ref. 2) .  

The v a l u e  o f  kij i s  a s t r o n g  f u n c t i o n  of E f rom t h r e s h o l d  t o  t h e  KeV 
energy range where i t  reaches a v a l u e  dependent on the  m a t e r i a l  parameters.  

Beyond t h i s  energy range, k . .  r e t a i n s  t h i s  v a l u e  and becomes r o u g h l y  
1 J  

c o n s t a n t  f o r  a1 1 succeeding energ ies .  

9 . .  - 6. .. Since  E .  and f .  a r e  cons tan t ,  t h e  energy depend- 

I f  t h e  energy dependence o f  

i s  a p o r p o t i o n a l i t y  c o n s t a n t  

1J  1 J  1J J J 
1 J  

To i n d i c a t e  t h e  v a r i o u s  parameters used i n  t h e  c a l c u l a t i o n ,  we have 

M a t e r i a l s  and t h e  cor respond ing  para-  

I 2 ’ cap  Ecap Ecap 
EcaP EcaP ..., 21, 2 2 ,  ... ) where (EcaP EcaP 

11’  

b x y  
ii 

The behav io r  o f  TaO i n  F ig .  2 i s  e s s e n t i a l l y  t h e  same as t h a t  f o r  

MgO i n  F ig .  1 except  f o r  one s i g n i f i c a n t  d i f f e r e n c e .  TaO i s  a m a t e r i a l  

f o r  wh ich  m1/ni2 >> 1 and i n  t h i s  case t h e  s t r o n g  energy dependence o f  

k . .  p e r s i s t s  t o  about  100 keV. 

of % 0.1 MeV i s  reached t h a t  k . .  reaches app rox ima te l y  a c o n s t a n t  s e t  

o f  va lues.  

I t  i s  n o t  u n t i l  t h i s  r a t h e r  h i g h  energy 
1J 

1 J  

By t h e  d e f i n i t i o n  o f  k i j  (Eq. 3 )  t h e  necessary and s u f f i c i e n t  
c o n d i t i o n  f o r  k . .  t o  be a c o n s t a n t  i s  t h a t  g . .  a wi. 

(e.g. F igs .  1 and 2)  t h a t  a l t hough  k i j  i s  app rox ima te l y  a s e t  o f  cons tan t  
I t  can be seen 

1J 1J 
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va lues  above a c e r t a i n  energy, i t  i s  n o t  s t r i c t l y  cons tan t .  Th i s  des- 

c r i b e s  t h e  f a c t  t h a t  9 . .  a t  b e s t  i s  o n l y  app rox ima te l y  p r o p o r t i o n a l  

t o  damage energy. I t  was shown i n  Ref .  2 t h a t  f o r  monatomic m a t e r i a l s  

t ha t  n (E )  and g(E)  a r e  n o t  p r o p o r t i o n a l  t o  damage energy e i t h e r  a t  low 

energy o r  h i g h  energy due t o  t h e  presence o f  sub th resho ld  c o l l i s i o n s .  

The e s s e n t i a l  p o i n t  t h a t  causes t h i s  b e h a v i o r  i s  t h a t  sub th resho ld  

c o l l i s i o n s  c o n t r i b u t e  t o  t k  damage energy b u t  n o t  t o  n . .  o r  g . . .  

ever,  t h e  f a c t  t h a t  9 . .  21 vi over  a wide energy range o f  i n t e r e s t  and t h a t  

k . .  does show some u n i v e r s a l  c h a r a c t e r i s t i c s  make t h e  use o f  Eq. ( 1 )  

mean ing fu l .  
I t  i s  t h u s  conven ien t  t o  c l a s s i f y  t h e  behav io r  o f  k . .  i n t o  f o u r  

elements. F i r s t ,  we can i d e n t i f y  two energy r e g i o n s  f o r  k . . .  I n  k g i o n - 1 ;  

k.. i s  a f u n c t i o n  o f  energy E and i n  Region-2, k . .  i s  r o u g h l y  independent  

o f  energy and can be  a p p r o x i m a t e l y  desc r i bed  by a s e t  o f  cons tan ts .  I n  
Region-1, t h e  n a t u r e  o f  t h e  d isp lacement  cascade i s  chang inq  a s  a f d n c t i o n  

o f  energy whereas i n  Region-2 i t  has s t a b i l i z e d .  

m a t e r i a l s  i n t o  two c l asses ;  those  whose mass r a t i o  i s  near  one we w i l l  
c a l l  t ype- 1  m a t e r i a l s  and those whose mass r a t i o  i s  much g r e a t e r  t han  one 

we w i l l  c a l l  t ype- 2 m a t e r i a l .  

The consequences o f  t h e  energy dependence o f  k . .  a r e  s i g n i f i c a n t  

f o r  r a d i a t i o n  e f f e c t s  exper iments.  For  i r r a d i a t i o n  c o n d i t i o n s  cor respond-  
i n g  t o  Region-2, PKA ene rg ies  g r e a t e r  than  ‘4 1 KeV f o r  type- 1 m a t e r i a l s  

and PKA ene rg ies  g r e a t e r  t han  9, 0.1 MeV f o r  type- 2 m a t e r i a l s ,  t h e  

d i s t r i b u t i o n  o f  d isp lacements  i s  t h e  same. To i l l u s t r a t e  t h e  r e l e v a n c e  

of t h i s  r e s u l t ,  we n o t e  t h a t  f o r  t ype- 1 m a t e r i a l s ,  Region-2 c o n d i t i o n s  

e x i s t  On 

the  o t h e r  hand, type- 2 m a t e r i a l s  a r e  i n  Region-1 i n  f i s s i m  r e a c t o r s  and 

i n  Region-2 i n  f u s i o n  r e a c t o r s .  

a b l y  d i f f e r e n t  i n  t h e  two envi ronments f o r  type- 2 m a t e r i a l s  but t h e  same 

f o r  type- 1 m a t e r i a l s .  

1J 

How- 
1J  13 

1J 
15 

1J 

1J 

1J 1J 

Second we can group 

1J 

b o t h  i n  f i s s i o n  r e a c t o r s  and i n  p o t e n t i a l  f u s i o n   reactor^.^ 

Thus t h e  damage e f f e c t s  nay be measur- 
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Figure 1. Values of the displacement efficiencies k i j  as a 
function of energy for the material MgO (62,00,00,62). 

Figure 2 .  Values of the displacement efficiencies ki j  as a 
function of energy for the material TaO (60,60,60,60). 
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I. PROGRAM 

Title: 
Principal Investigators: A. N. Goland and G. F. Dell 
Affiliation: Brookhaven National Laboratory 

Damage Analysis and Dosimetry Radiation Damage Analysis 

11. OBJECTIVE 

Radiation damage analysis studies associated with the use of elec- 
trical insulators in fusion reactors. 

111. RELEVNNT DAFS PROGWIS PLAN TASK/SUBTASK 

SUBTASK II.A.2.4 Flux Spectral Definition in FMIT 

SUBTASK II.B.l Calculation of Displacement Cross Sections 

An uncollided gama ray flux estimator has been added to the EOEE 
Monte Carlo transport code. 

The spectrum averaged electronic damage energy cross section has 

been evaluated for A1203 and Si3N,+. 

Spectrum average displacement cross sections have been evaluated 
for MgAl2O,. 

V. ACCObIPLIS"2NTS AND STATUS 

A. Neutron Flux Characterization. Neutron f l u  spectra have been 
regenerated using a 30 x 20 x 20 cm3 test module of half density stainless 
steel in place of the quarter density iron test module used for previous 
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flux characterizations. 
of full density stainless steel has been irlscrted betwcen the volume 
corresponding to the lithium target and the ha l f  density stainless steel 
test module. 
FIIIT geometry. 

In addition, a 0.3 cm thick target backing plate 

rhcse changes were made to approximate more closely current 

B. Gamma-F lu  Characterization. Previously reported gamma ray 
spectra generated with the RSIC version of l1OKE using probabilistic f l u x  

cstimators have been low compared to g m  ray spectra generated witn the 
1 . .  Livermore version of NORSE and g a m a  ray spectra generated at HEDL. rhis 

discrepancy has been resolved by including in the RSIC version of !IORSE an 
uncollided f lux  cstimator for garma rays. 
neutrons and g m a  rays is now equivalent in that there is an uncollided 
and a collidcd coniponent for each type of particle. 

estimator for gamma ra)'s assumes isotropic emission whereas thc uncollided 
f l u  estimator f o r  neutrons incorporates the fonvard peaked anbular 
distribution of neutrons in (d,n) reactions. The ~EUNM ray spectra 
generated with hJORsl:-L, the RSIC vcrsion of byI)RSC, and with N P K  at F W L  
arc now equivalent. 

The flux detcrmination for 

'Die uncollidcd 

C. Damage from Electronic - Processes. The energy dcposited through 
electronic processes in U,03 and Si$, has ticen cvaluatcd by using the 
D3h code 
The Lindhard function is expressed as 

2 to determmc the spectrum average of the function g(T) = l -T"L(T) .  

with the cocrficients C,, C2, and C3 being those generated by Parkin and 
Coulter for multicomponent materials. 3 

'The energy Ee deposited per gram of material through electronic 
processes is: 
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where n ( i )  i s  the number of atoms of type i per gram of binary material ,  
and 8(i) denotes the spectrum averaged e lec t ronic  damage energy cross 

sections l i s t e d  i n  Table 1. Finally, conversion of Ee t o  dose yields 
1.66 10"O RADS/(n/an2) and 4.16 RADS/(n/cm2), respectively,  f o r  
the first wall and IMIT spectra.  

TABLE 1 

ENERCY DEPOSITED WROUM ELECTRONIC PROCESSES 

FMIT 

En (MeV) 3.96 10.87 

Fusion 
F i r s t  I ' M 1  

I I 
2.38 .  105  5 .78 .  1 0 5  

barn-eV 

4 . 2 4 .  105 9 . 4 9 .  1 0 5  1 '(0) [atom- (n/cmz) 
barn-eV 

57 



D. Recoil-atom U m g e  in hlgAlzO1,. The Jisplacemcnt functions of 

Parkin and Cou1ter4 have been used in the  damage code EON t o  evaluate 
recoil -atom damage i n  b1gAl2O,+.  

t o  determine t h e  cross  sec t ion  o ( i , j )  f o r  d isplac ing each species of atom 
by each species  of pka. 
species of  atom is obtained from a weighted sum of the  cont r ibut ion  from 
each species of pka: 

3 

Nine separa te  evaluat ions a r e  neccssar) 

The t o t a l  displacement. c ross  s e c t i o n  fo r  each 

where p ( j )  i s  the  atomic f r a c t i o n  of a t o m  of type j i n  the  ternary  
mate r i a l .  Results  f o r  blgA1204 a r e  given i n  Table 2 . 

nrr Fusion 
F i r s t  ha l l  

55.14 80.21 

3 (A1) harn/atom 123.9 180.8 

o(0) harn/atom 131.0 1 8 9 . 7  

0 (nih/atoni) 2 1 . 2  35.8 

0 (mb/atom) 4 6 . 4  0 4 . 5  
H 

He 
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VII. FuTuRF WORK 

Future work will include evaluation of damage in multicomponent 
materials exposed to several neutron spectra of interest to the DAFS 
effort. 

VIII. PUBLICATIONS 

A paper entitled "Damage Parameters for Non-Metals in a High 
Energy Neutron Environment" was presented at the Symposium on Neutron 
Cross Sections from 10-50  MeV held from May 12-14, 1980, at Brookhaven 
National Laboratory. 



I .  PROGRAM 

T i t l e :  I r r ad ia t ion  Effec ts  Analysis (AKJ) 
Principal  Inves t iga tor :  D. G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objec t ive  of th i s  work i s  t o  develop computer models f o r  t he  simu- 
l a t i o n  of high energy cascades which wi l l  be used t o  generate  defec t  p ro-  
duction funct ions f o r  co r re l a t ion  analyses of r ad ia t ion  e f f e c t s .  

111. RELEVANT OAFS PRAGRAM TASK/SUBTASK 

SUBTASK 11 .8 .2 .3  Cascade Production Methodology 

IV. SUMMARY 

Computer models have been developed f o r  the simulation of h i g h  energy 
displacement cascades. 
funct ions f o r  use in co r re l a t ion  ana lys is  of r ad ia t ion  e f f e c t s  i n  fusion 
r eac to r  mater ia l s .  
t ion  code SCAS has been developed and used t o  model the short- term annealing 
behavior of simulated cascades in FCC metals.  The code i s  f a s t  enough t o  
make annealing of high energy cascades p r a c t i c a l .  
keV t o  100 keV in copper were generated by the binary c o l l i s i o n  code MARLOWE. 

The objec t ive  i s  the g w e r a t i o n  o f  defec t  production 

I n  p a r t i c u l a r ,  the - s tochas t i c  - cascade - annealing - s inu la -  

Sets  of cascades from 5 

I n  order  t o  simulate the recombination occurring during the loca l ized  
quenching of the highly exc i ted  cascade reg ion ,  an e f f e c t i v e  spontaneous 
recombination radius was applied t o  reduce the  number of defec ts  t o  be  con- 
s i s t e n t  with values measured a t  4K. The individual  cascades were then an- 
nealed w i t h  SCAS and examined a t  s tages  of short- term annealing corresponding 
approximately t o  Stage I and Stage 111. 
defec ts  i n  an i so l a t ed  cascade produced a t  any teniperature is  proport ional  
t o  the damage energy f o r  cascade energies  above 5 IteV. Comparison i s  a l s o  
made w i t h  previous cascade annealing s imulat ions.  

The t o t a l  number of surviving 

V .  ACCOMPLISHMENTS A N D  STATUS 

Simulation of Short-Term Annealing of Oisplacement Cascades in F C C  
Metals - H .  L .  Heinisch, J r .  ( H E O L )  



1. I n t r o d u c t i o n  

The c h a r a c t e r i z a t i o n  o f  b u l k  r a d i a t i o n  damage i n  t h e  f i r s t  w a l l  o f  

a f u s i o n  r e a c t o r  r e q u i r e s  an unders tand ing  o f  t h e  h i g h  energy r e c o i l s ,  on 

t h e  o r d e r  o f  hundreds o f  keV, which r e s u l t  f r om the  t y p i c a l  f u s i o n  r e a c t o r  

neu t ron  spectrum. T h e o r e t i c a l  models a r e  b e i n g  developed w i t h  t h e  ob jec-  

t i v e  o f  gene ra t i ng  d e f e c t  p r o d u c t i o n  f u n c t i o n s  f o r  use i n  c o r r e l a t i o n  ana l y-  

s i s  o f  r a d i a t i o n  e f f e c t s  i n  p o t e n t i a l  f u s i o n  r e a c t o r  m a t e r i a l s .  These models 

t r e a t  t h e  problem on an a t o m i s t i c  sca le ,  w i t h  v a r i o u s  l e v e l s  o f  app rox ima t i on  

t o  t h e  p h y s i c a l  processes i n v o l v e d  depending p r i m a r i l y  on t h e  energy range 
of t h e  r e c o i l s  under c o n s i d e r a t i o n .  

t i o n  o f  d e f e c t  p r o d u c t i o n  f u n c t i o n s ( l L 3 )  was aimed a t  unders tand ing  r a d i a -  

t i o n  e f f e c t s  i n  b reeder  r e a c t o r  spec t ra ,  which do n o t  have the  l a r g e  compo- 

n e n t  o f  h i g h  energy neut rons  o f  t h e  f u s i o n  r e a c t o r  spectrum. The e a r l i e s t  

more e x t e n s i v e  cascades were genera ted  l a t e r  w i t h  an e a r l y  v e r s i o n  o f  t l ~ e  
b i n a r y  c o l l i s i o n  code MARLOWE. ( 5 )  The s i m u l a t i o n  o f  s h o r t - t e r m  annea l i ng  

o f  t h e  cascades was done w i t h  t h e  h y b r i d  annea l i ng  program HAP. 

was used t o  o b t a i n  d e f e c t  p r o d u c t i o n  f u n c t i o n s  which c o u l d  be i n t e g r a t e d  

w i t h  a p r i m a r y  knock-on atom (PKA) spectrum t o  f i n d  t he  mean numbers o f  

d e f e c t s  p e r  PKA. M u l t i p l y i n g  by t h e  PKA p r o d u c t i o n  c ross  s e c t i o n  f o r  a 
p a r t i c u l a r  i n c i d e n t  p a r t i c l e  r e s u l t s  i n  de fec t  p r o d u c t i o n  c r o s s  s e c t i o n s  
f o r  t h e  p a r t i c l e .  

