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FOREWORD 

T h i s  r e p o r t  i s  t h e  f i f 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  P rog ress  
Repor ts  on "Damage dnalysis and Fundamental Studies" (DAFS) which i s  one 
element o f  t h e  F u s i o n  Reac to r  M a t e r i a l s  Program, conducted i n  s u p p o r t  o f  t h e  
Magnet ic  Fus ion  Energy Program o f  t h e  U. S. Department o f  Energy. O the r  
e lements o f  t h e  M a t e r i a l s  Program are:  

Alloy Development for  Irradiation Performance (ADIP) 
Plasma-Materials Interaction (HI) . Special Purpose Materials (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  
f rom 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 .  I t  was o r g a n i z e d  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 Analysis and Fundamental Studies 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 r o-  
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  Depar t -  
ment o f  Energy. 

P l a n  o f  t h e  same t i t l e  ( t o  be p u b l i s h e d )  so t h a t  a c t i v i t i e s  and accompl ish-  
ments 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.  Thus, t h e  work 
o f  a g i v e n  l a b o r a t o r y  may appear th roughou t  t h e  r e p o r t .  Chapters 1 and 2 
r e p o r t  t o p i c s  which a re  g e n e r i c  t o  a l l  o f  t h e  DAFS Program: DAFS Task Group 
A c t i v i t i e s  and I r r a d i a t i o n  T e s t  F a c i l i t i e s ,  r e s p e c t i v e l y .  Chapters  3, 4, 
and 5 r e p o r t  t h e  work t h a t  i s  s p e c i f i c  t o  each o f  t h e  subtasks around which 
t h e  program i s  s t r u c t u r e d :  A. Env i ronmenta l  C h a r a c t e r i z a t i o n ,  B. Damage 
Produc t ion ,  and C.  Damage M i c r o s t r u c t u r e  E v o l u t i o n  and Mechanica l  Behav ior .  
The T a b l e  of Contents  i s  anno ta ted  f o r  t h e  conven ience o f  t h e  reader .  

T h i s  r e p o r t  has been compi led and e d i t e d  under t h e  guidance o f  t h e  

T h 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 

Chairman o f  t he  Task Group on Damage Analysis and Fundamental Studies, 
D. G. Doran, 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 ,  and h i s  e f f o r t s ,  
t hose  o f  t h e  s u p p o r t i n g  s t a f f  o f  HEDL and t h e  many persons who made tech-  
n i c a l  c o n t r i b u t i o n s  a re  g r a t e f u l l y  acknowledged. 
and R a d i a t i o n  E f f e c t s  Branch, i s  t h e  Department o f  Energy c o u n t e r p a r t  t o  t h e  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  DAFS Program w i t h i n  DOE. 

T. C. Reuther,  M a t e r i a l s  

K l a u s  M. Zwi l sky ,  C h i e f  
M a t e r i a l s  and R a d i a t i o n  

O f f i c e  o f  F u s i o n  Energy 
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CHAPTER 1 

DAFS TASK GROUP A C T I V I T I E S  
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DAFS TASK GROUP ACTIVITIES 

I .  DAFS Task Group ( D .  G .  Doran, Chairman) 

A .  Workshop 

A Workshop on Techniques f o r  R a d i a t i o n  Damage A n a l y s i s ,  sponsored 

by 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  t h e  O f f i c e  o f  Fus ion  Energy, 

,was h e l d  a t  t h e  Oak Brook H y a t t  House, Oak Brook, I l l i n o i s ,  on March 8-9, 

1979. Speakers and t h e i r  s u b j e c t s  were: 

M .  Hayns ( H a r w e l l )  - C u r r e n t  Unders tand ing o f  t h e  Pr imary  D e f e c t  

M i  c r o  s t r u c  t u  r e  

H .  W ieders i ch  (Argonne) - C u r r e n t  Unders tand ing o f  t h e  Secondary 

Damage M i c r o s t r u c t u r e  

R .  W .  Siege1 (Argonne) - P o s i t r o n  A n n i h i l a t i o n  

D. Joy ( B e l l  Labs) - Energy D i s p e r s i v e  X- ray A n a l y s i s ,  and Energy 

Loss Spect roscopy 

R.  S i n c l a i r  ( S t a n f o r d )  - U l t r a  H i g h  R e s o l u t i o n  TEM and M i c r o d i f f r a c -  

t i o n  

T. P i c r a u x  (Sandia)  - C h a n n e l l i n g  Techniques 

R.  W .  Hendr icks  (Oak Ridge)  - D i f f u s e  S c a t t e r i n g  o f  Neut rons and 

X- rays 

D. N. Seidman ( C o r n e l l )  - F i e l d  I o n  Microscopy 

J .  A. Sprague (Naval  Research Lab) - Data Hand l ing  f o r  Transmiss ion 

E l e c t r o n  Microscopy 
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F. F r a d i n  (Argonne) - H y p e r f i n e  I n t e r a c t i o n s  

M. G .  L a g a l l y  ( U .  Wisc.:l - Sur face Techniques 

Documentat ion o f  t h e  Workshop i s  c u r r e n t l y  i n  p r e p a r a t i o n  by t h e  

Workshop conini i t tee:  P .  k l i l k e s  ( U .  o f  W i s c . ) ,  J .  A. S p i t r n a g e l  (West ing-  

house R & 3 C e n t e r ) ,  and F .  V .  N o l f i  (Argonne Nat.iona1 L a b ) .  

B .  Cha i rmen 's  Mee t ing  

A mee t ing  o f  DAFS Subtask Group Chairinen was h e l d  a t  Oak Brook,  

I l l i n o i s ,  on March 8, 1979. 

1 1 .  Subtask Group A - &y i ror i i i ien ta l  C h a r a c t e r i z a t i o n  ~ ( L .  R .  Greenwood, 

ANL, Chair inan) 

A .  Nuc lea r  Data Needs 

A mee t ing  c h a i r e d  by  F. G .  Perey (Oak R i d g e ) ,  was h e l d  a t  Duke 

U n i v e r s i t y  on March 5-6, 1979, t o  r e v i e w  t h e  O f f i c e  o f  Bas ic  Energy Sciences 

(OBES) Fus ion  Data Measurement Program. C .  Head (DOE), L .  Greenwood ( A r -  

gonne),  and H.  F a r r a r  I V  (Rockwe l l )  p resen ted  t h e  n u c l e a r  d a t a  needs and 

prograins o f  t h e  Magnet ic  Fus ion  Program. I t  appears t h a t  v e r y  l i t t l e  

work i s  now i n  p rog ress  by  OBES o f  immediate i n t e r e s t  t o  t h e  Fus ion  Mate r -  

i a l s  Program. S p e c i f i c a l l y ,  some t o t a l  c r o s s  s e c t i o n s  a r e  b e i n g  measured 

up t o  50 MeV by  D. Larson (Oak Ridge) ,  some H and He p r o d u c t i o n  measure- 

ments a r e  b e i n g  done below 15 MeV, and a few c r o s s  s e c t i o n  c a l c u l a t i o n s  

a r e  p lanned.  However, s e v e r a l  OBES p a r t i c i p a n t s  a t  t h e  mee t ing  were n o t  

aware o f  some o f  o u r  r e q u e s t s .  Hence, an o f f i c i a l  r e q u e s t  by C .  Head i s  

now b e i n g  r e v i s e d  f o r  p r e s e n t a t i o n  a t  a DOE-Nuclear Data Conimittee mee t ing  

i n  A p r i l  1979. 
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B .  RTNS-I1 C h a r a c t e r i z a t i o n  

A fo rma l  d o s i m e t r y  p l a n  f o r  t h e  i n i t i a l  c h a r a c t e r i z a t i o n  o f  RTNS- 

I 1  has now been completed by Rockwel l ,  LLL, and Argonne. I t  i s  expected 

t h a t  t h e  i r r a d i a t i o n  w i l l  t a k e  p l a c e  i n  abou t  4-6 months, depending on t h e  

s t a t u s  o f  t h e  l a r g e  t a r g e t s  a t  RTNS-11. 

111. Subtask Group B - Damage P r o d u c t i o n  (M.  W .  Guinan, Chairman) 

A mee t ing  o f  t h i s  subtask group w i l l  be h e l d  a t  L i v e r m o r e  on June 7-8, 

1979, t o  d i s c u s s  t h e  c u r r e n t  s t a t u s  o f  d i sp lacement  p r o d u c t i o n  c a l c u l a t i o n s  

and t o  recommend d i r e c t i o n s  f o r  f u t u r e  s t u d i e s .  

I V .  Subtask Group C - Damage M i c r o s t r u c t u r e  E v o l u t i o n  and Mechanical  Be- 

h a v i o r  (G. R. Odet te ,  Chairman) 

A.  OAFS Exper iment  i n  t h e  ORR MFE-2 T e s t  - G. R. Ode t te  (UCSS) ,  

R .  W .  Powel l  (HEDL),  and F .  V .  N o l f i  (ANL) 

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

Exper iments a r e  b e i n g  conducted a t  Oak Ridge N a t i o n a l  Labora-  
t o r y  (ORNL) i n  t h e  Oak Ridge Research Reactor  (ORR) t o  assess t h e  e f f e c t s  

of mixed spectrum n e u t r o n  i r r a d i a t i o n s  on the.  p r o p e r t i e s  o f  m e t a l s .  The 

OAFS Task Group i s  p a r t i c i p a t i n g  i n  these  i r r a d i a t i o n s  t o  de te rm ine  t h e  
combined e f f e c t s  o f  h e l i u m  g e n e r a t i o n  and d i sp lacement  damage on mechanisms 

of m i c r o s t r u c t u r e  e v o l u t i o n  and mechanical  b e h a v i o r .  

The b a s i c  approach o f  t h e  exper imen t  was t o  v a r y  t h e  concen- 

t r a t i o n ,  i n i t i a l  d i s t r i b u t i o n  and schedule  o f  i n t r o d u c t i o n  o f  he l ium,  w h i l e  

m a i n t a i n i n g  an a p p r o x i m a t e l y  c o n s t a n t  dpa l e v e l .  

v a r i a t i o n s  i n  n i c k e l  c o n t e n t  ( i . e . ,  " pu re  316 SS" versus E-19), o r  d i f -  

f e r e n t  p r e - i r r a d i a t i o n  l e v e l s  o f  h e l i u m  i m p l a n t a t i o n  using a c y c l o t r o n .  

The i n i t i a l  d i s t r i b u t i o n  o f  h e l i u m  was v a r i e d  by p o s t - i r r a d i a t i o n  h e a t  

T h i s  was accompl ished by  

5 



t r ea tmen ts  and co ld- work ing  (CW) 

I t  i s  now recogn i zed  t h a t  t h e  schedule (e .g . ,  p r e - i m p l a n t a t i o n  

versus s imu l  taneous p r o d u c t i o n )  and c o n d i t i o n s  o f  i n t r o d u c t i o n  o f  he1 ium 

(e .g . ,  h o t  versus c o l d  i m p l a n t a t i o n )  can have a s t r o n g  e f f e c t  o n  m i c r o -  

s t r u c t u r a l  e v o l u t i o n .  Hence, i t  would have been d e s i r a b l e  t o  i n c l u d e  some 

h o t  i m p l a n t a t i o n  specimens i n  t h i s  exper iment ;  however, no f a c i l i t i e s  f o r  

h o t  i m p l a n t a t i o n  e x i s t e d  a t  t h e  t ime  t h e  t e s t  was developed.  

ma jo r  recommendation o f  t h e  sub task  group was t h a t  h o t  i m p l a n t a t i o n  capa- 

b i l i t i e s  be developed a s  p a r t  o f  t h e  DAFS program. Argonne N a t i o n a l  Lab- 

o r a t o r y  (ANL) agreed t o  assume t h i s  r e s p o n s i b i l i t y  i n  c o n j u n c t i o n  w i t h  

t h e i r  c y c l o t r o n  f a c i l i t y .  

e x i s t  by September 1 ,  1979. 