Prev ious  a t o m i s t i c  mode l ing  work wh ich  cu lm ina ted  i n  t h e  de termina-  

work a t  t h i s  l a b o r a t o r y  used d isp lacement  cascades generated by  Bee le r ;  (4 )  

The mode l ing  

The e a r l i e r  work i s  b e i n g  extended f o r  seve ra l  reasons. PKAs o f  
energy as l a r g e  as 100 keV were t r e a t e d  e x p l i c i t l y  e a r l i e r ,  b u t  w i t h  some 

d i f f i c u l t y ,  because o f  t h e  l a r g e  amount o f  computer t i m e  necessary t o  anneal 
t h e  h i g h  energy cascades w i t h  HAP. Defect  p r o d u c t i o n  f o r  PKAs above 100 

keV was e x t r a p o l a t e d  f rom t h e  l ower  energy i n f o r m a t i o n .  

cades used i n  t h e  e a r l i e r  work were genera ted  i n  copper u s i n g  a d isp lacement  

energy, E o f  25 eV, t h a t  i s , o n l y  atoms r e c e i v i n g  a t  l e a s t  25 eV o f  energy 

were a l l o w e d  t o  p a r t i c i p a t e  i n  t he  cascade. ( I n  t h e  c o n t e x t  o f  t h i s  r e p o r t  

t h e  t e r m i n o l o g y  " d isp lacement  energy" r e f e r s  t o  t h i s  MARLOWE parameter  and 

n o t  n e c e s s a r i l y  t o  t h e  energy needed t o  f o rm  a s t a b l e  Frenke l  p a i r . )  T h i s  

The MARLOWE cas-  

d' 
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c r i t e r i o n  e f f e c t i v e l y  p reven ts  t h e  occurence o f  t h e  l o n g  replacement  c o l l i -  
16)  s i o n  sequences (LRS) t h a t  a r e  observed i n  dyndmical computer s i m u l a t i o n s  

and i n f e r r e d  f r om expe r imen ta l  ev idence.  1 7 )  
occur  i n  replacement  events  can be i n c l u d e d  i n  MARLOWE by  l o w e r i n g  t he  d i s -  

placement energy parameter  t o  something on t h e  o r d e r  of 5 eV. ( ' ) 
t u n a t e l y ,  t h i s  a l s o  a l l o w s  so many more atoms t o  p a r t i c i p a t e  i n  t h e  cascade 

t h a t  t h e  c a p a c i t y  o f  a l a r g e  computer i s  s a t u r a t e d  f o r  PKAs o f  40-50 keV i n  

copper. 

p o s s i b l e  t h e  mode l ing  o f  the  h i g h e r  energy d isp lacement  cascades r e s u l t i n g  
from t h e  f u s i o n  r e a c t o r  spectrum. 
s i m u l a t i o n  code SCAS s i m u l a t e s  t h e  s h o r t - t e r m  annea l i ng  o f  cascades w i t h  
such economy t h a t  s t a t i s t i c a l l y  s i g n i f i c a n t  numbers o f  h i g h  energy cascades 
(hundreds of keV can be cons idered .  Cont inued r e f i n e m e n t  o f  MARLOWE para-  
meter  se t t ings(7 i  has produced a model wh ich  has a more fundamental p h y s i c a l  

b a s i s .  A l s o ,  u n l i k e  t he  p r e v i o u s  work, t h e  mode l ing  i s  f i t t e d  t o  the  a c t u a l  
d e f e c t  y i e l d s  e x t r a c t e d  f rom r e s i s t i v i t y  measurements on low tempera ture  

The low energy c o l l i s i o n s  which 

Un f o r -  

T h i s  r e p o r t  desc r i bes  b r i e f l y  r e c e n t  advancements which now make 

The new s t o c h a s t i c  cascade annea l i ng  

i o n - i r r a d i a t e d  m a t e r i a l s .  ( 9 )  

Resu l t s  o f  s i m u l a t i o n s  u s i n g  SCAS and improved MARLOWE cascades a t  
ene rg ies  up t o  100 keV i n  copper a r e  p resen ted  and d iscussed,  a l o n g  w i t h  a 
comparison w i t h  t h e  p r e v i o u s  work.  

2. Annea l ing  S i m u l a t i o n  and Cascade Genera t ion  

The s t o c h a s t i c  cascade annea l i ng  s i m u l a t i o n  code SCAS and i t s  c a l i -  
b r a t i o n  a a i n s t  t h e  r e s u l t s  o f  t h e  HAP code ,are desc r i bed  i n  more d e t a i l  e l s e -  
where. (''' Besides us ing  improved computa t iona l  techn iques ,  SCAS employs some 
s i m p l i f y i n g  approx imat ions  t o  t h e  more p h y s i ' z a l l y  r i g o r o u s  d e t a i l s  o f  d e f e c t  
movement employed i n  HAP. I n  SCAS t h e  defect .  c l u s t e r s  a r e  assumed t o  be spher-  
i c a l  and cen te red  on l a t t i c e  s i t e s .  M o b i l e  d e f e c t  c l us te rs (mono ,  d i- ,  tri-, 
te t ra- vacanc ies ;  mono-, di- ,  t r i - i n t e r s t i t i a l s )  move as a whole, one l a t t i c e  s i t e  
a t  a t ime ,  w h i l e  i n  HAP, t h e  i n t e g r i t y  o f  t h e  i n d i v i d u a l  p o i n t  d e f e c t s  was 
m a i n t a i n e d  even when c l u s t e r e d .  I n  SCAS t h e  mob i l e  d e f e c t s  a r e  f o l l o w e d  u n t i l  
t h e y  leave  t h e  "cascade reg ion , "  d e f i n e d  here  as t h e  r e c t a n g u l a r  p a r a l l e l p i p e d  
wh ich  enc loses  t h e  i n i t i a l  cascade p l u s  a marg in  o f  25 l a t t i c e  parameters i n  
each d i r e c t i o n .  To check t h e  SCAS code, i t  has used on t h e  same s e t s  o f  cas-  
cades as annealed p r e v i o u s l y  w i t h  HAP, u s i n g  c r i t i c a l  r e a c t i o n  d i s t a n c e s  and 
jump f requenc ies  which a r e  c o n s i s t e n t  w i t h  t h e  cor respond ing  parameters i n  HAP. 



SCAS g i v e s  r e s u l t s  remarkab ly  s i m i l a r  t o  HAP w i t h  o n l y  about  5% o f  t h e  

expend i t u re  o f  computer t ime.  

t o  anneal s e t s  o f  cascades w i t h  ene rg ies  o f  hundreds o f  keV. Wi th  t h e  

a b i l i t y  t o  anneal l a r g e  cascades r e a l i z e d ,  t he  computa t iona l  l i m i t a t i o n  

r e s t s  more w i t h  t h e  g e n e r a t i o n  o f  t h e  h i g h  energy cascades u s i n g  MARLOWE. 

t o  model PKAs w i t h  ene rg ies  l e s s  than  100 eV,(8) even though i t  employs 

t h e  b i n a r y  c o l l i s i o n  approx imat ion .  I t  g i v e s  replacement  sequences w i t h  

l e n g t h s  comparable t o  those  produced i n  s i m u l a t i o n s  u s i n g  t h e  many-body 

dynamical code COMENT w i t h  t h e  same i n t e r a t o m i c  p o t e n t i a l .  The parameter  

s e t t i n g s  f o r  t h i s  low energy v e r s i o n  o f  MARLOWE, which uses a d isp lacement  

energy o f  5 eV, can be used f o r  PKAs up t o  about  40 keV. Above t h a t ,  a 

h i g h e r  d isp lacement  energy must be used t o  reduce t h e  number o f  d e f e c t s  

produced. 

D e f e c t  p r o d u c t i o n  " e f f i c i e n c y "  exper iments ( ' I )  have shown t h a t ,  a t  

cascade ene rg ies  above a few keV, fewer  Frenke l  p a i r s  remain t han  a r e  p re-  

d i c t e d  by  p a r t i t i o n i n g  t h e  damage energy i n t o  an e f f e c t i v e  energy necessary 

t o  d i s p l a c e  an atom f rom i t s  l a t t i c e  s i t e  Le.g., t h e  m o d i f i e d  K i n c h i n  and 

Pease model(12) ] .  The exper iment  tempera tures  a r e  such t h a t  b o t h  i n t e r s t i -  

t i a l ~  and vacancies a r e  immobi le  w i t h  r e s p e c t  t o  normal t h e r m a l l y  a c t i v a t e d  

m i g r a t i o n ,  t hus  t h e  y i e l d s  observed must be due t o  recomb ina t i on  d u r i n g  

l o c a l i z e d  "quenching"  o f  t he  e x c i t e d  cascade r e g i o n .  That  i s ,  e x c i t a t i o n  
r e s u l t i n g  f r om t h e  energy l o c a l i z e d  i n  t h e  cascade r e g i o n  a f t e r  a l l  i n i t i a l  

d isp lacements occur  i s  t hough t  t o  l e a d  t o  immediate athermal  rearrangement  

o f  t h e  atoms, r e s u l t i n g  i n  c o n s i d e r a b l e  p a i r  recombina t ion .  T h i s  phenomenon 

has been observed i n  computer s i m u l a t i o n s  o f  cadcades i n  tungs ten .  ( I 3 )  
MARLOWE code cannot  model t h i s  aspec t  o f  t h e  cascade development d i r e c t l y ,  

hence MARLOWE p r e d i c t s  f a r  t o o  many d e f e c t s .  

b i n a t i o n  wh ich  takes  p l a c e  d u r i n g  t h e  quenching o f  t h e  cascade, t h e  s i m p l e s t  

p rocedure  i s  t o  recombine t h e  c l o s e s t  p a i r s  u n t i l  t h e  e x p e r i m e n t a l l y  observec 

number has been reached. 

volumes, de termined f rom s t a t i c  mode l ing  and some expe r imen ta l  ev idence,  

were a p p l i e d  t o  t he  MARLOWE cascades. 

25 eV, these  cascades had many more d e f e c t  p a i r s  rema in ing  a f t e r  recombina-  

With SCAS i t  i s  now c o m p u t a t i o n a l l y  f e a s i b l e  

Wi th  t h e  p rope r  cho i ce  o f  parameter  s e t t i n g s ,  MARLOWE has been made 

The 

To account  f o r  t h e  recom- 

I n  t h e  e a r l i e r  wo rk (2 )  spontaneous recomb ina t i on  

Even w i t h  a d isp lacement  energy o f  
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t i o n  thanobserved i n  t h e  more r e c e n t  exper iments .  

t o  app l y  whatever  amount o f  r ecomb ina t i on  i s  necessary t o  make t h e  number 

of de fec t s  c o n s i s t e n t w i t h  va lues  ext racted‘ ’ )  f r om r e s i s t i v i t y  measure- 

nients on low temperature,  i o n  i r r a d i a t e d  samp.les. 

independent,  e f f e c t i v e  recomb ina t i on  r a d i u s  of 3 l a t t i c e  parameters,  a p p l i e d  

t o  t h e  MARLOWE cascades hav ing  Ed  = 17 eV, g i v e s  F renke l  p a i r  y i e l d s  con- 

s i s t e n t  w i t h  t h e  r e s i s t i v i t y  measurements i n  t h e  range f rom 5 t o  100 keV. 

The va lue  17 eV i s  about  t he  iliinimum disp lacernent  t h r e s h o l d  o b t a i n e d  w i t h  

t h e  i n t e r a t o m i c  p o t e n t i a l  used i n  t h i s  work. A l a r g e r ,  a l s o  energy i n d e -  

pendent  r a d i u s  o f  5 . 5  l a t t i c e  parameters was iappl ied w i t h  equal  success f o r  

t h e  low d isp lacement  energy (E = 5 eV) MARLOWE model t h roughou t  t h e  5 keV 

t o  30 keV range. T h i s  e f f e c t i v e  recomb ina t i on  r a d i u s  may seem q u i t e  l a r g e .  

However, i n  a computer s i m u l a t i o n  s t u d y  o f  F renke l  p a i r s  i n  e l e c t r o n -  
i r r a d i a t e d  copper by  Tenenbauiii, ( 1 4 )  an “ a t t r a c t i o n  range”  was de termined 

f o r  F renke l  p a i r s  which i s  l a r g e r  than  t h e  spontaneous recomb ina t i on  r a d i u s .  

W i t h i n  t h e  a t t r a c t i o n  range newly produced i n t e r s t i t i a l s  a c t i v a t e d  by l o c a l  

h e a t i n g  o f  t h e  l a t t i c e  t e n d  t o  jump toward  t h e  vacanc ies .  T h i s  a c t i v a t i o n  

range was e s t i m a t e d  t o  be 5 .4  l a t t i c e  parameters a t  0 K. 

h i g h e r  energy cascades n e c e s s i t a t e s  a p rocedure  t o  account  f o r  t h e  t r u n c a -  

t i o n  o f  LRS.(”) 

were genera ted  u s i n g  MARLOWE w i t h  d isp lacement  ene rg ies  o f  b o t h  5 and 1 7  eV. 

Both  s e t s  were annealed w i t h  SCAS, and t h e  r e s u l t s  were compared a t  two 

stages o f  annea l i ng :  

1000 jumps o f  a s i n g l e  i n t e r s t i t i a l ,  i . e . ,  a f t e r  nea r  exhaus t i on  o f  t h e  

n o b i l e  i n t e r s t i t i a l s  f r om t h e  cascade reg ion ,  and 2 )  a t  ’[ = E N D  a f t e r  a l l  

m o b i l e  vacancies and i n t e r s t i t i a l s  had escaped t h e  cascade r e g i o n  ( ‘ , l o ”  

jumps) .  
v e r t i n g  d e f e c t  y i e l d s  f r om t h e  h i g h  Ed model t o  be t h e  same as those f o r  

t h e  low Ed  model. 

same as those used i n  HAP.  They cor respond t.o a tempera ture  o f  about  800 

K i n  gamma-iron. These jump f requenc ies  f o r  s i n g l e  i n t e r s t i t i a l s  and va- 

canc ies  d i f f e r  by  a f a c t o r  o f  about  l o 7 .  A few t e s t  cases have shown t h e  

The p r e s e n t  p rocedure  i s  

A s i n g l e ,  energy-  (11 )  

d 

R a i s i n g  t h e  d isp lacement  energy Ed t o  p e r m i t  t h e  s i m u l a t i o n  o f  

Se ts  o f  cascades i n  t h e  energy range f rom 5 t o  30 keV 

1 )  a f t e r  a t i m e  .T = 1000 jumps, cor respond ing  t o  

M u l t i p l i c a t i v e  s c a l i n g  parameters were t hen  de termined f o r  con- 

The  r e l a t i v e  jump f requenc ies  used i n  t h e  annea l i ng  runs  were t h e  



outcome t o  be f a i r l y  i n s e n s i t i v e  t o  t h e  jump f requenc ies .  Thus, we p r e f e r  

t o  d i scuss  o u r  r e s u l t s  i n  terms o f  mechanisms r a t h e r  than  temperatures.  

i d e n t i f y  t h e  m o t i o n  o f  i n t e r s t i t i a l s  w i t h  Stage I annea l i ng  and t h e  m o t i o n  

o f  vacancies app rox ima te l y  w i t h  Stage 111. 

We 

3. Resu l t s  

Us ing  a d isp lacement  energy o f  17 eV, s e t s  o f  t e n  MARLOWE ( V e r s i o n  

11) cascades were genera ted  a t  ene rg ies  o f  5, 20, 30, 60 and 100 keV. 

de fec t  y i e l d s  p e r  cascade were a d j u s t e d  t o  be s i m i l a r  t o  those  expected from 

t h e  low d isp lacement  energy model by  u s i n g  t h e  c a l i b r a t i o n  f a c t o r s .  

F i g u r e  1 t h e  number o f  F renke l  p a i r s  a r e  p l o t t e d  versus t h e  average damage 
energy computed d i r e c t l y  (L i ndha rd  energy p a r t i t i o n  model) i n  t h e  MARLOWE 

runs .  a t  T = 0 

(recombined b u t  n o t  annealed) ,  T = 1000 jumps, and T = END. The cu rve  f o r  

T =  O i s  a f u n c t i o n  d e r i v e d  f rom r e s i s t i v i t y  da ta .  (’) It i s  n e a r l y  l i n e a r  

i n  t h i s  energy range. 

T = 0 cu rve  m u l t i p l i e d  by  0.87 and 0.70 r e s p e c t i v e l y .  

one s tanda rd  d e v i a t i o n ,  based on t e n  cascades a t  each p o i n t .  

energy range f rom 5 t o  100 keV t h e  number o f  p a i r s  rema in ing  a f t e r  annea l i ng  
i s  s i m p l y  a f r a c t i o n ,  independent  o f  energy, o f  t h e  i n i t i a l  number o f  d e f e c t s  

Over a l ower  range o f  PKA ene rg ies  t h e r e  i s  a t r a n s i t i o n  i n  t h e  
n a t u r e  o f  d e f e c t  p roduc t i on ,  as t h e  energy i s  inc reased,  f r om t h e  p r o d u c t i o n  

o f  a smal l  number o f  i s o l a t e d  p a i r s  p e r  PKA t o  t h e  p r o d u c t i o n  o f  cascades 
i n  which c o n s i d e r a b l e  recomb ina t i on  occurs .  I n  F igu re  2 t h e  average number 
o f  de fec ts  p e r  u n i t  damage energy i s  p l o t t e d  versus damage energy f o r  recom- 

b i n e d  b u t  unannealed MARLOWE cascades. 

i n  F i g u r e  1, i s  extended t o  somewhat s m a l l e r  ene rg ies  t o  i l l u s t r a t e  t h e  

sharpness o f  t h e  t r a n s i t i o n  r e g i o n .  From t h i s  f i g u r e  t h e  h i g h  end o f  
t h e  t r a n s i t i o n  r e g i o n  can be s a i d  t o  l i e  somewhere between 5 and 20 keV. 

Above 20 keV t h e  d e f e c t  p r o d u c t i o n  e f f i c i e n c y  i s  n e a r l y  c o n s t a n t  w i t h  energy. 

The 

I n  

The r e s u l t s  a r e  p l o t t e d  f o r  t h r e e  stages o f  annea l ing :  

The curves  f o r T =  1000 and T =  ENOare s i m p l y  t h e  

The e r r o r  ba rs  a re  

Thus, i n  t h e  

The curve,  c a l c u l a t e d  f rom T = 0 

4. D i scuss ion  

Many c h a r a c t e r i s t i c s  o f  t h e  new cascades, produced b y  a v e r s i o n  o f  

MARLOWE which  has been c a l i b r a t e d  j g a i n s t  many-body dynamical s i m u l a t i o n s ,  

a r e  independent  o f  energy i n  t h e  range o f  PKA ene rg ies  f r o m  5 t o  100 keV. 
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For  cascades produced u s i n g  e i t h e r  a h i g h  Ed o r  low Ed, an e f f e c t i v e  recom- 

b i n a t i o n  r a d i u s  independent  o f  damage energy produced d e f e c t  p a i r  y i e l d s  

c o n s i s t e n t  w i t h  r e s i s t i v i t y  measurements. A t  two stages o f  s i m u l a t e d  s h o r t -  
te rm annea l i ng  t h e  r e s i d u a l  f r a c t i o n  o f  o r i g i n a l  d e f e c t  p a i r s  i s  independent  

of darnage energy. 

number of de fec t  p a i r s  p e r  u n i t  damage energy, i s  f a i r l y  u n i f o r m  above 5 keV 
(perhaps more so above 20 keV). 

above about  5 keV, t h e  d e n s i t y  o f  d e f e c t s  i n  cascades i s  independent  o f  PKA 

energy and remains so a f t e r  s h o r t - t e r m  annea l i ng .  T h i s  behav io r  shou ld  

make f o r  easy e x t r a p o l a t i o n  t o  cascades o f  much h i g h e r  energy. 