The re fo re ,  a 

I t  i s  a n t i c i p a t e d  t h a t  such c a p a b i l i t i e s  w i l l  

The expe r imen ta l  des ign  was gu ided  by model c a l c u l a t i o n s  and 

a n a l y s i s  o f  e x i s t i n g  da ta .  The expe r imen ta l  m a t r i x  i s  summarized i n  Tables 

l a  and - l b .  

mechanisms govern ing  t h e  i n f l u e n c e  o f  h e l i u m  on 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 c l u d i n g :  r e s o l u t i o n i n g  he l i um f rom bubbles;  h e l i u m  d i f f u s i v i t y ;  v o i d  

n u c l e a t i o n  on bubbles and c r i t i c a l  bubb le  s i z e  f o r  v o i d  f o rma t i on ;  and 

d i s l o c a t i o n - b u b b l e  i n t e r a c t i o n s .  C l e a r l y ,  t o  o p t i m i z e  t h e  i n f o r m a t i o n  de- 

r i v e d  f r om these  exper iments i t  w i l l  be necessary t o  ana lyze  t h e  r e s u l t i n g  

da ta  u s i n g  d e t a i l e d  computer models o f  m i c r o s t r u c t u r a l  development;  such 

models a r e  now under development.  

The o b j e c t i v e  i s  t o  s tudy  some o f  t h e  p o t e n t i a l l y  i m p o r t a n t  

2 .  S t a t u s  

The second o f  a s e r i e s  o f  f u s i o n  m a t e r i a l s  exper iments i n  ORR,  

des igna ted  MFE-2, began i r r a d i a t i o n  i n  September 1978. The DAFS t e s t  ma- 

t r i x  f o r  t h i s  exper iment  was rev iewed by  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  and 

Mechanical  Behav io r  Subtask Group. M a t e r i a l s  i n  t h e  fo rm o f  hea t  t r e a t e d  

TEM d i s k s  were p r o v i d e d  by  ORNL. 

c a r r i e d  o u t  a t  ANL and specimens engraved and encapsu la ted  a t  Hanford  

Eng inee r i ng  Development Labo ra to ry  (HEDL). 

I m p l a n t a t i o n s  and hea t  t r ea tmen ts  were 
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TABLE l a  

B A S I C  HELIUM MATRIX 

He( appm) / 
Heat Treatment 316 Pure* E-19** V-20Ti V-15Cr-5Ti Nb-1 2 r  

SA - SA - SA - SA _ _ _  SA 2OCW - 

0 x x  X X 
10 x x  X X 
1 Oa X X X 
1 Ob X 
1 oc X 
30 x x  X X 
30a x X X 
30b X 
30c X 

= 450, 550 and 650°C 4 TEM d i s k s  each Ti rr 

Exposure = 10 dpa 

* Fe17Cr16.7Ni2.5Mo 

** Fel5Cr2ONi, s u p p l i e d  by  t h e  Breeder  Reactor  Program 

TABLE l b  

HEAT TREATMENT MATRIX 

He 316 SA E-19 V-20Ti 

T .  =450 550 650 irr - - - 450 550 650 - - -  450 550 650 - - -  

10a 600 700 700 700 700 700 800 800 800 

10b 700 750 800 
IOC aoo 800 goo 

30a 600 700 700 700 700 700 800 800 800 

30b 700 750 a00 
30c 800 800 900 
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3 .  Future Work 

The MFE-2 exper iment  i s  expected t o  be d i scharged  froin t he  
r e a c t o r  in December 1979 .  P o s t i r r a d i a t i o n  examination o f  s e l e c t e d  speci- 
mens w i l l  be i n i t i a t e d  s h o r t l y  a f t e r  t h e  t e s t  d isassembly.  Other comple- 
mentary exper iments  i n  ORR and EBR-I1 a r e  c u r r e n t l y  being planned.  

8 



CHAPTER 2 

IRRADIATION TEST FACILITIES 
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STATUS OF IRRADIATION TEST FACILITIES 

I. Rotating Target Neutron Source-I1 (RTNS-11) 

Irradiations were begun this quarter on an interim basis using a re- 
duced beam current and small (23 cm diameter) target. Maximum f l u x  is 
2-3 x 1 0 l 2  n/cm2-s. 
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CHAPTER 3 

SUBTASK A: ENVIRONMENTAL CHARACTERIZATION 
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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  L a b o r a t o r y  

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  d o s i m e t r y  f o r  mixed- spectrum 

r e a c t o r s  and t o  p r o v i d e  d o s i m e t r y  and damage a n a l y s i s  f o r  MFE e x p e r i -  

menters.  

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK 11. A.  1.1 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 .  

I V .  SUMMARY 

A low-power s p e c t r a l  measurement was conducted i n  t h e  Oak Ridge 

Research Reactor  i n  (ORR) d u r i n g  January.  
MFE-1 were a l s o  disassembled a t  t h i s  t ime .  Ana lys is  i s  c u r r e n t l y  i n  

p rog ress  f o r  b o t h  i r r a d i a t i o n s .  