The fo rma t i on  o f  subcascades, i . e . ,  m u l t i p l e ,  s p a t i a l l y  separa ted  
cascade r e g i o n s  produced by  t h e  same PKA, c o u l d  be  expec ted  t o  r e s u l t  i n  

t h e  observed n e a r l y  c o n s t a n t  d e f e c t  p r o d u c t i o n  e f f i c i n e c y  a t  h i g h  ene rg ies .  

However, i n i t i a l  a n a l y s i s  of t h e  s p a t i a l  e x t e n t  o f  t h e  f i f t y  cascades p r o -  
duced f o r  t h i s  s t u d y  r e v e a l s  o n l y  two cascades, a t  30 and 100 keV, t h a t  

had w i d e l y  separa ted  damage areas .  I n  b o t h  cases t he  secondary damage area  
was q u i t e  smal l  and q u i c k l y  annealed ou t .  G raph i ca l  a n a l y s i s  i n  p rog ress  

of t hese  and h i g h e r  energy cascades w i l l  produce v a l u a b l e  i n s i g h t s  i n t o  
t h e  reasons f o r  t he  energy independent  c h a r a c t e r i s t i c s .  

The e f f i c i e n c y  o f  d e f e c t  p r o d u c t i o n ,  measured by t h e  

An e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  i s  t h a t ,  

I t  i s  o f  i n t e r e s t  t o  compare t h e  p r e s e n t  r e s u l t s  w i t h  t h e  d e f e c t  

p r o d u c t i o n  f u n c t i o n s  developed i n  t h e  p r e v i o u s  annea l i ng  s t u d y .  

work cascades were genera ted  w i t h  an o l d e r  v e r s i o n  o f  MARLOWE, u s i n g  Ed = 

2 5  eV. 

MARLOWE cascades. 

s m a l l e r ;  hence, more recomb ina t i on  and s m a l l e r  y i e l d s  t han  those  o b t a i n e d  
i n  t h e  p r e s e n t  s tudy  m i g h t  be expec ted  as these cascades were annealed. 

t h e  o t h e r  hand, t h e  i n i t i a l  number o f  p a i r s  was n o t  reduced by  recomb ina t i on  
s u f f i c i e n t l y  t o  g i v e  t h e  "measured" va lues  used i n  t h e  p r e s e n t  work. 

because o f  d i f f e r e n t  c r i t e r i a  i n  de te rm in ing  t h e  end o f  an annea l i ng  simu- 

l a t i o n ,  t h e  p r e v i o u s  cascades were perhaps n o t  annealed comp le te l y .  These 

f a c t o r s  would t e n d  t o  r e s u l t  i n  somewhat l a r g e r  y i e l d s .  These c o n t r a s t i n g  

e f f e c t s  e v i d e n t l y  compensate f o r  each o t h e r .  

3, i s  t h a t  t h e  p r e s e n t  s i m u l a t i o n  va lues  f i t  t h e  p r e v i o u s  d e f e c t  p r o d u c t i o n  

f u n c t i o n s  s u r p r i s i n g l y  w e l l .  

I n  t h a t  

No p r o v i s i o n s  were made f o r  i n c l u d i n g  e f f e c t s  o f  LRS i n  these  

Wi th  a h i g h e r  E d  v a l u e  t h e  average p a i r  s e p a r a t i o n  i s  

On 

A l so ,  

The r e s u l t ,  shown i n  F i g u r e  

I f  t h e  p r e s e n t  r e s u l t s  u s i n g  Ed = 17 a r e  ncjt 
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adjusted by the c a l i b r a t i o n  f ac to r s  t o  account f o r  LRS, then they d i f f e r  
from the old defec t  production funct ions by about 30'!. 

The comparison w i t h  the e a r l i e r  r e s u l t s  suggests t h a t  an a: t e rna te  
method of c a l i b r a t i n g  defec t  y i e l d s  from anneals of high E d  MARLOWE cascades 
would be t o  increase the pre-anneal number of defec ts  by decreasing the re-  
combination radius.  
t a i  n i n g  , a t  1 e a s t  approximately, the appropriate  s p a t i a l  configurat ion O f  

a l l  the residual  de fec t s ,  i t  i s  being inves t iqa ted .  
the number of defec ts  i s  adjusted upward b u t  the loca t ion  of the "added" 
defec ts  i s  unknown. 

Because t h i s  procedure w o u l d  have the advantage of main- 

I n  t he  cur rent  procedure, 

The short- term annealing of i so l a t ed  cascades should be comparable 
t o  the annealing of r e s i s t i v i t y  in specimens exposed t o  low dose, cascade- 
producing r ad ia t ion ,  a t  l e a s t  through Stage 1 where the recovery mechanisms 
a r e  r e l a t i v e l y  s traightforward.  Recovery of r e s i s t i v i t y  a t  t he  end o f  

Stage I f o r  low dose, 4 K i r r a d i a t i o n  of copper by 400 keV Bi 
been measured ( 1 4 )  t o  be 15%. 
d i a t ion  i s  such t h a t  only neg l ig ib l e  displacements a r e  produced below 5 

keV. 
hundred keV, f o r  comparison w i t h  t h i s  experiment, then a t  T = 1000 a l l  cas-  
cades above 5 keV will  have recovered by 13%. 
experiment has been obtained f o r  a t  l e a s t  the i n i t i a l  s tages  of the sho r t -  
term annealing s imulat ion.  

++ . i o n s ,  has 
The PKA spectrum corresponding t o  t h i s  i r r a -  

I f  one assumes the curves i n  Figure 1 can be ext rapola ted  t o  several 

T h u s ,  good agreement with 

5.  Conclusions 

The simulation of displacement cascades in copper in the 5 t o  

1 )  The t o t a l  number of surviving defec ts  i n  an i so l a t ed  cascade 
produced a t  any temperature i 5  proportional t o  the damage 
energy f o r  cascade energies  above about 5 keV. 
2 )  
a r e  e s s e n t i a l l y  constant  over the same energy region. 

3 )  
although comprehensive graphical ana lys i s  has  not  y e t  been 
performed. 

100 keV range has produced the  following conclusions: 

The f r a c t i o n s  o f  vacancies and i n t e r s t i t i a l s  which a r e  f r e e  

No firm evidence f o r  subcascadc formation has been found, 
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I .  PROGRAM 

T i t l e :  S i m u l a t i n g  t h e  CTR Environment i n  t h e  HVEM 

P r i n c i p a l  I n v e s t i g a t o r s :  W. A. Jesser  and R. A.  Johnson 

A f f i l i a t i o n :  U n i v e r s i t y  o f  V i r g i n i a  

I I. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  i n v e s t i g a t e  the e f f e c t s  o f  p re-  

c i p i t a t e s  on c r a c k  p ropaga t i on  i n  aged h e l i u m  i r r a d i a t e d  t ype  316 

s t a i n l e s s  s t e e l .  

I l l .  RELEVANT DAFS PROGRAM TASK/SUBTASK 

Task ll.C.14.2 Fundamental r e l a t i o n s  between m i c r o s t r u c t u r e  and 

f r a c t u r e  mechanisms. 

I V .  SUMMARY 

An HVEM specimen o f  t y p e  316  s t a i n l e s s  s t e e l ,  i r r a d i a t e d  t o  a 

dose o f  % I  x d7 ions/cm2 (below t h e  c r i t i c a l  dose for  t h e  f o r m a t i o n  

of  v i s i b l e  h e l i u m  bubb les ) ,  was subsequent ly  aged i n  vacuum a t  900°C 

f o r  38 minu tes .  Du r i ng  t h i s  p o s t - i r r a d i a t i o n  a g i n g  p rocess ,  l a r g e  

rod  shaped and i r r e g u l a r  shaped p r e c i p i t a t e s  (<  % I p )  formed i n  t h e  

m a t r i x  and on g r a i n  boundar ies .  He l ium f i l l e d  bubbles were also 

observed t o  have formed; bubbles on  t h e  p r e c i p i t a t e / m d t r i x  i n t e r f a c e  

had a mean d iame te r  o f  9 nm as compared t o  3.5 nm f o r  bubbles i n  t h e  

m a t r i x .  The p r e c i p i t a t e s  were i d e n t i f i e d  as h a v i n g  a bcc c r y s t a l  

s t r u c t u r e  w i t h  a l a t t i c e  cons tan t ,  a = 8.87 t .08A; they  belonged t o  

a c h i  phase, r i c h  i n  Mo and C r ,  and I i i  and Fe d e f i c i e n t  i n  comparison 

t o  t h e  m a t r i x .  Du r i ng  t e n s i l e  t e s t s ,  a t  900°C and a t  Z 5 O C ,  t hese  

p r e c i p i t a t e s  a p p a r e n t l y  d i d  n o t  se rve  as c r a c k  i n i t i a t i o n  s i t e s .  

0 
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P r e c i p i t a t e s  on a g r a i n  boundary were observed t o  have sheared c r y s -  

t a l l o g r a p h i c a l l y  and t o  have necked down under s t r e s s e s  generated 

d u r i n g  t h e  a g i n g  process.  

V .  ACCOMPLISHMENTS AND STATUS 

HVEM o b s e r v a t i o n s  o f  Crack Propaga t ion  i n  He l ium I r r a d i a t e d  
Type 316 S t a i n l e s s  S t e e l  C o n t a i n i n g  P r e c i p i t a t e s ,  J .  I .  Bennetch, 
R,  D .  Gerke, and W .  A.  Jesser ,  Department o f  M a t e r i a l s  Sc ience,  
U n i v e r s i t y  o f  V i r g i n i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a  22901. 

1 .  I n t r o d u c t i o n  

I t  i s  p o s s i b l e  d u r i n g  the  l i f e t i m e  o f  a r e a c t o r  component t h a t ,  

due t o  t h e  presence o f  a h i g h  s u p e r s a t u r a t i o n  o f  p o i n t  d e f e c t s ,  n o r -  

m a l l y  u n s t a b l e  second phase p a r t i c l e s  may form on g r a i n  boundar ies  and 

l i m i t  d u c t i l i t y .  The n a t u r e  o f  i n t e r g r a n u l a r  c r a c k  p r o p a g a t i o n  i n  such 

a ca5e may be changed f rom t h a t  u s u a l l y  found i n  i n t e r g r a n u l a r  f a i l u r e .  

The i n t e n t  o f  t h i s  r e p o r t  i s  t o  p r o v i d e  f u r t h e r  i n s i g h t  i n t o  t h e  mech- 

anisms o f  c r a c k  p r o p a g a t i o n  by HVEM examina t ion  o f  m i c r o s c o p i c  c racks  

i n  a t y p e  316 s t a i n l e s s  s t e e l  specimen imp lan ted  w i t h  h e l i u m  and aged 

t o  produce p r e c i p i t a t e  p a r t i c l e s .  

2. Exper imenta l  D e t a i l s  

A t h i n  HVEM t e n s i l e  specimen o f  s o l u t i o n  annealed t y p e  316 s t a i n -  

- 2  
l e s s  s t e e l ,  was i r r a d i a t e d  i n - s i t u  w i t h  a f l u x  o f  3.5 x IOl4 i o n s  cm 

sec o f  80 keV He ions a t  ambient  temperature  t o  a f l u e n c e  o f  1 x 

I O i 7  i o n s  ern-'. 
v i s i b l e  i n  t h e  HVEM a t  t h a t  low dose and temperature .  No v i s i b l e  o x i d e  

f i l m  was seen on t h e  f o i l  s u r f a c e  exposed t o  t h e  i o n  beam. The sample 

was t h e n  removed and p laced  i n  a h i g h  vacuutii i o n  pumped system to  be 

aged a t  900°C i n  a q u a r t z  tube  furnace f o r  38 minutes.  A f t e r  t h e  

- 1  + .  

No i r r a d i a t i o n - i n d u c e d  h e l i u m  f i l l e d  bubbles were 

76 



comp le t ion  o f  t h e  ag ing  t rea tment ,  second phase p a r t i c l e s  were observed, 

as  w e l l  as numerous c racks ,  and sma l l  h e l i u m  f i l l e d  bubbles.  The 

sample was then t e n s i o n  t e s t e d  t o  f a i l u r e  at room temperature .  

3. R e s u l t s  and D i s c u s s i o n  

a. I d e n t i f i c a t i o n  o f  P r e c i p i t a t e s  

In o r d e r  to  i d e n t i f y  t h e  p r e c i p i t a t e s ,  a p o s t  f a i l u r e  exam- 

i n a t i o n  o f  t h e  sample i n  a h i g h  r e s o l u t i o n  P h i l i p s  EM 400 w i t h  an 

x- r a y  energy d i s p e r s i v e  a n a l y s e r  was c a r r i e d  o u t .  C a r e f u l  a t t e n t i o n  

was g i v e n  t o  c r y s t a l  morphology, s t r u c t u r e ,  and chemical  compos i t i on .  

The phases n o r m a l l y  found a t  900°C i n  316 s t a i n l e s s  s t e e l  a r e  c a r b i d e s  

such as M M C ,  and i n t e r m e t a l l i c  phases denoted as u and x. 
1 .  C r y s t a l  morphology 

The appearance o f  these  p a r t i c l e s  ranged from a r o d  

23‘6’ 6 

shape t o  a more massive i r r e g u l a r  shape. They o c c u r r e d  i n t r a g r a n u l a r l y  

as w e l l  as on g r a i n  boundar ies .  A d e f i n i t e  o r i e n t a t i o n  r e l a t i o n s h i p  

between M C c a r b i d e  p a r t i c l e s  and t h e  a u s t e n i t e  m a t r i x  [1,2,3] has 

been r e p o r t e d  t o  be: 

23 6 

< l O O ’ Y  I /  <loo” 
23 6 ’  

Al though  u p a r t i c l e s  a l s o  o f t e n  obey an o r i e n t a t i o n  r e l a t i o n s h i p  w i t h  

t h e  m a t r i x  [4,51 of  t h e  t ype  

i l l l l Y / [  1 1 0 0 ~ 0  

c O l l > y  I [  < 1 4 0 > u ,  

no such s i m p l e  r e l a t i o n s h i p  e x i s t e d  between t h e  a u s t e n i t i c  m a t r i x  p l a n e  
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of  (011) and the  b road  face o f  t h e  p a r t i c l e s .  As an i l l u s t r a t i o n  o f  

the  p a r t i c l e / m a t r i x  o r i e n t a t i o n  r e l a t i o n s h i p  i n  t h e  p r e s e n t  work ,  

f i g u r e  1 shows a micrograph o f  t h r e e  r o d  shaped and i r r e g u l a r  shaped 

p r e c i p i t a t e s  ( l a b e l e d  A, C and D)  w i t h  t h e i r  co r respond ing  SAD p a t t e r n s .  

The p a t t e r n  f o r  t h e  m a t r i x  i s  l a b e l l e d  8 .  Each p a t t e r n  was o b t a i n e d  

by t i l t i n g  t h e  specimen u n t i l  i t s  ze ro  o r d e r  Laue zone appeared. 

Because t h e  e l e c t r o n  beam d i r e c t i o n  i s  d i f f e r e n t  f o r  each one o f  t h e  

f o u r  p a t t e r n s ,  t h e r e  was no s in lp le  o r i e n t a t i o n a l  r e l a t i o n s h i p  between p r e -  

c i p i t a t e  D and t h e  m a t r i x ,  even though they  e x h i b i t  t h e  same d i f f r a c -  

t i o n  p a t t e r n .  These d i f f r a c t i o n  p a t t e r n s  at -e indexed i n  f i g u r e  2 .  

2.  C r y s t a l  S t r u c t u r e  

S . A . D .  p a t t e r n s  f rom a number o f  i n t r a g r a n u l a r  p r e -  

c i p i t a t e s  i n  d i f f e r e n t  o r i e n t a t i o n s  were comp i led  and ana lyzed i n  

o r d e r  t o  compute dhkl spac ings f o r  these p a r t i c l e s .  Only  one useable  

g r a i n  boundary p r e c i p i t a t e  p a t t e r n  was o b t a i n e d  from t h e  p a r t i c l e s  i n  

f i g u r e  1 ,  s i n c e  t h e y  were, i n  g e n e r a l ,  t o o  t h i c k  f o r  d i s t i n c t  p a t t e r n s  

t o  be produced. A summary o f  the  r e s u l t s  i s  t a b u l a t e d  i n  t a b l e  I .  