Dos imet ry  capsu les  f r o m  ORR- 

V .  ACCOMPLISHMENTS AND STATUS 

A. - Exper iments  a t  t h e  Oak Ridge Research Reac to r  - - L. R. Green- 

wood and R. R. H e i n r i c h  (ANL) 

A f t e r  c o n s i d e r a b l e  de lays ,  t h e  l o w  power ( 1  Mbl) s p e c t r a l  

measurement was conducted i n  ORR on January 12-14, 1979. The d o s i m e t r y  

capsu le  was i r r a d i a t e d  i n  p o s i t i o n  E7, t h e  same as ORR-WE-2 which was 
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removed from the r eac to r  due t o  a helium leak .  A dummy graphi te  cy l inder  
was placed i n  posi t ion OC2 t o  simulate a g raphi te  experiment d u r i n g  most 
of the l i f e t ime  of the M F E - 2  experiment. 

The dosimetry capsules f o r  t he  low power run and f o r  MFE- 1 were 

disassembled a t  ORNL during the  week o f  January 15. 
were returned t o  Argonne and helium samples t o  H. Farrar  (Rockwell In t e r-  
n a t i o n a l ) .  Most of t he  dosimetry samples have now been gamma counted for  
both runs and the  data i s  now being analyzed p r io r  t o  a f lux- spec t ra l  
unfolding. 

Dosimetry samples 

VI REFERENCES 

None 

VII. FUTURE MORK 

A complete f lux- spectral  u n f c  l i n g  and f luence mapping 5 i u l d  be 
completed f o r  both experiments ( spec t ra l  and MFE- 1) d u r i n g  the next 
quar te r .  
i n t eg ra t e  a l l  o f  the r e s u l t s  i n  order  t o  improve our f lux- spectral  
ana lys is  and t o  t e s t  helium generation cross  sec t ions .  

The helium analys is  may take much longer; however, we plan t o  

16 



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 r y  

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 ime t r y  f o r  Be(d,n) f a c i l i t i e s  

and t o  p r o v i d e  dos ime t r y  and damage a n a l y s i s  f o r  OFE exper imente rs .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK 11. A.2.1 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 Be(d,n) f i e l d .  

SUBTASK 11. A.3.1 Eva lua te  damage parameter s e n s i t i v i t y  t o  f l u x /  

spec t ra  u n c e r t a i n t i e s .  

I V .  SUMMARY 

F l u x  and s p e c t r a l  mapping has been completed f o r  t h e  i r r a d i a t i o n  

o f  t e n s i l e  specimens by PNL a t  U.C. Dav is  (Be(d,n), Ed = 40 MeV) d u r i n g  
September 1973. The dos imet ry  f o i l s  were c u t  i n t o  12 subsec t ions  t o  

de te rmine  f l u x - s p e c t r a l  con tours  on t h e  s m a l l e s t  s c a l e  y e t  a t tempted.  

Rad ia l  f l u x  and damage energy maps i n d i c a t e  s t eep  g r a d i e n t s  near  t h e  

source. 

V.  ACCOMPLISHMENTS AND STATUS 

A. F l ux- Spec t ra l  Mapping a t  U.C. Dav is  - - L. R. Greenwood and 

R .  R .  H e i n r i c h  (ANL) 
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Dosimet ry  and damage a n a l y s i s  has been completed f o r  PNL a t  U . C .  

Dav is  (Be(d,n) ,  Ed = 40 MeV). 
l o c a t i o n s ,  about  6 and 26 mm f rom t h e  c e n t e r  o f  t h e  n e u t r o n  source 

volume. The d o s i m e t r y  f o i l s  i n c l u d e d  Go, bib, Fe, Z r ,  Au, A l ,  and lii; t h e  

l a s t  two were gamma counted a t  LLL.  I d e n t i c a l  n i c k e l  f o i l s  were p laced  

a t  t h e  f r o n t  and r e a r  o f  each dos imete r  packe t  t o  measure qeometr ic ,  

s c a t t e r i n g ,  and a b s o r p t i o n  e f f e c t s ;  t hese  e f f e c t s  were t y p i c a l l y  l e s s  

than 10". S e l e c t e d  n i c k e l  t e n s i l e  w i r e s  were a l s o  counted t o  check t h e  

f o i l  - t o 4  r e  c o r r e c t i o n .  

T e n s i l e  specimens were i r r a d i a t e d  a t  two 

A l l  o f  t h e  d o s i m e t r y  f o i l s  were c u t  i n t o  12 subsec t ions ,  each 

measuring about  2 mm square.  A comple te  s p e c t r a l  u n f o l d i n g  was then  
per formed a t  each p o s i t i o n  t o  genera te  t h e  most d e t a i l e d  s p e c t r a l  r a p  
ever  a t tempted  a t  a Be(d,n)  source.  The t o t a l  f luence  c o n t o u r s  a r e  

shown i n  F i g u r e  1 .  

i n d i c a t e s  t h a t  t h e  f l u x  f i e l d  d e v i a t e d  s l i g h t l y  f rom c y l i n d r i c a l  

symmetry. The beam s p o t  was p r o b a b l y  e l l i p t i c a l  w i t h  t h e  l o n g  a x i s  i n  

t h e  h o r i z o n t a l  p lane .  

The s c a t t e r  seen i n  c l o s e  peonietry ( 5  mi) 

Complete damage c a l c u l a t i o n s  were t h e n  per formed a t  each o f  t h e  24 

l o c a t i o n s  where s p e c t r a l  a n a l y s i s  was per formed.  F i g u r e  2 shows 

damage energy maps f o r  n i c k e l  a t  t h e  6 and 26 rnm p o s i t i o n s .  ,As can be 

seen, a t  c l o s e  geometry ( 6  mm) t h e  damage energy g r a d i e n t s  a r e  q u i t e  

s teep.  I n  f a c t ,  t h e  damage g r a d i e n t s  a r e  s teeper  t h a n  t h e  f l u x  g r a d i e n t s  

s i n c e  t h e  spectruiii changes marked ly  w i t h  r a d i a l  d i sp lacement  f rom t h e  beam 

a x i s .  T h i s  i s  i n  c o n t r a s t  t o  c a l c u l a t i o n s  done f o r  FMIT wh ich  show t h e  

damage g r a d i e n t s  t o  be n o t  so s teep  near  t h e  source.  The d i f f e r e n c e  

can be e a s i l y  e x p l a i n e d  by t h e  d i f f e r e n c e  i n  t h e  beam p r o f i l e s .  Idhereas 

t h e  FMIT beam p r o f i l e  i s  r o u g h l y  a square 1 cm by 4 - 10 cm, a t  U . C .  