I n  t h i s  t a b l e ,  exper imen ta l  d va lues  a r e  c o n t r a s t e d  t o  those 

va lues  f o r  M 

found i n  u n i r r a d i a t e d  316 s t a i n l e s s  s t e e l  aged a t  h i g h  tempera tu res ,  

b u t  n o r m a l l y  a t  900°C M C i s  t h e  o n l y  phase t o  appear i n  40 minutes  

[IO]. However, t h e  d da ta  i n  t a b l e  1 suggest  i n s t e a d  t h a t  the  

p r e c i p i t a t e s  possess a bcc s t r u c t u r e  w i t h  a l a t t i c e  c o n s t a n t ,  a = 

8.87 I .08A. The ang les  between t h e  p lanes  so indexed a l s o  agree 

q u i t e  c l o s e l y  ( w i t h i n  * I " ) .  

h k l  

M6C, u and x. A l l  f o u r  o f  these phases a r e  commonly 
23'6' 
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h k l  
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t h a t  o f  t h e  a u s t e n i t i c  m a t r i x  he re  and t h e  nominal t y p e  316 s t a i n l e s s  

s t e e l  compos i t i on .  To a v o i d  s o l u t e  s e g r e g a t i o n  e f f e c t s ,  t h e  x - r a y  scan 

f o r  the  m a t r i x  was taken i n  t h e  g r a i n  f a r  f rom t h e  p r e c i p i t a t e s .  From 

t h e  t a b l e ,  one can see t h a t  the  r e s u l t s  for the m a t r i x  a r e  c o n s i s t e n t  

f o r  t h e  most p a r t  w i t h  t h e  nominal  compos i t i on  for t y p e  316 t y p e  s t a i n -  

less s t e e l .  The presence O F  a c o m p a r i t i v e l y  l a r g e  amount o f  s i l i c o n  

i n  t h e  m a t r i x  (and thus i n  t h e  p r e c i p i t a t e s )  i s  p o s s i b l y  due t o  s i l i c a  

depos i ted  from t h e  q u a r t z  a n n e a l i n g  fu rnace .  

A number o f  o b s e r v a t i o n s  concern ing  t h e  i n t r a g r a n u l a r  and g r a i n  

boundary p r e c i p i t a t e s  a r e  apparent .  Regardless o f  shape o r  p o s i t i o n ,  

t h e  p r e c i p i t a t e s  a r e  chromiuni and molybdenum e n r i c h e d  a t  t h e  expense 

o f  i r o n  and n i c k e l .  D e s p i t e  some d i f f e r e n c e s  i n  t h e  c o n c e n t r a t i o n  o f  

molybdenum (a minor  c o n s t i t u e n t ) ,  s i n c e  t h e  c o n c e n t r a t i o n s  o f  the r e s t  

o f  the  components a r e  f a i r l y  c o n s i s t e n t ,  one can conc lude t h a t  each 

t ype  o f  p r e c i p i t a t e  has c l o s e l y  t h e  same major  chemical  compos i t i on .  

Thus t h i s  i s  f u r t h e r  ev idence t h a t  these p a r t i c l e s  a r e  a l l  t h e  same 

phase. F u r t h e r ,  because t h e  compos i t i on  o f  t h e  c h i  phase (which can 

c o n t a i n  Mo, C r ,  Fe and N i )  has been found t o  v a r y  a p p r e c i a b l y ,  s i n c e  

i t  has a h i g h  t o l e r e n c e  f o r  metal  exchange [10 ,12 ] ,  one can be reason- 

a b l y  su re  t h a t  t h e  unknown p r e c i p i t a t e  i s  a c h i  phase. 



TABLE 2 

CHEMICAL COMPOSITION OF PRECIPITATES AND 

Nominal t y p e  316 
s t a i n l e s s  s t e e l  
compos i t i on  

M A T R I X  VS. NOMINAL TYPE 316 STAINLESS STEEL 
(Weight % )  

1.00max 16-18.00 2.00max ba lance 10-14.00 2.00-3.00 

b. E f f e c t  o f  P r e c i p i t a t i o n  on Rad ia t ion- Induced  M i c r o s t r u c t u r e  

Normal ly  when one i n j e c t s  a l a r g e  amount o f  h e l i u m  i n t o  a 

sample of t y p e  316 s t a i n l e s s  s t e e l  ( S S )  and then anneals ( o r  ages) i t  

above a c e r t a i n  temperature  for  a l ong  enough t ime,  h e l i u m  f i l l e d  

c a v i t i e s  n u c l e a t e  and grow i n  t h e  sample i n t e r i o r .  Anneal ing e x p e r i -  

ments on 17-17 SS were c a r r i e d  o u t  by Brask i  e t  a L o n  s t r e s s e d  and 

uns t ressed  samples t h a t  were imp lan ted  w i t h  He t o  a t o t a l  c o n c e n t r a t i o n  

o f  158 appm and subsequent ly  annealed a t  750°C for  t imes  as l o n g  as 

480 hours .  No ment ion i s  made o f  aged induced p r e c i p i t a t i o n  i n  t h i s  

re fe rence .  Bubbles were produced i n  uns t ressed  samples t h a t  grew as 
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15 -3 . l a r g e  as 1.7 nm i n  d iamete r  ( 0  2 2 x IO cm ) i n  t h e  g r a i n  m a t r i x  and 

%6 nm i n  d iamete r  (p  = 4 x 10 cm ) on g r a i n  boundar ies  a f t e r  217 

hours  [ I j ] .  The r e s u l t s  o f  B r a s k i ' s  a n n e a l i n g  exper iment  can be 

compared t o  t h e  p r e s e n t  work where a t y p e  316 SS sample imp lan ted  w i t h  

h e l i u m  t o  a h i g h e r  f l u e n c e  o f  IO cm (< 1300 appm h e l i u m  f o r  a f o i l  

100 niii t h i c k l w a s  annealed a t  a h i g h e r  temperature  (900°C) f o r  a 

s h o r t e r  t i m e  (38  m i n u t e s ) .  D e s p i t e  t h e  h i g h e r  c o n c e n t r a t i o n  o f  h e l i u m  

i n  t h e  sample, bubb les  i n  t h e  m a t r i x  grew o n l y  t o  -3 .5  nm d iamete r  

( p  

In  c o n t r a s t ,  l a r g e r  bubb les  grew a t  t h e  m a t r i x / p r e c i p i t a t e  i n t e r f a c e  

than e i t h e r  B r a s k i ' s  g r a i n  boundary o r  m a t r i x  bubb les ,  %9 nm on t h e  

average ( p  2 3 x 10 cm ) w i t h  l a r g e  f l u c t u a t i o n s  i n  d iamete r  (some 

w i t h  bubb le  d iamete rs  as b i g  a s  30 nm). T h i s  r e s u l t  suggests t h a t  

p r e c i p i t a t e  p a r t i c l e s  a c t  t o  suppress bubb le  g rowth  i n  the  g r a i n  

i n t e r i o r .  

IO - 2  

1 7  - 2  

5 x 1015cm-3),  s m a l l e r  than t h e  m a t r i x  bubbles i n  B r a s k i ' s  work. 

IO - 2  

c.  E f f e c t  o f  P r e c i p i t a t i o n  on D u c t i l i t y  

I n  o r d e r  t o  determine t h e  e f f e c t  o f  p r e c i p i t a t e  p a r t i c l e s  

on d u c t i l i t y ,  an e f f o r t  was made t o  c h a r a c t e r i z e  m i c r o s c o p i c  c racks  

i n  an HVEM. The c r a c k  open ing a n g l e  and t h e  c r a c k ' s  p l a s t i c  zone 

w i d t h  p e r p e n d i c u l a r  t o  t h e  c r a c k  f l a n k s  have been shown to  be measures 

o f  d u c t i l i t y  [ 1 4 , 1 5 ] .  I n  a d d i t i o n ,  an examina t ion  o f  how t h e  p r e c i p i -  

t a t e  p a r t i c l e s  themselves behave a s  a c r a c k  advances i s  an i n d i c a t i o n  

how d u c t i l e  a m a t e r i a l  i s .  I n  o r d e r  t o  accomp l i sh  t h i s  goa l  o f  

measur ing d u c t i l i t y ,  a compar ison was made of c r a c k s  t h a t  formed i n  

t h i s  He i r r a d i a t e d  t y p e  316 s t a i n l e s s  s t e e l  sample d u r i n g  t h e  900°C 
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ag ing  t rea tments  w i t h  c racks  fo rm ing  and p r o p a g a t i n g  i n  a h i g h l y  

d u c t i l e  u n i r r a d i a t e d  s o l u t i o n  annealed t ype  316 s t a i n l e s s  s t e e l  

sample as w e l l  as those f rom a h i g h l y  b r i t t l e  n e u t r o n  i r r a d i a t e d  

t y p e  304 s t a i n l e s s  s t e e l  sample. Both  l a t t e r  cases were t e s t e d  a t  

600°C and d i d  n o t  c o n t a i n  v i s i b l e  second phase p a r t i c l e s .  

A summary o f  c r a c k  a n g l e  and zone w i d t h s  and l e n g t h s  is found 

i n  t a b l e  3. There one sees t h e  aged sample c o n t a i n e d  b o t h  t r a n s -  

g r a n u l a r  (T) and i n t e r g r a n u l a r  ( I )  c r a c k s  (Cases # I  and # 2 )  i n  con- 

t r a s t  t o  t h e  ex t reme ly  d u c t i l e  u n i r r a d i a t e d  Case # 3  (which o n l y  con- 

t a i n e d  T c r a c k s ) .  However, T c r a c k s  for  t h e  aged case (Case # I )  had 

c r a c k  ang les  and zone s i z e s  q u i t e  s i m i l a r  for those T c r a c k s  i n  t h e  

u n i r r a d i a t e d  case (Case # 3 ) .  I n  a d d i t i o n ,  t h e  i n t e r g r a n u l a r  c r a c k  i n  

t h e  aged case (Case #2) had a l a r g e  c r a c k  a n g l e  and zone s i z e  a s  

compared t o  t h e  b r i t t l e  n e u t r o n  i r r a d i a t e d  case (Case # 4 ) .  A d u c t i l e  

i n t e r g r a n u l a r  c r a c k  can be seen i n  f i g u r e  3, an HVEM micrograph o f  

an i n t e r g r a n u l a r  c r a c k  decora ted  w i t h  p r e c i p i t a t e s  (Case #2)  from t h e  

aged h e l i u m  i r r a d i a t e d  sample. As can be seen, t h e  x phase i n t e r -  

g r a n u l a r  p r e c i p i t a t e s  have p h y s i c a l l y  deformed i n  what appears t o  be 

a c r y s t a l l o g r a p h i c  mode. 

d i s t i n c t  SAD p a t t e r n . )  I n  a d d i t i o n ,  two p a r t i c l e s  have necked down. 

The a s s o c i a t e d  s t r a i n s  f o r  t h r e e  o f  these  p a r t i c l e s  range f rom 1 . 1 -  

2.6, showing t h e i r  l a r g e  d u c t i l i t y  a t  900°C. I n  c o n t r a s t  t o  t h i s  

behav io r ,  t r a n s g r a n u l a r  c racks  i n  t h i s  sample a p p a r e n t l y  bypassed t h e  

p r e c i p i t a t e  p a r t i c l e s  a l t o g e t h e r .  

(The p r e c i p i t a t e s  were t o o  t h i c k  t o  o b t a i n  a 
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TABLE 3 

A C O M P A R I S O N  OF CRACKS FORMED I N  HELIUM IRRADIATED AGED TYPE 316 
STAINLESS STEEL W I T H  THOSE C R A C K S  I N  UNIRRADIATED T Y P E  316 

STAINLESS STEEL AND NEUTRON IRRADIATED 304 TYPE STAINLESS STEEL 

Trea tnien t 

Aged Hel ium Neut ron 
I r r a d i a t e d  U n i r r a d i a t e d  [ I31  I r r a d i a t e d  I131 

Case # I  Case #2  Case # 3  Case #4 

1 .  Crack t y p e  T I a l l  T a l l  I 

2 .  Crack a n g l e  2.25' 8" 10-30" 2" 

3 .  P l a s t i c  zone >4pm 511 m 1 Opm "Opm 
l e n g t h  

*Opm > 4.  P l a s t i c  zone 0.75um -0.2um w i d t h  i n d i s t i n c t  
w i d t h  (> I P ~ )  

5 .  T e s t  temp. 90 0 c I: 900 c i: 600°C 600°C 

::Cracks formed d u r i n g  a g i n g  process.  

I n  t h e  p r e v i o u s  s e c t i o n ,  i t  has been r e p o r t e d  t h a t  h e l i u m  p r e -  

f e r e n t i a l l y  c o l l e c t s  as bubbles a t  p r e c i p i t a t e / m a t r i x  i n t e r f a c e s .  

However, s i n c e  t h e  g r a i n  boundary p r e c i p i t a t e  p a r t i c l e s  necked down t o  

f a i l u r e ,  r a t h e r  than s e p a r a t i n g  a t  t h e  p r e c i p i t a t e / m a t r i x  i n t e r f a c e ,  

one can conc lude t h e  presence o f  h e l i u n i  bubbles on t h e  i n t e r f a c e  

does n o t  c o n t r i b u t e  i n  a c a t a s t r o p h i c  way t o  t h e  d e f o r m a t i o n  process 

a t  h i g h  temperature  o r  a t  l o w  temperature .  

C o n t r a r y  t o  what i s  u s u a l l y  expected f o r  mechanisms o f  f r a c t u r e ,  

t h e  h o l e  t h a t  developed i n  f r o n t  o f  t h i s  c r a c k ,  a s  i l l u s t r a t e d  i n  

f i g u r e  3, a p p a r e n t l y  d i d  n o t  i n i t i a t e  a t  a second phase p a r t i c l e .  

I ns tead ,  one can see l i g h t e r  areas t h a t  have t h i n n e d  i n  spaces between 
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p a r t i c l e s  on t h e  boundary i n  f r o n t  o f  t h e  c r a c k  t i p .  I .  Chan, i n  

s t u d y i n g  an aged A I - C U  a l l o y  system c o n t a i n i n g  p r e c i p i t a t e s  also no ted  

t h a t  v o i d  n u c l e a t i o n  d i d  n o t  n e c e s s a r i l y  occur  a t  second phase p a r t i -  

c l e s ,  b u t  r a t h e r  a t  d i s l o c a t i o n  c e l l  w a l l s  [It-]. Numerous o t h e r  

e x p e r i m e n t a l i s t s  have made s i m i l a r  o b s e r v a t i o n s  concern ing  v o i d  

n u c l e a t i o n  and second phase p a r t i c l e s  [ 1 7 - 2 1 ] .  

Transgranu la r  c racks  para1 l e 1  t o  t h a t  i n t e r g r a n u l a r  c r a c k  i l lus- 

t r a t e d  i n  f i g u r e  3 became o p e r a t i v e  when t h e  sample was t e n s i l e  t e s t e d  

t o  f a i l u r e  a t  2 5 O C  a f t e r  ag ing .  T h i s  i n d i c a t e s  t h a t  a t  lower tempera- 

t u r e s  t h e  i n t e r g r a n u l a r  p r e c i p i t a t e  p a r t i c l e s  were much s t r o n g e r  than 

t h e  h e l i u m  f i l l e d  m a t r i x .  

4. Conc lus ions 

a .  The presence of  l a r g e  amounts o f  h e l i u m  i n  t y p e  316 

s t a i n l e s s  s t e e l  can lead  upon ag ing  a t  900°C t o  t h e  f o r m a t i o n  o f  a 

c h i  phase. 

b. Hel ium bubbles formed a t  900°C a t  t h e  p r e c i p i t a t e / m a t r i x  

i n t e r f a c e  have a much l a r g e r  mean d iameter  than f o r  those found i n  t he  

g r a i n  i n t e r i o r .  

c .  Cracks a long  g r a i n  boundar ies  c o n t a i n i n g  c h i  phase p a r t i -  

c l e s  propagate i n  a d u c t i l e  manner a t  900°C w i t h  h o l e s  opening i n  

f r o n t  of t h e  c r a c k  between p a r t i c l e s .  The p a r t i c l e s  themselves deform 

by shear ing  c r y s t a l l o g r a p h i c a l l y .  

d. A h i g h  d e n s i t y  o f  h e l i u m  bubbles a l o n g  t h e  g r a i n  boundary 

p r e c i p i t a t e / m a t r i x  i n t e r f a c e  does n o t  n e c e s s a r i l y  l ead  t o  b r i t t l e  

i n t e r g r a n u l a r  f r a c t u r e  a t  900°C. 
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e .  Room temperature  t e n s i o n  t e s t s  showed t r a n s g r a n u l a r  

c racks  propagated w h i l e  a p a r a l l e l ,  p r e v i o u s l y  e x i s t i n g  i n t e r g r a n u l a r  

c r a c k  c o n t a i n i n g  necked down p r e c i p i t a t e s  d i d  n o t  propagate .  
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FIGURE 1: Micrograph o f  rod-shaped and i r r e y l a r  p r e c i p i t a t e s .  SAD 
pa t te rns  A ,  C ,  and D correspond t o  p r e c i p i t a t e s  labe led  A ,  C ,  and D 
whi le P a t t e r n  B corresponds t o  the  m a t r i x .  
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FIGURE 3: t 
i ntergranul i 
containing 1 

1VEM micrograph of 
3r crack formed at 900°C 
:hi phase precipitates. 
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CHAPTER 4 
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I .  PROGRAM 

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fus ion Reactor  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  F. V. I l o l f i ,  Jr. and A. P.  L. Turner  
A f f i l i a t i o n :  Argonne N a t i o n a l  L a b o r a t o r y  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  m i c r o s t r u c t u r a l  

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

emphasis on t h e  e f f e c t s  o f  h e l i u m  p r o d u c t i o n ,  d isp lacement  damage and 

r a t e s ,  and temperature.  

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.1 M o b i l i t y ,  D i s t r i b u t i o n ,  and Bubble N u c l e a t i o n  

I V .  SUMMARY 

Work on t h e  temperature  dependence o f  v o i d  s w e l l i n g  i n  p r e i n j e c t e d  

The purpose 

s i n g l e - i o n  and d u a l - i o n  i r r a d i a t e d  316 s t a i n l e s s  s t e e l  has been updated 

by r e - a n a l y s i s  o f  some samples and a d d i t i o n  o f  new samples. 
was t o  r a t i o n a l i z e  t h e  somewhat anomolous data  which was r epo r t ed  

p r e v i o u s l y .  ( ’ )  Re- ana lys is  o f  samples which caused l a r g e  anomolous 

peaks i n  t h e  s i n g l e  and d u a l - i o n  s w e l l i n g  curves showed t h a t  an a r t i f a c t  
was p resen t ;  i t s  removal reduced t h e  c a l c u l a t e d  peak s w e l l i n g .  S w e l l i n g  

da ta  f o r  t h e  newly added samples was i n  good agreement w i t h  p r e v i o u s  

r e s u l t s .  The f i n a l  s w e l l i n g  cu rve  shows a broad peak f o r  d u a l - i o n  

i r r a d i a t e d  samples, and a s m a l l e r  na r rower  peak f o r  p r e i n j e c t e d  samples. 

V. ACCOMPLISHMENTS AND STATUS 

A. Temperature Dependence o f  S w e l l i n g  i n  S i n g l e  and Dua l- Ion  

I r r a d i a t e d  316 S t a i n l e s s  S t e e l  -- G. A y r a u l t ,  H. A. H o f f  and R. A. Conner, Jr. 
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1 .  Introduct ion 

A major quest ion i n  t h e  i r r a d i a t i o n  response of  candidate  
fusion r e a c t o r  s t r u c t u r a l  ma te r i a l s  i s  the inf luence  o f  concurrent  
displacement damage and helium production. Dual-ion i r r a d i a t i o n ,  using 
heavy-ions f o r  damage production and helium ions t o  s imula te  gas 
production by t ransmutat ion events, provides a means of  i nves t iga t ing  
such e f f e c t s  i n  the absence of  a h i g h  energy neutron source. 

T h i s  r epor t  i s  an update o f  t h e  prel iminary r e s u l t s  pre- 
sented i n  an e a r l i e r  progress r epor t" )  on t h e  temperature dependence 
of swell ing i n  s i n g l e  and dual- ion i r r a d i a t e d  316 s t a i n l e s s  s t e e l .  
Since t h e  previous r e p o r t ,  f i v e  samples (two dual- ion and t h r e e  s i n g l e -  
ion)  have been added, and two samples (one dual- ion and one s ing le- ion)  
were completely re-analyzed t o  e l iminate  a r t i f a c t  e f f e c t s .  I t  w i l l  be 
seen t h a t  the  new samples l a r g e l y  confirmed the previous r e s u l t s ,  
while  the  re- analyses produced r a t h e r  dramatic changes in t h e  swel l ing  
curves. 

2 .  I r r a d i a t i o n  Conditions 

Type 316 s t a i n l e s s  s t e e l  samples from the MFE heat  were 
50% cold worked, then so lu t ion  annealed a t  1050°C f o r  0.5 h and aged 
a t  800°C f o r  10 h .  One s e t  of  samples was simultaneously i r r a d i a t e d  
w i t h  3.0 MeV Ni' and 0.87 MeV degraded 
F a c i l i t y ;  the nominal helium i n j e c t i o n  r a t e  was 15:l appm He:dpa. A 
second s e t  of  samples was pre in jec ted  a t  room temperature w i t h  e i ther  
5 o r  15 appm 3He and s ingle- ion  i r r a d i a t e d  with 3.0 MeV Ni . For both 
s e t s  the  nominal dose was 1 2  dpa. For dual- ion and 5 appm pre in j ec t ed  
s i n g l e 4 o n  samples t h e  nominal i r r a d i a t i o n  temperatures were 550, 600, 
625, 650 and 700°C. For the 15 appm pre in jec ted  samples the  nominal 
temperatures were 575 and 675°C. Surface temperatures of a l l  samples 

were measured w i t h  an in f r a red  pyrometer during i r r a d i a t i o n .  

3 + .  He i n  t h e  ANL Dual-Ion I r r a d i a t i o n  

+ 
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A f t e r  i r r a d i a t i o n  t h e  samples were e l e c t r o c h e m i c a l l y  s e c t i o n e d  t o  

4500 R (peak damage i s  a t  5500 R ) ,  and back th inned  f o r  TEM i n s p e c t i o n .  

3. S w e l l i n g  i n  Dual- Ion I r r a d i a t e d  Samples 

The l a c k  o f  a smooth v a r i a t i o n  i n  v o i d  s w e l l i n g  as a 
f u n c t i o n  o f  temperature  i n  t h e  p r e v i o u s l y  r e p o r t e d  p r e l i m i n a r y  r e s u l t s ,  (1  1 
prompted us t o  take  a second l o o k  a t  t h e  samples which had a l r e a d y  been 

analyzed, and t o  add some nominal d u p l i c a t e  samples t o  see i f  t h e  p r e v i o u s  

r e s u l t s  were r e p r o d u c i b l e .  

C a l c u l a t e d  s w e l l i n g  va lues f o r  t h e  new samples a t  638 and 

652°C were i n  e x c e l l e n t  agreement w i t h  t h e  p r e v i o u s  va lues a t  633 and 

649°C r e s p e c t i v e l y ,  F ig .  1. As w i t h  p r e v i o u s  samples t h e  s c a t t e r  between 

d i f f e r e n t  r e g i o n s  o f  t h e  same sample, rep resen ted  by t h e  e r r o r  bars ,  was 

f a i r l y  l a r g e .  Desp i te  t h e  good agreement i n  s w e l l i n g  between o l d  and new 

samples, we have doubts about  t h e  a u t h e n t i c i t y  o f  t h e  s w e l l i n g  d i f f e r e n c e  

between % 635 and % 650°C. Th is  i s  because t h e  agreement i n  s w e l l i n g  

a rose  th rough  compensating changes i n  c a v i t y  s i z e  and number d e n s i t y ,  

as seen i n  F igs .  2 and 3. 
c u r v e  between these  p o i n t s  i n  F ig .  1. 

We have t h e r e f o r e  drawn a smooth s w e l l i n g  

For t h e  smal l  c a v i t i e s  i n  t h e  bimodal c a v i t y - s i z e  d i s t r i b u -  

t i o n ,  t h e  measured number d e n s i t i e s  were l a r g e r  and mean c a v i t y  d iameters  

s m a l l e r  i n  t h e  new samples. The cause o f  t h i s  was t r a c e d  t o  g r e a t e r  c a r e  

i n  r e c o r d i n g  t h e  new micrographs, making sma l l  c a v i t i e s  more e a s i l y  

v i s i b l e .  T h i s  i s  a g r a p h i c  i l l u s t r a t i o n  o f  t h e  danger i n  u s i n g  o v e r a l l  

mean va lues  f o r  c a v i t y  s i z e  and number d e n s i t y  when v e r y  sma l l  c a v i t i e s  

a r e  present .  The changes i n  o v e r a l l  mean va lues  produced here  by sma l l  

changes i n  image q u a l i t y  would be l a r g e ,  and devo id  o f  any p h y s i c a l  

s i g n i f i c a n c e .  I n f o r m a t i o n  about t h e  l a r g e  c a v i t i e s ,  which a c t u a l l y  

produce t h e  s w e l l i n g ,  would have been l o s t  i f  t h e  smal l  and l a r g e  

components had n o t  been separated.  
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A r a t h e r  d r a m a t i c  change i n  t h e  s w e l l i n g  c u r v e  r e s u l t e d  

f rom r e - a n a l y s i s  o f  t h e  sample i r r a d i a t e d  a t  603°C. 

i n d i c a t e d  a l a r g e  s w e l l i n g  (% 3.5%) f o r  t h i s  sample due t o  t h e  l a r g e  

c a v i t i e s  o f  i r r e g u l a r  shape shown i n  F igs .  4a and b. 

o f  s i n g l e  m ic rog raphs  these  appeared t o  be s u r f a c e  a r t i f a c t s ,  b u t  s t e r e o  

i n s p e c t i o n  showed t h a t  most were w i t h i n  t h e  f o i l .  I n  a d d i t i o n  one c o u l d  

image a s u r f a c e  c o a t i n g  i n  d a r k - f i e l d ,  F i g .  4b, wh ich  appeared t o  b e  

s i m i l a r  t o  t h a t  on t h e  s m a l l e r ,  n e a r l y  s p h e r i c a l  c a v i t i e s .  

t o  conc lude t h a t  t h e  l a r g e  c a v i t i e s  a c t u a l l y  formed w i t h  t h e s e  i r r e g u l a r  

shapes, and had t h e  same c o a t i n g  as t h e  s m a l l e r  c a v i t i e s .  However, more 
r e c e n t  o b s e r v a t i o n s  i n d i c a t e d  t h a t  t h i s  was n o t  t h e  case. I n  t h i c k  
r e g i o n s  of t h e  f o i l  i t  was found t h a t  t h e  l a r g e  c a v i t i e s  were a l l  n e a r e r  

t o  t h e  back th inned  s u r f a c e  t h a n  t h e  s e c t i o n e d  s u r f a c e  ( d i f f e r e n t  s o l u t i o n s  
were used f o r  s e c t i o n i n g  and b a c k t h i n n i n g ) .  I n  a d d i t i o n ,  c a r e f u l  
i n s p e c t i o n  o f  some o f  t h e  c a v i t i e s  i n  some s t e r e o  p a i r s  showed h o l l o w  

t r a c k s  l e a d i n g  t o  t h e  back th inned  su r face ;  t h e r e  t r a c k s  appeared t o  be 

Our i n i t i a l  a n a l y s i s  

On f i r s t  i n s p e c t i o n  

T h i s  l e d  us 

i n  t h e  same d i r e c t i o n s  as t h e  axes o f  t h e  a c i c u l a r  p r e c i p i t a t e s  ( 2 )  . 

Thus i t  appears t h a t  t h e  l a r g e ,  i r r e g u l a r l y  shaped 

c a v i t i e s  a r e  a r t i f a c t s ,  p r o b a b l y  caused by  p r e f e r e n t i a l  e t c h i n g  o f  t h e  

a c i c u l a r  p r e c i p i t a t e s ;  on e n c o u n t e r i n g  genu ine c a v i t i e s  wh ich  had 

n u c l e a t e d  a t  t h e  ends o f  t h e  p r e c i p i t a t e s ,  i t  i s  t h o u g h t  t h a t  t h e s e  

e t c h e d  o u t  t o  fo rm t h e  bu lbous shapes deep i n  t h e  sample which were 

observed. T h i s  model i s  somewhat s p e c u l a t i v e ,  b u t  t h e  f a c t  t h a t  t h e  

c a v i t i e s  ( o r  a t  l e a s t  t h e i r  l a r g e  s i z e s )  a r e  a r t i f a c t s  i s  c l e a r  f rom 

t h e i r  appearance near  o n l y  one s u r f a c e .  

were re- ana lyzed ,  e l i m i n a t i n g  t h e  l a r g e ,  i r r e g u l a r  c a v i t i e s .  The 
re- ana lyzed  s w e l l i n g  v a l u e  f o r  t h i s  sample ( p l o t t e d  a t  603°C) i s  l o w e r  

than  t h a t  o f  i t s  nominal  d u p l i c a t e  a t  595"C, and may now be under-  

e s t i m a t e d  s i n c e  t h e  l a r g e  c a v i t i e s  e l i m i n a t e d  i n  t h e  a n a l y s i s  p r o b a b l y  

s t a r t e d  as normal s i z e  c a v i t i e s  b e f o r e  b e i n g  e tched  o u t .  The computer 

program used f o r  s w e l l i n g  a n a l y s i s  i n c l u d e s  a c o r r e c t i o n  f o r  c a v i t i e s  

wh ich  i n t e r s e c t  t h e  s u r f a c e  and a r e  e t c h e d  o u t  ( t h e y  a r e  d e l i b e r a t e l y  

For  t h i s  reason t h e  m ic rog raphs  
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n o t  counted w i t h  t h e  Ze iss  p a r t i c l e  s i z e r ,  and t h e  program compensates by  

i n c r e a s i n g  t h e  number d e n s i t y ) ,  b u t  these  c a v i t i e s  a r e  f a r  t o o  deep w i t h i n  

t h e  sample f o r  t h i s  c o r r e c t i o n  t o  be adequate. 

g i v e n  l i t t l e  w e i g h t  t o  t h i s  p o i n t  when d raw ing  t h e  s w e l l i n g  c u r v e  o f  

F ig .  1. 

Fo r  t h i s  reason we have 

4. S w e l l i n g  i n  S i n g l e - I o n  I r r a d i a t e d  Samples 

Three h e l i u m  p r e i n j e c t e d  and s i n g l e - i o n  i r r a d i a t e d  samples 
have been added s i n c e  t h e  l a s t  p rog ress  r e p o r t ,  two p r e i n j e c t e d  w i t h  

3 15 appm He and i r r a d i a t e d  a t  % 575 and 675"C, and one p r e i n j e c t e d  w i t h  

5 appm He ( l i k e  t h e  o t h e r  samples i n  t h i s  s t u d y )  and i r r a d i a t e d  a t  642°C. 
I n  a d d i t i o n  t h e  645°C nominal d u p l i c a t e  o f  t h e  l a s t - m e n t i o n e d  sample was 

re- ana lyzed  i n  t h e  same way as t h e  603°C d u a l - i o n  sample d e s c r i b e d  above. 

3 

I n  t h e  p a s t  r e p o r t ' ' )  an anomolous s w e l l i n g  peak a t  % 650°C 
was r e p o r t e d  f o r  t h e  sample shown i n  F i g .  4c and d. Re- ana lys i s  showed 

t h a t  a l t h o u g h  t h e  c a v i t i e s  were w i t h i n  t h e  sample, t h e y  were a l l  c l o s e r  

t o  t h e  back th inned  sur face t h a n  t h e  s e c t i o n e d  s u r f a c e ,  and a r e  t h o u g h t  t o  

be e t c h i n g  a r t i f a c t s  l i k e  those d e s c r i b e d  above i n  t h e  603°C d u a l - i o n  

sample. S ince  no c a v i t i e s  were found  c l o s e  t o  t h e  s e c t i o n e d  su r face ,  we 

have taken  t h e  s w e l l i n g  t o  be ze ro  f o r  t h i s  sample. Th is  c o n c l u s i o n  was 

suppor ted  by t h e  nominal d u p l i c a t e  sample a t  642'C, i n  wh ich  no c a v i t i e s  
and no e t c h i n g  a r t i f a c t s  were observed. 

i n  some samples b u t  n o t  i n  o t h e r s  i s  n o t  c l e a r  a t  p resen t .  

The reason f o r  f i n d i n g  a r t i f a c t s  

The s w e l l i n g  curves o f  F i g .  1 show t h a t  room tempera tu re  
3 p r e i n j e c t i o n  o f  5 appm 

d u a l - i o n  i r r a d i a t i o n s ,  a t  t h i s  dose l e v e l .  

and 575°C suggests even g r e a t e r  s u p r e s s i o n  f o r  h i g h e r  h e l i u m  con ten t .  

F i g u r e s  2 and 3 show t h a t  t h i s  f u r t h e r  suppress ion  i s  t h e  r e s u l t  o f  a 

He has suppressed v o i d  s w e l l i n g  r e l a t i v e  t o  

The new p o i n t  w i t h  15 appm 3 He 

The second 15 appm 3 He s i m i l a r  number d e n s i t y  o f  s m a l l e r  c a v i t i e s .  

p r e i n j e c t i o n  a t  % 675°C s u p p o r t s  t h e  t r e n d  o f  comple te  suppress ion  o f  

s w e l l i n g  a t  12 dpa f o r  T > 625OC. I t shou ld  be n o t e d  t h a t  t h i s  suppress ion  
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i s  a t  l e a s t  pa r t i a l l y  due t o  a delay in the onset of the rapid swelling 
regime for  preinjected samples, as shown by dose dependence s tudies  

Further experiments are needed t o  determine whether or n o t  swelling 
suppression in preinjected samples pers i s t s  a t  high ( b  25 dpa) doses. 

( u p  t o  25 d p a )  in b o t h  316 s t a in l e s s  steel" ) and  Fe-2ONi-15Cr. (3 )  
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VI I .  Future Work 

Quant i ta t ive  TEM analysis of dose dependence s tudies  on samples 
dual-ion i r rad ia ted  a t  5:l  and 50:l appm He:dpa and 625°C i s  essen t ia l ly  
complete, and f inal  data reduction is i n  progress. Further dual-ion 
i r rad ia t ions  of 316 s ta in less  s tee l  involving d i f fe ren t  dose r a t e s ,  
higher doses, and variat ions in the helium inject ion schedule will be 
carr ied o u t  in the  near future.  
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Figure 1 .  Temperature dependence o f  swelling in dual-ion and preinjected 
single-ion i r radiated 316 s ta in less  s t ee l .  
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Figure 2. Temperature dependence o f  cavity number density in  dual-ion 
and preinjected single- ion i r rad ia ted  316 s t a in l e s s  s t e e l .  
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Figure 3. Temperature dependence of mean cavity s i ze  in dual-ion and 
preinjected single-ion irradiated 316 stainless s t ee l .  Small 
and large cavity s izes  are plotted separately for the bimodal 

s ize  distribution found in dual-ion irradiated samples. 

101 



C 

b 

d 

Figure 4. Bright-field dark-field pairs showing i r regular ly  shaped 
cav i t ies  in  preinjected single- ion and dual-ion i r radiated 
316 s ta in less  s teel  (dose = 1 2  dpa, dose rate = 3 x lom3 dpa 
S 

( c )  645°C preinjected single- ion, and ( d )  dark-field of same 
region as ( c ) .  