Dav is  t h e  bean? s p o t  i s  o n l y  3 - 5 nirn i n  d-iam.?tcrl  Iience, s p e c t r a l  

e f f e c t s  a r e  g r e a t l y  su rp resscd  a t  F l I T  r e l a t i v e  t o  U . C .  n a v i s .  S ince  

t h e  PNL t e n s i l e  w i r e s  were about  1 cm i n  l e n g t h ,  each w i r e  saw an 
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F i g u r e  1. F luence g r a d i e n t s  as determined f r o m  u n f o l d e d  s p e c t r a  a t  6 mm 

( t o p )  and 26 mm (bo t tom)  f rom t h e  c e n t e r  o f  t h e  n e u t r o n  
source.  The s c a t t e r  i n d i c a t e s  some assymetry  i n  t h e  beam. 
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average damage r a t e  which can be computed from the  damage map and 
var ia t ions  between wires a r e  much smaller  than the  gradient  maps would 
suggest .  

VI .  REFERENCES 

None 

VII. FUTURE WORK 

The Ed = 30 MeV charac ter iza t ion  work a t  U . C .  Davis w i t h  RI and 
L L L  i s  nearly ready f o r  spectral  unfolding. Flux/spectral mapping will 
then be completed. 

VIII.PUBLICATIONS 

Previous r e s u l t s  w i t h  PNL were presented a t  t he  F i r s t  Topical 
Meeting on Fusion Reactor Materials ,  January 29-31, 1979, in Miami 
Beach, Florida.  

a s  a n  ANL report :  
H i g h  energy neutron ac t iva t ion  cross  sect ions have been published 

L. R .  Greenwood, Extrapolated Neutron Activation 
Cross Sections f o r  Dosimetry t o  44 MeV, 
ANL/FPP/TM-115 (1978) 
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F ~. ROGRGM ~. . 

T i  t 1 e : 

P r i n c i p a l  I n v e s t i g a t o r s :  D. W. Kneff, Yari-y F a r r a r  IV 
A f f i l i a t i o n :  Rockwel l  I n t e r n g t i o n a l  , Energy Systems Group 

He 1 i uim Ge tie r a  t i  on i n Fu i i on !!ci trct,or Mat:e r - i  a 1 c, 

OBJECTIVE 

The o b j e c t i v e s  o f  th.i!; work a r e  t o  ii:eilSut'e he1 ium 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  Reac to r  a p p l i c a t i o n s  i n  t h e  R e ( d , n )  and 

T (d ,n )  n e u t r o n  environment:,, t o  c h a r a c t e r i r e  t h e  Be(d,n)  neu t ron  f l u e n c e  

and n e u t r o n  energy d i s t r i b u t i o n s  a s  a f u n c t i o n  o f  p o s i t i o n  r e l a t i v e  t o  

t h e  n e u t r o n  source,  p a r t i c u l a r l y  i n  t he  h i i l h - f l u x  r e g i o n ,  and t-i d e v e l o p  

h e l i u m  accumu la t i on  .Fl!ietice ilioni tors f o r  nt3utron f l u e n c e  and ene rgy  spec- 
t r u m  d o s i m e t r y  f o r  t h e  v a r i o u s  fusion-.pimx]rain t ic-utron t e s t  envi ronl i :enfs.  

I 1  I .  RELEVANT __ ~__~.. . .~ .  DAFS ~ 

PROGRAM ~. . . PLAN TASK/SLJf,TA5,K __ .. . .~~ ~ 

22 



v .  - ACCOMPLISHMENTS A N D  S T Z  

Helium Analyses of Be(d,n)- and T(d ,n) - I r rad ia ted  Pure Elements -- 
D. W .  Kneff, Harry Farrar IV, and  M. M .  Nakata (Rockwell In te rna t iona l ,  
Energy Systems Group) 

Helium analyses are continuing of the mater ia ls  i r r ad i a t ed  in two 
j o i n t  Rockwell Internat ional  -Argonne National Laboratory ( A N L )  - Lawrence 
Livermore Laboratory ( L L L )  Be(d,n) and T ( d , n )  i r r ad i a t i on  experiments. 
The object ives  of these experiments were t o  measure the spectrum- 
integrated helium generation cross sect ions  of a large number of pure 
elements and  o ther  mater ia ls  of potent ia l  fusion reactor  design i n t e r e s t ,  
charac te r ize  these neutron environments, and develop the use of helium 
accumulation mater ia ls  as  neutron dosimeters. 
was conducted with 30-MeV deuterons using the isochronous cyclotron a t  the 
University of Ca l i forn ia ,  Davis. 
with the Rotating Target Neutron Source-I (RTNS-I) a t  L L L .  
analyses f o r  these experiments have been reported in  e a r l i e r  Quar te r ly  
Progress Reports. (2,3) 

The Be(d,n) i r r a d i a t i o n  (1) 