-1 
) ( a )  603°C dual-ion, (b )  dark-field o f  same region as ( a ) ,  
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Response o f  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  J. A. S p i t z n a g e l ,  S. I.lood, and W .  J .  Choyke 

A f f i l i a t i o n :  Westinghouse Research and Development Center  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  assess t h e  phenomenology and mecha- 

nisms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s imu l taneous  
h e l i u m  i n j e c t i o n  and c r e a t i o n  o f  a tomic  d i sp lacement  damage by  a second 

i o n  beam. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . C . l ,  I I . C . 2 ,  I I .C .3 ,  I I . C . 5 ,  I I .C .9 ,  I I . C . 1 8  

I V .  SUMMARY 

M i c r o s t r u c t u r a l  e v a l u a t i o n  o f  d u a l - i o n  bombarded t i t a n i u m- m o d i f i e d  
316 SS a t  appm He/dpa r a t i o s  o f  0.2, 12 and 70 r e v e a l s  p r e c i p i t a t i o n  o f  MC 

p a r t i c l e s  i n  cube-on-cube o r i e n t a t i o n  w i t h  t h e  m a t r i x .  Smal l  He bubb les  
a r e  seen i n  a s s o c i a t i o n  w i t h  t h e  p a r t i c l e s  i n  reasonable  agreement w i t h  

o b s e r v a t i o n s  on t h e  same m a t e r i a l  a f t e r  HFIR i r r a d i a t i o n .  A f i r s t  o r d e r  

a t t e m p t  a t  p a r t i t i o n i n g  i m p l a n t e d  h e l i u m  between c a v i t i e s  and d i s l o c a t i o n s  
r e s u l t s  i n  reduced c r i t i c a l  c a v i t y  s i z e s  and l o w e r  tempera tu re  s e n s i t i v i t y  

f o r  t h e  t r a n s i t i o n  f rom gas- dr i ven  t o  b i a s - d r i v e n  c a v i t y  growth.  A method 
i s  proposed f o r  c o r r e c t i n g  c a v i t y  volume f r a c t i o n s  and s w e l l i n g  f o r  s t a -  

t i s t i c a l l y  combined c a v i t y  d i s t r i b u t i o n s  o b t a i n e d  a t  w i d e l y  d i f f e r e n t  mag- 

n i f i c a t i o n s ,  f o i l  t h i c k n e s s e s  and c a v i t y  s i z e s .  
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V.  ACCOMPLISHMENTS AND STATUS 

A. M i c r o s t r u c t u r a l  E v a l u a t i o n  o f  Dually-Bombarded T i - M o d i f i e d  316 SS 

Hel ium produced by  (n,n)  r e a c t i o n s  f r o m  14 MeV n e u t r o n s  i n  t h e  plasma 

w i l l  i n e v i t a b l y  i nduce  s w e l l i n g  o r  o t h e r  d e l e t e r i o u s  e f f e c t s  i n  a l l  c a n d i -  

d a t e  f i r s t - w a l l  m a t e r i a l s  f o r  CTR a p p l i c a t i o n s .  Thus, s w e l l i n g  r e d u c t i o n  

and mechanisms o f  h e l i u m  t r a p p i n g  a r e  i m p o r t a n t  and i n t e r e s t i n g  f a c t o r s  t o  

be pursued. Maziasz and Bloom have r e c e n t l y  shown‘’) t h a t  t i t a n i u m  a d d i -  

t i o n s  to a s t a n d a r d  t y p e  316 SS r e s u l t e d  i n  a d r a m a t i c  r e d u c t i o n  i n  s w e l l -  

i n g  ( a t  T i 700°C f o r  specimens i r r a d i a t e d  i n  HFIR t o  f l u e n c e s  p r o d u c i n g  

3000 t o  4200 appm He and 40 t o  60 dpa) when compared w i t h  t h e  u n m o d i f i e d  

316 SS. 
t h e  same T i - m o d i f i e d  s t e e l  and have observed a s i m i l a r  m i c r o s t r u c t u r a l  
t r e n d .  

We have r e c e n t l y  o b t a i n e d  d a t a  f r o m  dua l  ion-bombarded samples o f  

B u l k  q u a n t i t a t i v e  c h e m i s t r y  o f  t h e  T i - m o d i f i e d  316 SS has been r e -  

p o r t e d  p r e v i o u s l y .  ( l )  F i n a l  f a b r i c a t i o n  s t e p s  p r i o r  t o  t h e  dua l  bombard- 
ment w i t h  28 MeV S i t 6  and I 2 MeV He i o n s  a t  t h e  H i g h  Energy I o n  

Bombardment F a c i l i t y  a t  t h e  U n i v e r s i t y  o f  P i t t s b u r g h  were a s o l u t i o n  

anneal  f o r  l h  a t  1050°C ( i n  vacuum f o l l o w e d  by an a rgon  quench) f o l l o w i n g  

a 50% r e d u c t i o n  i n  area o f  r o d  by c o l d  swaging. 

t o  i nduce  some r a t h e r  inhomogeneous p r e c i p i t a t i o n  o f  t h e  T i - r i c h  c a r b i d e  
phase r e p o r t e d  b y  M a z i a s z , ( l )  w i t h  an average s i z e  % 40 nm and a number 

d e n s i t y  ?i 3 x 10 /cm . T a r g e t s  o f  t h i s  m a t e r i a l  were subsequen t l y  bom- 

barded a t  6OO0C t o  a peak o f  40 dpa, and w i t h  appm He/dpa r a t i o s  o f  70:1, 

1 2 : l  and 0.2:1, f o r  compar ison w i t h  HFIR, CTR and E B R - I 1  c o n d i t i o n s ,  

r e s p e c t i v e l y .  

d i sp lacement  r a t e  o f  ?i 1 x dpa/s a r e  r e p o r t e d .  

The anneal  was s u f f i c i e n t  

13 3 

P r e l i m i n a r y  d a t a  o b t a i n e d  a t  a f l u e n c e  o f  21 3 dpa and a 

T y p i c a l  B F  TEM micrographs o b t a i n e d  w i t h  v o i d - c o n t r a s t  c o n d i t i o n s  a r e  

shown i n  F i g .  1 f o r  t h e  70:l specimen (.- 2.8 dpa, 180 appm He). 

l a  c l e a r l y  shows a bimodal  c a v i t y  d i s t r i b u t i o n  w i t h  a l ow  number d e n s i t y  

F i g u r e  
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o f  ?r 35 nm d iamete r  c a v i t i e s  and a h i g h e r  number d e n s i t y  o f  bubbles which 
a r e  5 nm i n  d iameter .  Both  a r e  a s s o c i a t e d  w i t h  T i - r i c h  c a r b i d e s  induced 

d u r i n g  bombardment, a l though  o n l y  a f r a c t i o n  o f  these  p r e c i p i t a t e s  appear 

t o  have c a v i t i e s  a d j a c e n t  t o  them. F u r t h e r ,  h i g h e r  m a g n i f i c a t i o n ,  h i g h  
r e s o l u t i o n  TEM work i s  c u r r e n t l y  i n  p rogress  t o  a s c e r t a i n  i f  t h e  number 

d e n s i t y  o f  t h e  sma l l  bubbles i s  h i g h e r  t h a n  i n d i c a t e d  here.  The p r e c i p i -  

t a t e  s t r i n g e r s  v i s i b l e  i n  F i g .  l a  suggest t h a t  c a r b i d e s  have n u c l e a t e d  on 
d i s l o c a t i o n s  [ s i m i l a r  f e a t u r e s  have been observed by M a z i a s z ( l ) ] .  
genera l ,  bubbles a s s o c i a t e d  w i t h  t h e  s t r i n g e r s  a r e  l a r g e r  and t h e r e f o r e  

more e a s i l y  r e s o l v a b l e  than those  a s s o c i a t e d  w i t h  most o f  t h e  randomly 
n u c l e a t e d  p r e c i p i t a t e s .  Comparison o f  F i g s .  l a  and l b  r e f l e c t s  t h e  o v e r -  

a l l  inhomogenei ty observed i n  t h e  c a v i t y  m i c r o s t r u c t u r e .  It i s  suggested 

t h a t  t h e  apparent  absence o f  c a v i t i e s  i n  l b  i s  l i n k e d  t o  a non-homogeneous 

p r e c i p i t a t e  d i s t r i b u t i o n  th roughou t  t h e  specimen. T h i s  second area shown 

i n  F i g .  l b  has a h i g h e r  c a r b i d e  number d e n s i t y  which may have r e s u l t e d  i n  

a h i g h e r  number d e n s i t y  o f  s m a l l e r ,  and t h e r e f o r e  u n r e s o l v a b l e  bubbles.  
A f u r t h e r ,  v e r y  i m p o r t a n t  p o i n t  t o  make i s  t h a t  t h e  s w e l l i n g  i n  t h i s  mate- 

r i a l  i s  d r a s t i c a l l y  reduced compared t o  t h a t  o b t a i n e d  i n  conven t iona l  SA 

316 SS under s i m i l a r  exper imen ta l  c o n d i t i o n s .  Our e a r l i e r  work has shown 

t h a t  a t  these  h e l i u m  i n j e c t i o n  and damage r a t e s  (6.9 x 
1.1 x 

I n  

appm/s and 

dpa/s, r e s p e c t i v e l y )  SA 316 SS e x h i b i t s  r a p i d  c a v i t y  growth and 
thus  a v e r y  h i g h  s w e l l i n g .  ( 2 )  

The p r e c i p i t a t e s  a r e  b e t t e r  imaged i n  t h e  DF TEM mic rograph  shown i n  

F i g .  Za, and c l e a r l y  have a cube-on-cube c r y s t a l l o g r a p h i c  h a b i t .  T h i s  i s  
i n  agreement w i t h  sma l l  MC p a r t i c l e s  produced t h e r m a l l y  i n  t i t a n i u m -  

m o d i f i e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s ( 3 )  b u t  does n o t  t o t a l l y  agree w i t h  

I n  t h e  l a t t e r  m a t e r i a l ,  an a d d i t i o n a l  rod-shaped v a r i a n t  was observed. 

F u r t h e r  work i s  c u r r e n t l y  i n  p rogress  on o u r  d u a l l y  bombarded specimen t o  

a s c e r t a i n  i f  rod-shaped c a r b i d e s  a r e  p r e s e n t  a t  some low number d e n s i t y .  

I t  i s  p o s s i b l e  t h a t  t h e y  may o n l y  be observed a t  t h e  h i g h e r  f l uences .  

o b s e r v a t i o n s  made a f t e r  HFIR i r r a d i a t i o n  t o  h i g h  f luences o f  30-60 dpa. (41 

105 



Figure 2b  shows a typical dislocation s t ructure  imaged under a two 
beam dynamical condition with g = [ l l l ] .  I t  i s  generally similar t o  other 
low fluence s t ructures  obtained in 316 SS, exhibiting some faulted loops, 
b u t  mostly l i ne  dislocations.  
under these diff ract ion conditions, and close inspection of the micrograph 
shows the i r  character is t ic  Ashby-Brown s t r a in  contrast .  

The cube-on-cube carbides are  also imaged 

( 5 )  

Dislocation and  cavity microstructures from the specimen i r radiated 
t o  - 3 dpa a t  600°C with an  appm He/dpa r a t i o  of % 1 2 : l  are presented in 
Fig. 3. 
3a are  a l l  close to  one of the fo i l  surfaces and t h u s  are  polishing a r t i -  
fac t s .  I f  these are ignored, i t  i s  apparent no large cav i t ies  have de- 
veloped and, furthermore, no equilibrium gas  bubbles are  v i s ib le .  
Similarly,  bubbles 'were n o t  observed in the specimen bombarded t o  an appm 
He/dpa r a t i o  of  0 . 2 : l  ( n o t  shown). 
in progress t o  c l a r i fy  t h i s  point and  ascertain i f  very small ( 5  308) 
bubbles are  present. There i s  a lso no evidence of irradiation-induced 
carbide precipitation in e i t he r  the 12:l  or 0.2:l samples -comparison of 
Figs. 3b and 2b c lear ly  indicates t h i s .  However, Fig. 3a does show a few 
carbides similar t o  those observed in unirradiated specimens. Dislocation 
s t ructures  are again character is t ic  of a n  unmodified 316 SS bombarded 
under similar experimental conditions. None of the specimens exhibited 
grain boundary precipitation o r  the development of Laves phase [such as 
t ha t  seen a f t e r  HFIR i r radiat ion t o  high f l ~ e n c e s ' ~ ) ] .  

Stereo microscopy has shown t h a t  the cavity- like features in Fig. 

Further, higher magnification TEM i s  

These resu l t s  suggest tha t  the Ti-rich carbide nucleation and/or 
growth i s  linked t o  e i t he r  the helium injection r a t e  or to ta l  [He], since 
these were the only experimental variables (damage ra te ,  fluence and tem- 
perature were maintained constant). 
bide c lus te rs  have formed b u t  have n o t  grown suf f ic ien t ly  t o  be imaged 
with the TEM. Despite t h e i r  s ize ,  such clusters  could s t i l l  a c t  as effec-  
t ive  trapping s i t e s  for  helium, result ing in a high number density of 
non-visible helium c lus te rs .  

I t  i s  possible t h a t  very small car- 
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B. M o d i f i c a t i o n  o f  t h e  He l ium I n v e n t o r y  Method t o  Account f o r  He l ium 

T r a p p i n g  a t  D i s l o c a t i o n s  

The use o f  s e v e r a l  i n f e r e n t i a l  methods f o r  d e t e r m i n i n  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  i m p l a n t e d  h e l i u m  was d e s c r i b e d  p r e v i o u s l y .  76) I n  p a r t i c u -  

l a r  t h e  " h e l i u m  i n v e n t o r y "  method was found  t o  be p a r t i c u l a r l y  u s e f u l  f o r  

e s t i m a t i n g  t h e  maximum e q u i l i b r i u m  b u b b l e  s i z e ,  t h e  s p a t i a l  d i s t r i b u t i o n  

o f  bubb les ,  and t h e  c r i t i c a l  c a v i t y  s i z e  f o r  t h e  t r a n s i t i o n  f r o m  gas- 
d r i v e n  t o  b i a s - d r i v e n  c a v i t y  growth.  

r e c t i o n  t o  t h e  method which a t t e m p t s  t o  account  f o r  t h e  amount o f  h e l i u m  

p a r t i t i o n e d  t o  d i s l o c a t i o n s .  

We p r e s e n t l y  have a f i r s t  o r d e r  c o r -  

D i s l o c a t i o n s  a r e  known t o  be v e r y  e f f e c t i v e  t r a p s  f o r  he l i um.  There 
a r e  numerous examples i n  t h e  l i t e r a t u r e  sugges t ing  t h a t  h e l i u m  bubb le  

n u c l e a t i o n  and g rowth  a r e  v e r y  i n t i m a t e l y  t i e d  t o  t h e  d i s l o c a t i o n  s t r u c -  
t u r e .  

p o p u l a t i o n s  o f  growing bubb les ,  c a v i t i e s  and m o b i l e  and s e s s i l e  d i s l o c a -  
t i o n s  compete f o r  t h e  i n j e c t e d  he l ium.  To a f i r s t  approx ima t ion ,  t h e  
p a r t i t i o n i n g  o f  h e l i u m  t o  these  s i n k s  s h o u l d  be r e l a t e d  t o  t h e  s i n k  
s t r e n g t h s  f o r  p o i n t  d e f e c t s .  (7,8) 

I t  has been p o s t u l a t e d ( 7 )  t h a t  under  con t inuous  h e l i u m  i n j e c t i o n  

I f  we d e f i n e  Q-' as t h e  f r a c t i o n  o f  h e l i u m  p a r t i t i o n e d  t o  c a v i t i e s  
such t h a t  

1 2n DiNi 

1 2n DiNi + pD 
i 

Q-' = - i 

where Di = d iamete r  o f  c a v i t y  i n  s i z e  c l a s s  i 

Ni = number o f  c a v i t i e s  i n  s i z e  c l a s s  i 
pD = d i s l o c a t i o n  d e n s i t y  
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Then t h e  amount o f  h e l i u m  t o  be d i s t r i b u t e d  t o  t h e  c a v i t i e s  i s  

K = gas i n j e c t i o n  r a t e  (assumed c o n s t a n t )  
9 
t = t i m e  f o r  i m p l a n t a t i o n  

n e g l e c t i n g  h e l i u m  s t i l l  i n  s o l u t i o n  i n  t h e  m a t r i x  o r  l o s t  t o  g r a i n  boun- 

d a r i e s .  The amount o f  h e l i u m  p a r t i t i o n e d  t o  d i s l o c a t i o n s  i s  t h e n  

[Held = Kg t[l - Q-’I. 

F i g u r e  4 shows t h e  v a r i a t i o n  o f  t h e  f r a c t i o n a l  p a r t i t i o n i n g  o f  He t o  
d i s l o c a t i o n s  w i t h  d i s l o c a t i o n  d e n s i t y ,  p0, i n  dua l  i o n  bombarded 316 SS. 

The d a t a  p o i n t s  shown a r e  f o r  a v a r i e t y  o f  i n i t i a l  m i c r o s t r u c t u r a l  c o n d i -  

t i o n s  i n c l u d i n g  s o l u t i o n  annealed,  20% c o l d  r o l l e d  and aged (800°C) a t  

bombardment tempera tu res  2 600°C. The va lues  have been o b t a i n e d  b y  i n c o r -  

p o r a t i n g  p a r t i t i o n i n g  c o e f f i c i e n t s  i n t o  o u r  computer ized d a t a  f i l e s .  Data 
was s e l e c t e d  f r o m  t a r g e t s  bombarded a t  s i m i l a r  damage r a t e s  ( w i t h i n  a 

f a c t o r  o f  4 )  and f l u e n c e s  b u t  w i t h  a tomic  d i sp lacement  damage produced by 

d i f f e r e n t  h i g h  energy i o n s  (28 MeV S i + 6  o r  20 MeV O t 4 )  a t  appm He/dpa 

r a t i o s  f r o m  1 3  t o  85.  Data f rom c a v i t y - d o m i n a t e d  m i c r o s t r u c t u r e s  such as 
those  e x h i b i t i n g  t h e  r a p i d  c a v i t y  g rowth  phenomenon(2) have been exc luded .  