T h e  T ( d , n )  i r rad ia t ion ' ' )  was conducted 
Previous 

The emphasis during the present reporting period was on obtaining 
es t imates  f o r  the r e l a t i v e  helium generation r a t e s  i n  pure elements impor- 
t a n t  to  the des ign  o f  the Fusion Materials  I r r ad i a t i on  Test Fac i l i t y  
(FMIT). 
T i ,  V, Cr, Nb, and Mo i r r ad i a t ed  i n  the Be(d,n) and T ( d , n )  neutron f i e l d s  
a re  presented in Table 1. 
the specimens ( w i t h  the  exception o f  carbon) t o  remove the e f f e c t s  of  
helium recoi l  i n t o  o r  o u t  o f  their surface layers ,  weighing them against  
standards t raceab le  t o  the National Bureau of  Standards, and  analyzing 
them f o r  helium by h igh- sens i t iv i ty  gas mass spectrometry. 
e tching was based on ca lcu la t ions  of helium recoi l  ranges, and on e s t i -  

mated neutron spectrum shapes. The var ia t ion  in the helium concentration 

The helium analysis  r e s u l t s  f o r  26 pure element specimens of C ,  

These r e s u l t s  were obtained by f i r s t  etching 

The amount of 
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T A B L E  1 

YEkjURCrJ H E L I U M  CONCENTROTIONS IN Be(d,n)- AND 
T ( d  ,ri)- I R R A D I A T E D  PURE ELEMENTS 

Mea s ured 
Number o f  C o n c e n t r a t i o n  

He1 i UI;, Mass 
(my) 

4He Atoms ( a p p b ) *  
Spectrum E l  eioent Specimen 

Be(d,n) c G C -  7 
( d i  ainond) GC- 8 

T i  GTI-3A 
GTI-3B 
GTI-3C 

V GV-ZA 
GV-2B 

Cr N R - 2  
N R - 6  

Nb GWR-2A 

xo GMO- 3A 
GMO- 38 

1.502 1.20 x 10;; 1.301 4.04 x 10 
10 0.623 4.611 x l o l 1  1 .621  1.180 x lo l0  1.058 7.696 x 10 

10 5.233 8.02 x lolo 
3,938 6. 96 x 10 

10 2.023 7.19 x 10;; 
2.860 2.42 x 10 

3.106 5.28 x IO1' 
10 1.592 1 . 4 1  x IO9 

1.351 9.49 x 10 

159 
6 1 . 6  

5.e9 
5.79 
5.7% 

1 . 2 0  
1.50 

3.0: 
7 . 3 ;  

1.54 

1.41 
1.12 

1.907 1.22 x 10;; 
2.022 6 . 7 8  x 10 

11 5.872 1.62 x IOl0 
2.355 5.95 x 10 

11 
i.682 1.06 x 10.. 
3.787 2 . 5 5  x lo1* 

128 
6 6 . p  

2.33 
2.14 

5 . 2 2  
5.:6 
3.7;: 11 5.232 2.29 x 10 
6.14 11 4. 721 2.26 x l u l l  

2 . 1 2 5  :.:>!~> ;<, 10" " . % S  
l! 4353 1 . $ ?  I 10 

. .. 

10 4.228 1. cc 3. 
2 . 3 2 7  1.73 x 10 

* t i e l iw i i  conce: i t i .d t ion i .  i n  a t o m i c  [par ts  per b i !  1 is30 . :T .o-~  dtoi i i  f r a c t i r ; n  . 
The ' v a r i a t i o n  i n  t h e  r e s u l  1:s .for each rlemeii:: r e f l e c t s  t h e  mL!!:rGn 
flurnce v a r i a t . i o n  w i t h  n e u t r o n  sor l rce  ang le  an:J d i s t a n c e .  
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r e s u l t s  f o r  each element i s  due p r i m a r i l y  t o  the  l a r g e  neu t ron  f l u e n c e  

g r a d i e n t s  ove r  t h e  sample volumes o f  t h e  two i r r a d i a t i o n  assembl ies.  

A l though  c ross  s e c t i o n s  w i l l  n o t  be d e r i v e d  f rom these f i n a l  h e l i u m  

g e n e r a t i o n  r e s u l t s  u n t i l  t h e  neu t ron  dos ime t r y  mapping f o r  these e x p e r i -  

ments i s  complete ( a  j o i n t  e f f o r t  w i t h  ANL and LLL), t h e  r e s u l t s  were 

n e v e r t h e l e s s  used t o  e s t i m a t e  t h e  r e l a t i v e  h e l i u m  g e n e r a t i o n  r a t e s  f o r  

these  m a t e r i a l s .  The o b j e c t i v e  i s  t o  p r o v i d e  t i m e l y  i n p u t  on he l i um  

g e n e r a t i o n  f o r  t h e  f i n a l  des ign  o f  FMIT. 
r a t e s  a r e  g i v e n  i n  Tab le  2, where they  a r e  norma l i zed  t o  t h e  he l i um  

g e n e r a t i o n  f o r  copper.  

t hey  have been c o r r e c t e d  app rox ima te l y  f o r  t h e  s teep f l u e n c e  g r a d i e n t .  

t h e  Be(d,n) neu t ron  f l u x  g r a d i e n t  as a f u n c t i o n  o f  source ang le ,  and on 

an e s t i m a t e  o f  t h e  f l u e n c e  change w i t h  d i s t a n c e  f rom the  Be(d,n) source 

u s i n g  ANL's r a d i o m e t r i c  c o u n t i n g  r e s u l t s  f o r  t h e  54Fe(n,p) 

g3Nb(n,2n)92mNb dos ime t r y   reaction^.'^) The Be(d,n) r e s u l t s  r e p o r t e d  

e a r l i e r ( 3 )  f o r  A l ,  Fe, and N i  a re  a l s o  i n c l u d e d  here,  where t hey  have 

been reno rma l i zed  t o  copper and i n c l u d e  some a d d i t i o n a l  geometr ic  c o r r e c -  

t i o n s .  
w i t h  copper damage c a l c u l a t i o n s  p r e v i o u s l y  made f o r  FMIT. (6) 

The r e l a t i v e  he l ium g e n e r a t i o n  

The Be(d,n) r e s u l t s  a r e  g i v e n  i n  Column 2, where 

The c o r r e c t i o n s  were based on the  measurement by Meulders,  3 a. (4) o f  

54 Mn and 

The copper n o r m a l i z a t i o n  was chosen t o  p e r m i t  d i r e c t  c o r r e l a t i o n  