I n  t h i s  tempera tu re  r e g i o n  t h e  h e l i u m  p a r t i t i o n i n g  i s  a m o n o t o n i c a l l y  i n -  
c r e a s i n g  f u n c t i o n  o f  t h e  d i s l o c a t i o n  d e n s i t y .  A n a l y s i s  o f  d a t a  a t  l o w e r  

temperatures ,  s t i l l  i n  p rog ress ,  suggests  a much more c o m p l i c a t e d  depen- 
dence w i t h  h i g h e r  s e n s i t i v i t y  t o  t h e  appm He/dpa r a t i o .  

Approx ima te ly  40-100% o f  t h e  h e l i u m  i s  p a r t i t i o n e d  t o  t h e  d i s l o c a -  

t i o n s  based on t h e  r e l a t i v e  s i n k  s t r e n g t h  approx ima t ion .  T h i s  reduces t h e  

amount o f  h e l i u m  a v a i l a b l e  t o  s t a b i l i z e  e q u i l i b r i u m  bubbles  and s h o u l d  
reduce t h e  maximum e q u i l i b r i u m  bubb le  s i z e  c a l c u l a t e d  f r o m  t h e  h e l i u m  i n -  

v e n t o r y  method. F i g u r e  5 demonst ra tes  t h e  e f f e c t .  The maximum 
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e q u i l i b r i u m  bubb le  d iameter ,  Dc, i s  s m a l l e r  when Q-' + 1. The e f f e c t  i s  

most pronounced a t  h i g h e r  temperatures  and suggests  t h a t  t h e  tempera tu re  

dependence o f  t h e  c r i t i c a l  c a v i t y  s i z e  ( r e l a t e d  t o  t h e  maximum e q u i l i b r i u m  

bubb le  s i z e )  may be l e s s  t h a n  t h a t  p r e d i c t e d  by  t h e o r y .  ( 9 )  

Severa l  assumpt ions i n  t h i s  p a r t i t i o n i n g  scheme make i t  l i k e l y  t h a t  

t o o  l i t t l e  h e l i u m  i s  a l l o c a t e d  t o  t h e  c a v i t i e s .  F i r s t ,  i t  i s  assumed t h a t  
a b s o r p t i o n  by a d i s l o c a t i o n  removes t h e  p o s s i b i l i t y  o f  t h e  h e l i u m  atom 

e v e r  b e i n g  absorbed by  a c a v i t y .  T h i s  i s  i n t u i t i v e l y  u n r e a l i s t i c .  Bubble 

n u c l e a t i o n  i s  o f t e n  seen t o  occur  i n  a s s o c i a t i o n  w i t h  d i s l o c a t i o n s  so t h a t  

one even t  can f o l l o w  t h e  o t h e r .  In a d d i t i o n ,  no account  i s  taken  o f  

thermal  d e s o r p t i o n ,  r e s o l u t i o n  f r o m  a tomic  d isp lacements , "p ipe"  d i f f u s i o n  
o r  d i s l o c a t i o n  " d rag"  e f f e c t s  - a l l  o f  wh ich  would  t e n d  t o  enhance t h e  

p r o b a b i l i t y  o f  m u l t i p l e  t r a p p i n g  o f  He atoms by  vacanc ies  and sma l l  

bubb les .  

r e l a t i v e  s i n k  s t r e n g t h s  a t  some damage l e v e l .  

t i o n  o f  t i m e  o r  dpa l e v e l  and tends t o  i n c r e a s e  c o n t i n u o u s l y  so t h a t  
( 1  - Q- ) tends t o  decrease as a s a t u r a t i o n  v a l u e  o f  p D  i s  approached. 

The i n v e n t o r y  i s  a l s o  conducted w i t h  a s t a t i c  p i c t u r e ,  i . e .  

I n  r e a l i t y ,  Q-' i s  a f u n c-  

1 

Whi le  i t  w i l l  be e x t r e m e l y  d i f f i c u l t  t o  d e r i v e  more r i g o r o u s l y  c o r -  

r e c t  p a r t i t i o n i n g  va lues,  a number o f  exper imen ta l  approaches can be t a k e n  
Temperature change exper iments ,  post-bombardment a n n e a l i n g  and s p a t i a l l y  
inhomogeneous h e l i u m  i m p l a n t s  l o o k  p a r t i c u l a r l y  p r o m i s i n g  t o  us. In t h i s  

r e g a r d  we n o t e  t h a t  i n c r e a s i n g  t h e  tempera tu re  d u r i n g  dua l  i o n  bombardment 
g i v e s  e s t i m a t e d  c r i t i c a l  c a v i t y  s i z e s  more i n  accord  w i t h  a v a l u e  o f  
Q-' = 1. ( 6 )  

C. C o r r e c t i o n s  t o  C a v i t y  Volume F r a c t i o n  and S w e l l i n g  f o r  S t a t i s -  

t i c a l l y  Combined C a v i t y  D i s t r i b u t i o n s  w i t h  a Wide Range o f  S izes  

Procedures have been recommended by  t h e  ASTM ( l o )  f o r  o b t a i n i n g  b u l k  

r e p r e s e n t a t i v e  " v o i d "  d e n s i t i e s  f rom TEM m ic rog raphs .  I n  genera l ,  i t  i s  

assumed t h a t  v o i d  s i z e  d i s t r i b u t i o n s  a r e  randomly d i s t r i b u t e d  and homo- 

geneous i n  each s i z e  c l a s s .  I f  v o i d s  whose c e n t e r s  l i e  w i t h i n  0.5 Di o f  
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. 
each f o i l  s u r f a c e  a r e  n o t  counted, t o  a v o i d  p o s s i b l e  e r r o r s  f r o m  e r o s i o n  

o f  c a v i t y  w a l l s  i n t e r s e c t i n g  t h e  s u r f a c e  d u r i n g  e l e c t r o p o l i s h i n g ,  b u l k  

r e p r e s e n t a t i v e  c a v i t y  d e n s i t i e s  (p,) may be o b t a i n e d  f r o m  

where ni = observed number o f  v o i d s  i n  s i z e  c l a s s  i 
Ni = number o f  v o i d s  c o r r e c t e d  f o r  s u r f a c e  i n t e r s e c t i o n s  

= n i t f / ( t f  - Di) 

tf = f o i l  t h i c k n e s s  

Oi = mean d iamete r  o f  s i z e  c l a s s  i 

A = area i n  which measurements a r e  made 

Problems a r i s e  when a l a r g e  number o f  measurements a r e  r e q u i r e d  f r o m  

many areas o f  t h e  f o i l  a t  w i d e l y  d i f f e r i n g  m a g n i f i c a t i o n s .  
e x i s t s  when h e l i u m  l e v e l s  and i n j e c t i o n  r a t e s  a r e  h i g h  enough t o  produce 

l a r g e  numbers o f  b a r e l y  r e s o l v a b l e  bubb les  and fewer  b u t  much l a r g e r  

inhomogeneously d i s t r i b u t e d  c a v i t i e s .  

r e p r e s e n t a t i o n  o f  such p o p u l a t i o n s  i t  i s  necessary  t o  photograph many 

areas.  

3 0 .5  Di e x c l u s i o n  p r i n c i p l e  then  becomes i m p r a c t i c a l .  I n  a d d i t i o n ,  i t  i s  

necessary  t o  work i n  v e r y  t h i n  areas o f  t h e  f o i l  t o  p r o p e r l y  s i z e  and 

coun t  t h e  sma l l  bubb les .  T h i s  can r e s u l t  i n  loss o f  i n f o r m a t i o n  about  t h e  

l a r g e r  c a v i t i e s  u s u a l l y  r e s p o n s i b l e  f o r  most o f  t h e  s w e l l i n g .  

d a t a  a t  l ow  and h i g h  m a g n i f i c a t i o n s  i n  t h i n  areas o f  t h e  f o i l  g r e a t l y  

improves t h e  c o u n t i n g  s t a t i s t i c s ,  b u t  r e s u l t s  i n  er roneous c a v i t y  a rea  and 

volume f r a c t i o n s .  O the r  s t a t i s t i c a l  problems a r i s e  i n  a t t e m p t i n g  t o  

c h a r a c t e r i z e  inhomogeneous c a v i t y  p o p u l a t i o n s  u s i n g  o n l y  t h i c k  s e c t i o n s  o f  

f o i l  and i n  combin ing d a t a  o b t a i n e d  a t  v e r y  d i f f e r e n t  m a g n i f i c a t i o n s  and 

t h i c k n e s s e s  u s i n g  d i f f e r e n t  v i s i b i l i t y  c r i t e r i a .  ( 1 1 )  

d i scussed  f u r t h e r  he re .  

T h i s  s i t u a t i o n  

To o b t a i n  a reasonab le  s t a t i s t i c a l  

Coun t ing  and s i z i n g  a l l  c a v i t i e s  u s i n g  s t e r e o  images t o  a p p l y  t h e  

Combining 

These w i l l  n o t  be 
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To t h e  b e s t  of o u r  knowledge no q u a n t i t a t i v e  s t e r e o l o g i c a l  method o r  
s t a t i s t i c a l  procedure has been worked o u t  t o  " c o r r e c t l y "  handle  such d a t a  

s e t s .  F a i l u r e  t o  a p p l y  some c o r r e c t i o n s  f o r  t r u n c a t i o n  and e r o s i o n  o f  

c a v i t y  su r faces ,  however, has r e s u l t e d  i n  overes t ima tes  o f  v o i d  volume 

f r a c t i o n s  i n  some o f  o u r  data .  
and n e u t r o n  r e s u l t s  w i l l  be most f r u i t f u l  i f  cen te red  on r e l a t i v e  nuc lea-  
t i o n  and growth k i n e t i c s  u s i n g  model c a l c u l a t i o n s ,  i t  i s  undoubted ly  t r u e  

t h a t  " s w e l l i n g "  va lues w i l l  be compared. Thus, we have a t tempted  a f i r s t  
o r d e r  c o r r e c t i o n  o f  v o i d  volume f r a c t i o n  f o r  p r o j e c t e d  images o f  convex 

p a r t i c l e s .  
Underwood (13)  forms t h e  b a s i s  f o r  t h e  c o r r e c t i o n  needed f o r  t r u n c a t i o n  o f  

non- over lapp ing  images by t h e  f o i l  s u r f a c e s .  An e x c l u s i o n  s i z e ,  based on 
observa t ions  o f  many s t e r e o  p l a t e s ,  i s  a l s o  invoked  t o  m in im ize  e l e c t r o -  
p o l i s h i n g  e f f e c t s  on c a v i t y  s i z e  and shape. 

Whi le  we b e l i e v e  t h a t  comparisons o f  i o n  

The approach used b y  Cahn and N u t t i n g  (12)  as extended by 

I f  a c o r r e c t i o n  f a c t o r  FT i s  d e f i n e d  such t h a t :  

FT x ni = U 

where ni = number o f  c a v i t i e s  i n  s i z e  c l a s s  i 
Uc = Underwood ( 1 3 )  c o r r e c t i o n  f a c t o r  t o  t h e  s p e c i f i c  p r o j e c t e d  a rea  

Di = d iamete r  o f  c a v i t i e s  i n  s i z e  c l a s s  i 
tf = f o i l  t h i c k n e s s  

o f  t h e  p a r t i c l e s  p e r  u n i t  t e s t  area,  AA 

i t  can be shown ( 1 4 )  t h a t  
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T h u s  multiplying the number of cav i t i es  in each s ize  c lass  by FT s h o u l d  
give a void volume fract ion corrected for  truncation of cav i t i es  with 
centers e i t he r  inside or outside of the fo i l  volume imaged. Every feature  
t h o u g h t  t o  be an image of a cavi ty ,  regardless of proximity of the feature 
t o  the fo i l  surface,  can t h u s  be counted and sized on the projected image. 
I t  i s  thus re la t ive ly  simple t o  apply the correction t o  each data s e t  in 
a comouterized data f i l e .  

Figure 6 shows the variat ion of FT with the r a t i o  of D i / t f .  
small c av i t i e s ,  D i  <<  tf  and  very l i t t l e  correction i s  required. 
as D i / t f  -f 1 ,  i t  i s  necessary t o  reduce the number of cav i t i es  contributing 
t o  the swelling by as much as 40%. 

For 
However, 

Observations of s tereo pla tes  suggest tha t  cav i t i es  w i t h  diameters 
Oi 2 3/4 tf are most l ike ly  t o  suffer  enlargement, loss o f  shape and  loss  
of void contrast  due t o  electropolishing.  Even for a cavity w i t h  
D i  = 3/4 t f ,  however, the probabil i ty t ha t  i t  will - n o t  in te rsec t  the sur- 
face i s  Q 30%. 
cavity volume fract ion we have found i t  necessary t o  set  the numerical 
exclusion a t  cavity s izes  of D 5 tf  and  t o  apply the correction f ac to r ,  i 
FT,  t o  smaller s ize  c lasses .  This procedure i s  n o t  rigorously correct .  
Small cav i t i es  a re  usually etched o u t  instead of truncated. Large cavi- 
t i e s  which in te rsec t  the surface are truncated, b u t  then enlarge a t  an 
unknown rate.  Nevertheless, the procedure should give reasonable "lower 
bound" swelling values and  will be used unti l  an improved method i s  
developed. 
reported for dual-ion bombarded aged 316 SS in the previous report ,  ( 6 )  

reduce t o  2.54% and 0.25%, respectively,  with the correction procedure. 

Thus, t o  avoid an unrea l i s t i ca l ly  large reduction in 

By way o f  example, swelling values o f  3.81% and 0.28%, 
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TABLE 1 

OF PRECIP ITATE VERSUS Dhk, OF PHASES NORMALLY Dhkl  
FOUND I N  316 STAINLESS STEEL AGED AT 900°C 

[61 [71 [ai [91 
23 6 C r  Fe Mo 

12 36 IO C r  N i  S i c  FeMo 3 2  C r  C Exper imen ta l  

Data ( ‘23C6) (‘6C) (a phase) (x phase) 

8 . m  . 08 
6.35+ .25 

_ _ _  
4.42 .04 

4.04+. 09 

3 . 6 ~  .O 1 

3.13. I 1 

2.96+ .04 

a =8.87i.O8A 

bcc 

0 

0 

_ _ _  
6.16 ( 1 1 1 )  

5.32 (200) 

--- 

_ _ _  
3.76 (220) 

3.08 (222) 

_ _ _  
ao=l  0.636 

f c c  

--- 

6.13 ( I l l )  

5 .31  (200) 

_ _ _  
--- 

3.77 (220) 

3.07 (222) 

_ _ _  
a =10.62i 

f c c  

0 

9.23 (100) 

6.52 (110) 

-__  
4.61 (200) 

‘4.25 (101) 

4.12 (210) 

3.87 ( 1 1 1 )  

3.13 (211) 

2.91 (310) 

ao=9. 2 18A 

c =4.813A 
t e t r a g o n a l  

0 

0 

0 

8.88 ( 1 0 0 )  

6.28 ( 1 1 0 )  

5.13 ( 1 1 1 )  

4.44 (200) 

3.97 (210) 

3.62 ( 2 1 1 )  

3.14 (220) 
2.96 (221 300) 

ao=a. a9i 

bcc 

3. C r y s t a l  Chemical Composi t ion 

By use o f  an x- r a y  energy d i s p e r s i v e  a n a l y s e r ,  m i c r o-  

chemical  compos i t i ons  o f  each t y p e  o f  p r e c i p i t a t e  were computed from 

r e l a t i v e  x - r a y  i n t e n s i t i e s ,  by means o f  t h e  method f i r s t  developed by 

C l i f f  and Lor imer  [ I l l .  The r e s u l t s  o f  t h e  m ic roana lyses  a r e  sum- 

mar ized i n  t a b l e  2, where t h e c a n p o s i t i o n s  o f  d i f f e r e n t  shaped p re-  

c i p i t a t e s  i n  t h e  m a t r i x  and on g r a i n  boundar ies  a r e  compared t o  b o t h  
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( a) DF of Cuboidal Carbides 

FIGURE 2. TEM Microaraphs Showing ( a )  Precipi ta tes  and ( b )  Dislocation 
Microstructure i n  Dually Bombarded Ti-Modified 316 SS (appm 
He/dpa r a t i o  is  79:l) .  
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I 
J 

( a) Cavity Contrast  

( b )  Dislocat ion b i r u c t u r e  

FIGURE 3 .  BF TEM Microqraphs Showinq D is loca t i ons  i n  Dual Ion-Bombarded 
No c a v i t i e s ,  T i -Xod i f i ed  316 SS (appm He/dpa r a t i o  i s  1Z:l). 

bubbles o r  rad ia t ion- induced 'IC p r e c i p i t a t i o n  i s  observed. 
( C a v i t y - l i k e  fea tures  are  ~ o l i s i i i n q  a r t i f a c t s )  
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FIGURE 4. F r a c t i o n  o f  Implanted Helium Atoms P a r t i t i o n e d  t o  D is loca t i ons  
(1 - Q-1) as a Funct ion o f  the  Tota l  D i s l o c a t i o n  Density, PD, 
f o r  Dual- Ion Bombarded 316 SS i n  t h e  So lu t i on  Annealed, 20% 
Cold-Rolled o r  Aged (800'C) Condit ion. 600°C I. TIRR < 750OC; 
@ pu 1.5-6.0 x 10-4 dpa/s;@t - 3-12 dpa; appm He/dpa 2r 12-85. 

118 



30 

2 0  CI 

E 
c 
u 

u 
IO 

0 

0 

// 0 -  

0 :  Q-'# I 

550 650 750 

Temp "C 

FIGURE 5. Comparison o f  Maximum E q u i l i b r i u m  Bubble Diameter DC Determined 
f rom Hel ium I n v e n t o r y  Method f o r  Dua l- Ion  Bombarded 316 SS 
I n c l u d i n g  P a r t i t i o n i n g  o f  He l ium t o  D i s l o c a t i o n s ( Q - 1  * 1 )  and 
E x c l u d i n g  P a r t i t i o n i n g  t o  D i s l o c a t i o n s  (Q-1  = 1 ) .  
Cond i t i ons ,  F lux ,  Fluence and appm He:dpa Same as f o r  
F i g u r e  4. 

M a t e r i a l  

119 



1.0 

0.8 

0.6 

1 I I I 1 I I I I I 
- 

\ 

0 0 . 2  0.4 0.6 0.8 I .o 

FIGURE 6. C a l c u l a t e d  C o r r e c t i o n  F a c t o r  ( F T )  f o r  C a v i t y  Number D e n s i t y  a s  
a F u n c t i o n  o f  t h e  R a t i o  of  C a v i t y  D iameter  t o  F o i l  Th i ckness .  
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I .  

11. 

PROGRAM 

Ti t l e :  Irradiation Effects Analysis 
Principal Investigator: D .  G .  Doran 
Aff i l ia t ion:  Hanford Engineering Development Laboratory 

OBJECTIVE 

The objective of t h i s  work i s  t o  study the  i r radia t ion response in a 
f a s t  neutron environment of several f e r r i t i c  and aus ten i t i c  al loys 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

Task II.C.l Effects of Material Parameters on Microstructure 
Task I I . C . 1 7  Microstructural Characterization 

IV. SUMMARY 

The AD- 2 experiment will begin i r radia t ion in the EBR-I1 reactor in 
Specimens provided by the DAFS program were included in the August 1980. 

experiment. The specimens are transmission electron microscopy (TEM) disks 
of several f e r r i t i c  al loys including two pressure vessel s t ee l s  and several 
iron-nickel-chromium alloys.  These specimens are being i r radiated i n  E B R - I 1  

t o  study t h e i r  response t o  neutron i r radiat ion in a f a s t  neutron environment. 

V. ACCOMPLISHMENTS AND STATUS 

A .  DAFS Specimen Matrix io  the AD-2 I r radia t ion Experiment - D. T .  
Peterson ( H E D L )  and G .  R .  Odette (UC-Santa Barbara) 

1 .  Introduction 

The second fusion program i r rad ia t ion  in the EBR-I1 reactor,  
The experiment i s  designated AD- 2 ,  will begin i r rad ia t ion  in August 1980. 
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d i v i d e d  i n t o  two pa r t s ,  each c o n s i s t i n g  o f  t h ree  B-7c capsules. P a r t  1 

cons i s t s  o f  capsules 8-317, 8-318 and B-319 which are designed f o r  i s o t h e r -  

mal i r r a d i a t i o n  a t  390, 500 and 55OoC, r espec t i ve l y .  P a r t  2 cons i s t s  o f  
capsules B-320, B-321 and 8-322, which are designed f o r  isothermal  i r r a d i a -  

t i o n  a t  390, 450 and 5OO0C, respec t i ve l y .  The experiment w i l l  be discharged 

f o r  i n t e r i m  examinat ion a t  a nominal f luence o f  3.5 x l o z 2  n/cm2 (E >0.1 MeV). 

The f i n a l  discharge o f  the experiment w i l l  occur a t  a f luence o f  7.0 x l o z 2  
n/cm2 ( E  >0.1 MeV). 

2. Specimen M a t r i x  

The specimens inc luded i n  t he  t e s t  a re  l i s t e d  i n  Tables 1 and 
2. The specimens a re  TEM d isks  and f o r  t he  most p a r t  a re  present  i n  a mul- 

t i p l i c i t y  o f  seven t o  e i g h t .  A complete s e t  o f  specimens was inc luded f o r  
each d ischarge o f  t h e  t e s t .  Extensive microhardness t e s t i n g  i s  planned f o r  

comparison w i t h  a v a i l a b l e  mechanical p r o p e r t i e s  data and the  r e s u l t s  o f  
m i c r o s t r u c t u r a l  examinations. L im i ted  h o t  hardness and inst rumented micro-  

hardness t e s t i n g  i s  a l s o  planned. 

specimens prepared by M I T  ( l )  and inc luded a t  t he  request  o f  0. Ha r l i ng .  
These specimens are in tended t o  t e s t  t h e  f e a s i b i l i t y  o f  s i m u l a t i n g  f u s i o n  

r e a c t o r  hel ium e f f e c t s  du r i ng  f i s s i o n  r e a c t o r  i r r a d i a t i o n s  by us ing  a 
technique o f  boron doping fo l l owed  by r a p i d  s o l i d i f i c a t i o n  t o  produce a 

un i fo rm d i s t r i b u t i o n  o f  bo r i de  p r e c i p i t a t e s .  

p r e c i p i t a t e s  generate a un i f o rm produc t ion  o f  he l ium by the  l 0 B ( n , a )  reac t i on .  

The f i r s t  two a l l o y s  i n  Table 1 a re  boron doped A I S I  316 

Dur ing i r r a d i a t i o n  these 

Two heats o f  A I S I  316 were inc luded i n  both p a r t s  o f  t he  t e s t .  
The N - l o t  heat  (87210) was i nc luded  as  a c o n t r o l  because o f  t he  ex tens ive  

data base a l ready a v a i l a b l e  on t h i s  m a t e r i a l .  The MFE heat  (X-15893) was 

i nc luded  s ince  i t  i s  t he  reference heat  o f  316 f o r  t h e  f u s i o n  program. 

S tee ls  A508 (Class 3)  and A533-B (Class 1 )  are low a l l o y  s t e e l s  
commonly used as LWR pressure vessel ma te r i a l s .  
s t e e l  and A533-B i s  a p l a t e  s t e e l .  The LWR program has generated ex tens ive  
data on t he  i r r a d i a t i o n  o f  these ma te r i a l s  a t  temperatures up t o  about 400°C 

and t o  f luenceson the o r d e r  o f  l o z o  n/cm2 (E >1.0 MeV). 

A508 i s  a Be lg ian  f o r g i n g  
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TABLE 1 

OAFS MATRIX IN PART 1 O F  THE AD-2 TEST (390, 500, 550°C) 

Alloy Thermomechanical Treatment 

AISI 316 + 1000 appm l o B  + Zr 
AISI 316 + 5000 appm B + Zr 

AISI 316 (MFE hea t )  
A508 

AISI 316 (N- lot)  

A533-B 
82 
63 
B4 

850°C/1 hr/WQ 
980°C/0.5 hr/AC 
1O5O0C/2 m i n / A C  + 20% CW 
1O5O0C/2 m i n / A C  + 20% CW 
As received 
As received* 
1025"C/5 m i n / A C  + 8OO0C/8 h r / A C  
1025"C/5 m i n / A C  + 750°C/8 h r /AC 
1025"C/5 m i n / A C  + 850°C/3 hr/AC + 720°C/ 
8 h r / F C  t o  620°C/18 hr total/AC 

* See Reference 7 .  

TABLE 2 

OAFS MATRIX IN PART 2 OF THE AD-2 TEST (390, 450, 500°C) 

Alloy Thermomechanical Treatment 

HT-9 
HT-9 
9Cr-1Mo 
2 1/4Cr-lMo 

10Cr-2Mo-V-Nb 

AISI 316 (MFE hea t )  

D57-B 

AISI 316 (N- lo t )  

1038"C/5 m i n / A C  + 76OoC/0.5 h r /AC 
1038"C/0.5 h r / A C  + 76OoC/2.5 h r / A C  
1038"C/1 h r / A C  + 760°C/1 hr /AC 
90OoC/0.5 hr/AC + 7OO0C/1 hr/AC 
1025"C/5 m i n / A C  + 25% CW 
105OoC/0.5 hr/AC + 8OO0C/1 hr/AC 
1O5O0C/2 m i n / A C  + 20% CW 
1O5O0C/2 m i n / A C  + 20% CW 
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A l l o y s  82, 83 and B4 a r e  developmental  p r e c i p i t a t i o n  s t r e n g t h -  

ened i ron- n icke l- ch romium a l l o y s .  
d u r i n g  i r r a d i a t i o n  i n  a low h e l i u m  environment.  

t i o n  w i l l  be compared w i t h  t h e  i r r a d i a t i o n  o f  s i m i l a r  specimens i n  t h e  HFIR 
(2,3) and ORR r e a c t o r s .  

They were i n c l u d e d  t o  s tudy  phase s t a b i l i t y  

The r e s u l t s  o f  t h i s  i r r a d i a -  

The f i r s t  f o u r  a l l o y  c o n d i t i o n s  i n  Table  2 a r e  t h e  same as 

those  b e i n g  t e s t e d  i n  t h e  A l l o y  Development f o r  I r r a d i a t i o n  Performance 

(ADIP) p o r t i o n  o f  t h i s  exper iment ,  wh ich i n c l u d e s  t e n s i l e ,  c rack  growth,  
charpy,  f a t i g u e ,  f r a c t u r e  toughness and TEM specimens. ( 4 y 5 )  The mechanical  

p r o p e r t i e s  da ta  generated by t h e  A D I P  program w i l l  p r o v i d e  a b a s e l i n e  f o r  

t h e  e v a l u a t i o n  o f  t h e  microhardness measurements on t h e  TEM specimens. 

These a l l o y s  t o g e t h e r  w i t h  D57-B and 10Cr-2Mo-V-Nb r e p r e s e n t  
f o u r  g e n e r i c  c lasses  o f  f e r r i t i c  a l l o y s .  A l l o y s  HT-9 and 9Cr-1Mo a r e  mar- 
t e n s i t i c  a l l o y s .  HT-9 i s  a commercial 12% Cr-Mo-V-W a l l o y .  The 9Cr-1Mo 

a l l o y  i s  a developmental  m o d i f i c a t i o n  o f  t h e  commercial 9Cr-1Mo a l l o y .  
Both  a l l o y s  ?.re b e i n g  t e s t e d  i n  t h e  quenched and tempered c o n d i t i o n  which 

produces a m i c r o s t r u c t u r e  c o n s i s t i n g  o f  tempered m a r t e n s i t e .  
1Mo i s  a commercial b a i n i t i c  a l l o y .  I t  i s  b e i n g  t e s t e d  i n  t h e  n o r m a l i z e d  

and tempered c o n d i t i o n .  

comb ina t ion  o f  tempered b a i n i t e  and f e r r i t e .  A l l o y  D57-B i s  a developmental  

d e l t a - f e r r i t i c  a l l o y .  The 10Cr-2Mo-V-Nb a l l o y  i s  a commercial dup lex  mar- 

t e n s i t i d d e l t a - f e r r i t i c  a l l o y ,  c o n t a i n i n g  on t h e  o r d e r  o f  30% d e l t a - f e r r i t e .  

A l l o y  2 1/4Cr- 

I n  t h i s  c o n d i t i o n  i t s  m i c r o s t r u c t u r e  c o n s i s t s  o f  a 

( 6 )  
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V I I .  FUTURE WORK 

The AO-2 experiment w i l l  begin i r r a d i a t i o n  i n  August 1980. The t e s t  
i s  scheduled t o  be discharged f o r  i n t e r i m  examinat ion a t  3.5 x l o z 2  n/cm2 

( E  >0.1 MeV) i n  June 1981. 
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I. PROGRAM 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  

P r i n i c p a l  I n v e s t i g a t o r :  D. G. Ooran 

A f f i l i a t i o n :  Han fo rd  E n g i n e e r i n g  Development L a b o r a t o r y  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  s t u d y  t h e  s t a b i l i t y  and h e l i u m  t r a p p i n g  

c h a r a c t e r i s t i c s  o f  d i f f e r e n t  p r e c i p i t a t e  phases i n  p r e c i p i t a t i o n  s t reng thened  

i r o n - n i c k e l  -chromi um a l l o y s .  

i I I .  RELEVANT DAFS PROGRAM TASK/SUBTASK ._ 

TASK I I . C . l . l  E f f e c t s  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e s  

TASK I I .C .2 .2  E f f e c t s  o f  He l ium on M i c r o s t r u c t u r e s  

I V .  SUMMARY 

Specimens p r o v i d e d  by t h e  OAFS program have been i n c l u d e d  i n  t h e  H igh  
F l u x  i s o t o p e  Reac to r  (HFIR) i r r a d i a t i o n s  d e s i g n a t e d  HFIR-CTR-30, 31, and 32. 

The specimens a r e  t r a n s m i s s i o n  e l e c t r o n  m ic roscopy  (TEN) d i s k s  o f  t h e  A l l o y  

Development f o r  I r r a d i a t i o n  Performance (AOIP) p a t h  B a l l o y s  B1, B2, 83, 

and E4. 

V .  ACCOMPLISHMENTS AND STATUS 

A. HFIR I r r a d i a t i o n  o f  R e p r e s e n t a t i v e  Pa th  B A l l o y s  - D. T. Pe te rson  

and R. W. Powel l  (HEOL) 

1. I n t r o d u c t i o n  

Three i r r a d i a t i o n  assembl ies ,  d e s i g n a t e d  HFIR-CTR-30, 31, and 32 

a r e  scheduled t o  b e g i n  i r r a d i a t i o n  i n  HFIR i n  July 1980. 

w i l l  b e  i r r a d i a t e d  t o  goa l  f l u e n c e s  of 10, 20 and 40 dpa, r e s p e c t i v e l y .  

Each assembly i n c l u d e s  specimens a t  i r r a d i a t i o n  tempera tu res  o f  300, 400, 

500 and 600°C. 

These assembl ies  

2. Specimen M a t r i x  

The DAFS specimens i n c l u d e d  i n  these  t e s t s  a r e  summarized i n  T a b l e  1. 

The specimens a r e  TEM d i s k s  loaded  w i t h  a m u l t i p l i c i t y  o f  f o u r .  The p a t h  B 
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TABLE 1 

DAFS Specimens f o r  H F I R  I r r a d i a t i o n  

Alloy Heat Treatment 

81 
82 

83 

84 

1025"C/5 min/AC + 75O0C/8 hr/AC 

1025"C/5 min/AC + 8OO0C/8 hr/AC 

1025"C/5 min/AC + 750°C/8 hr/AC 

1025"C/5 min/AC + 85OoC/3 hr/AC + 
72OoC/8 hr/FC t o  62O0C/1O a d d i t i o n a l  hrs/AC 

a l l o y s  are developmental p r e c i p i t a t i o n  strengthened i ron-nickel- chromium 

a l l o y s .  

c i p i t a t i o n  strengthened a l l o y s :  
strengthened a l l o y  s i m i l a r  t o  Nimonic PE-16; a l l o y  83 i s  a niobium-modif ied, 

y ' -s t rengthened a l l o y ;  and 84 i s  a y ' / y " -s t rengthened a l l o y  s i m i l a r  t o  

I n c o w l  706. A l l o y  81 i s  a l s o  a molybdenum-modified, y ' -s t rengthened a l l o y .  
The e f f e c t  o f  the y'/y m i s f i t  on y' r e d i s t r i b u t i o n  and hel ium t rapp ing  can 
be s tud ied  by comparing a l l o y s  B1 and 82 s ince  they have d i f f e r e n t  molybdenum 

contents and the re fo re  d i f f e r e n t  y'/y m i s f i t s .  
Inc luded i n  the A D I P  p o r t i o n  o f  these t e s t s  are TEM d isks  o f  a l l  f i v e  

path B a l l o y s  i n  var ious cold-*worked and cold-worked-Flus-aged-condit ions. 

The DAFS program inc luded specimens i n  the solut ion- treated-and-aged (STA) 
c o n d i t i o n  i n  order  t o  b r i n g  o u t  phases n o t  present  i n  t he  cold-worked-and-aged 

cond i t i on  m d  t o  e l i m i n a t e  the e f f e c t s  o f  t he  p re- i r rad ia t i on  d i s l o c a t i o n  s l r u c -  
t u r e .  
the p r e c i p i t a t e  phases and t h e i r  he l ium t rapp ing  c h a r a c t e r i s t i c s .  

The i r r a d i a t i o n  cond i t i ons  a re  summarized i n  Table 2. A l l  r eac to rs .  

t h ree  experiments over lap a t  400 and 500°C and a f luence o f  20 dpa, w h i l e  
the HFIR and ORR i r r a d i a t i o n s  over lap  a t  a l l  f o u r  i r r a d i a t i o n  temperatures 

and two f luence l e v e l s .  Comparisons between these i r r a d i a t i o n s  w i l l  i n d i -  

ca te  the i n f l uence  of He/dpa r a t i o  on m i c r o s t r u c t u r a l  evo lu t i on .  

A l l oys  82, B3 and 84 are rep resen ta t i ve  o f  t h ree  classes o f  pre-  

a l l o y  82 i s  a molybdenum-modified, y'- 

These specimens w i l l  be used t o  s tudy the  i r r a d i a t i o n  s t a b i l i t y  o f  

S i m i l a r  specimens are a l so  being i r r a d i a t e d  i n  t he  ORR and E B R - I 1  
(1  9 2 )  
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TABLE 2 

I r r a d i a t i o n s  I n c l u d i n g  STA Path  8 A l l o y s  

Reactor Experiment Designation Irradiation Temperatures ("C) Fluences (d?a) 

HFIR HFIR-CTR-30, 31, 32 300, 400, 500, 600 10, 20, 40 

ORR MFE-IV 300, 400, 500, 600 9, 20, 30.50 

EBR-I1 AD-2 390, 500, 550 18, 35 

V I .  REFEZEXES 

1 .  D. T. Pete rson  and R. W .  Powe l l ,  "OAFS Specimen M a t r i x  f o r  t h e  

ORR MFE-IV Test ,"  DAFS Q u a r t e r l y  Repor t ,  DOE/ER-0046/1, January  

March, 1980. 

2. D. T. Pe te rson  and G .  R. Odet te ,  "OAFS Specimen M a t r i x  i n  t h e  

AD-2 I r r a d i a t i o n  Exper iment,"  t h i s  r e p o r t .  

V I I .  FUTURE WORK 

The d i s c h a r g e  o f  IFIR-CTR-30, a t  a f l uence  o f  10 dpa, s h o u l d  o c c u r  
e a r l y  i n  1981. 
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