Column 3 o f  Tab le  2 g i v e s  t h e  T(d,n) c ross  s e c t i o n  r a t i o s  determined 

f r o m  a p r e v i o u s  RTNS- I  i r r a d i a t i o n  e ~ p e r i m e n t , ' ~ )  and i n c l u d e s  an e s t i -  

mate f o r  chromium based on the  p r e s e n t  r e s u l t s .  

h e l i u m  g e n e r a t i o n  r a t e  was norma l i zed  t o  t h e  he l i um  g e n e r a t i o n  r a t e s  

r e p o r t e d  p r e v i o u s l y ( ' )  f o r  t h e  pure  element he l i um  accumu la t ion  dos ime t r y  

w i r e s  i n c l u d e d  i n  t h i s  exper iment ,  and i n c l u d e s  es t ima ted  f l u e n c e  g r a d i e n t  

c o r r e c t i o n s .  T h i s  n o r m a l i z a t i o n  g i v e s  an es t ima ted  T(d,n) t o t a l  h e l i u m  

g e n e r a t i o n  c ross  s e c t i o n  f o r  chromium o f - 3 6  mb. 

The measured chromium 

Column 4 o f  Tab le  2 sumnarizes t h e  c ross  s e c t i o n  r a t i o s  measured by 

t h i s  l a b o r a t o r y  some years  ago f o r  an E B R - I 1  co re  neu t ron  spectrum, ( 8 )  f o r  
comparison w i t h  t h e  p r e s e n t  r e s u l t s .  
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TAB!.E 2 

AP?ROXIIWTE FELATIVE HELJUM-GENLKATION RATES OF P U R E  C L E P i l l T S  

Hel ium Genera t ion  Fa te  R e l a t i v e  t o  Copper __ 
Element Be ( d  ,n) T(d,n) t B P -  I 1  

Geoirie t r y -  RTNS- I Core 
Cor r e  c t e  cl ( I n c l .  R e f .  7)  (Peference 8) 

cu  

C 

A1 

T i  

V 

C r  
Fe 

N i  
Nb 

M o  

1 

13 
2.9 

0 . 8  

0 .3  
0 . 6  
1 . 0  

2.4 
0.1 
0 . 1  

1 

1 7 . 6  
2.80 

0.75 

0 .35  

0 .7  
0.94 

1.92 

0 .33  

0.29 

1 

1.87 
0.73 

5 0 . 9 7  

- 0.40 
0.99 

13 .2  
0.35 
0.29 

It must be emphasized t h a t  the  Be(d,n)  r e s u l t s  and t h e  chromiunl 

T(d ,n)  r e s u l t s  a r e  p resen ted  o n l y  a s  i n i t i a l  est . i inates,  i n t e n d e d  f o r  FMIT 

d e s i g n  gu idance.  The r e s u l t s  a r e  based on v e r y  few hel iunr ana lyses f o r  

C ,  T i ,  V ,  C r ,  Nb, and Mo, and t r e a t  s e v e r a l  i i n p o r t a n t  f a c t o r s  i n  a v e r y  

approx imate manner. The f a c t o r s  i n c l u d e  e f f e c t s  o f  d i s t a n c e  f rom t h e  

n e u t r o n  source,  capsu le  a x i s  o f f s e t ,  h e l i u m  g e n e r a t i o n  c ross  s e c t i o n  

v a r i a t i o n s  w i t h  n e u t r o n  source ang le ,  f i n i t 1 2  dimensions o f  t h e  n e u t r o n  

source s p o t ,  and sample geometr ies .  These f a c t o r s  a r e  p a r t i c u l a r l y  irnpor- 

t a n t  f o r  t h e  Be(d,n)  i r r a d i a t i o n ,  because o~F t h e  s teep n e u t r o n  f l u e n c e  

and energy spectrum changes w i t h  n e u t r o n  so i i rce  ang le .  The r e s u l t s  w i l l  

be r e e v a l u a t e d ,  arid 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  w i l l  be d e t e r -  

mined, when a d d i t i o n a l  he l i i in i  ana lyses o f  these m a t e r i a l s  a r e  completed,  

and t h e  n e u t r o n  f l u e n c e l e n e r g y  s p e c t r a  a r e  mapped o u t  i n  d e t a i l  f o r  these 

i r r a d i a t i o n s .  
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Other progress on the Be(d,n) experiment d u r i n g  the report  period 
included the mass spectrometric ana lys is  o f  44 addit ional  pure element 
helium accumulation wire segments. These analyses included segments of 
i ron  and nickel wire aligned along radial  lines from the capsule ax is  i n  
t he  plane of the helium generation mater ia l s .  
information on the var ia t ion  i n  the helium generation r a t e  as  a function 
o f  the changing Be(d,n) neutron energy spectrum, associated w i t h  changes 
i n  t he  neutron source angle. 
f o i l  segments from the  Be(d ,n )  i r r a d i a t i o n  experiment was completed 
during th is  r epor t  period. 

The r e s u l t s  will provide 

The weighing o f  the radiometric dosimetry 
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The heliuiri analyses o f  the Be(d ,n) - i r rad ia ted  pure elements wil:  

continue, w i t h  i n i t i a l  emphasis  on expanding t h e  d a t a  base o f  the  e l e v e n t s  

reported dbove. The iiieasureriients wi l l  be extended t o  Zr and Sn, a n t i  t h e  

i l i J l t l  d D 5 i i w t r y  w;'re.; wil l  be analyzed iiiorc' f u l l y  t o  e r m i n e  their- 
sensit.ivit:y i . ; i t h  n e u t r o n  so~ i rce  angle.  The Ge(d,i-:) nei.itrori f l tren 

energy p r o f i l e s  w i l l  be iiidpped as a function o f  pos i t ion  in the i 
l i o n  capsule usinq the ANL a n d  LLL counting r e s u l t s ,  a n d  the nearly.. 
L C i i i / J i E t e  heliurii accuiiiula tion dosiiiietry imedsureii ierits. The r e s u l t s  iwil 1 be 
iused L O  deteririine t h e  he1 iwn-generation c r o v  sect ions for the irrd:ji.:te:i 
pure  elenients. 

i .  il ptipei-  en t . i  t led "He1 iu i l i  Accirniuld 
Fusion Rr . , i i tor  Materials I i . r A d i d t  on.;." by  D. W .  Ynef f  6 

o n  h s i o r i  2 e a c t o r  Materials , i t  Miiiini 
, Januar ,y  3 0 ,  1979 ,  a n d  t h e  final iiiarii! 
publicat ion i n  J .  N u c l .  Mater ials .  

Ha,lrry F a i ~ ~ i r  I V ,  was presented a t  t t ic. F i r s t  Topi i] 

~.~~~ 
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2. A paper e n t i t l e d  "The Production Rate of Helium During I r r ad i -  
a t ion  of Nickel i n  Thermal Spectrum Fission Reactors," by 
F. W. Wiffen, E .  J .  Allen ( O R N L ) ,  Harry Far rar  IV (Rockwell), 
E. E. Bloom, T.  A. Gabriel,  H .  T. Kerr, and  F. G .  Perey ( O R N L ) ,  
was presented a t  the First Topical Meeting on Fusion Reactor 
Mater ia l s ,  Miami Beach, Florida,on January 30, 1979. 

3.  A paper en t i t led  "Experimental and Theoretical Determination of 
Helium Production i n  Copper and Aluminum by 14.8-MeV Neutrons," 
by 0. W .  Kneff, Harry Farrar  IV (Rockwell), F. M. Mann, and 
R. E .  Schenter ( H E D L )  i s  in preparat ion.  
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I. 

11. 

T i t l e :  Nuc lea r  Data f o r  FMIT ( I IHCZ5, 'EDK)  

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

A f f i l i a t i o n :  Hanforcl E n g i n e e r i n g  Developnient L a b o r a t o r y  ( t i E D i ;  

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

needs f o r  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 s  I r r a d i a t i o n  

T e s t  (FMIT) f a c i l i t y .  

111. RELEVANT DAFS PROGRAM __ PLAI i  . TASK/S!JOTASi< - ~~~~~ 

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  ust:, ,w i th  eiiiphasis urJon: 

SUBTASK II.A.2.3 F l u x- s p e c t r a  d e r i n i t i o i - i  i n  FMIi 
SUBTASK I I . B . 1 . 2  A c n u i s i t i o n  o f  r4uclei ir Data 

C a l c u l a t i o n s  o f  d c u t e r o n  and nP!i! i - i i r i  iiTcih::,-d a c t i v c r i o n  ~f i'IPI1~ 

s t r u c t u r a l  i i i a t e r i a l s  have been i n i t i a t c ' d  i i l  ,J:K!G:I. t o  d e t e w i r i e  t h e  b e s t  

des igns  f rorn t h e  s t a n d p o i n t  o f  main tcnance.  



V. ACCOMPLISHMENTS A N D  STATUS 

A .  High Energy Neutron Cross Sections f o r  Transport and Damage 
Calculations -- F. P. Brady, C .  Zane l l i ,  J .  L. Romero, J .  L .  Ullmann, 
P. 0. Urone (U.C. Davis) D .  L .  Johnson ( H E D L )  

Neutron transport ca lcu la t ions  require  extensive nuclear data f o r  
neutrons as a function of energy including d i f f e r e n t i a l  e l a s t i c  s c a t t e r -  
ing cross sec t ions ,  d i f f e r en t i a l  neutron emission spec t ra ,  and nonelas- 
t i c  cross sect ions  for  a l l  important mater ia ls .  Damage ca lcu la t ions  
a l so  require e l a s t i c  s ca t t e r ing  and neutron emission data.  

For FMIT, these data a r e  required f o r  neutron energies u p  t o  about 
50 MeV. For t ranspor t  ca lcu la t ions  in  the FMIT t e s t  ce l l  (ca lcu la t iona l  
dosimetry) and f o r  damage ca lcu la t ions  in s imi la r  spec t ra ,  data wil l  be 
required t o  about 35 MeV f o r  important s t ruc tu ra l  mater ia ls  such as  i ron ,  
nickel ,  and chromium. For t ranspor t  ca lcu la t ions  o f  FMIT shie lding 
t h r o u g h  thick concrete,  the  dose i s  dominated by neutrons near the  high- 
e s t  energies in the spectrum ( u p  t o  %50 MeV). 
shie lding a r e  oxygen, i ron ,  s i l i c o n ,  calcium, and carbon. 

Important elements f o r  

Measurements of the  nonelas t ic  and removal cross- sect ions  were 
made f o r  neutrons of 40.4 and 50.4 MeV incident  on t a rge t s  of carbon, 
oxygen, calcium and iron. 
sum o f  t he  nonelas t ic  plus t h a t  par t  of the  e l a s t i c  s ca t t e r ing  which 
s c a t t e r s  neutrons t o  angles o f  25" or  more i n  t he  laboratory.  These 

The removal cross- sect ion i s  defined as  the 

data were obtained using the technique used by Voss and Wilson ( 1 )  . 

Preliminary r e s u l t s  o f  these measurements a r e  shown in Table I .  
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Tab le  I 

EXPERIMENTAL NONELASTIC AND REMOVAL C R O S S- S E C T I O N S  ( ba rns )  -_ ~ ~~ ____. ~~ . ~~ ~ -. ~~ 

40.4 MeV ~ 50.4 MeV 
T 

rem _ _ _ _  non .~ reni 

Carbon .360f.C50 .56CI .  036 ,352 + ,036 .468-. 029 

Calc ium 1.01 3 ? .  072 1.264:. 055 .867+.  109 1.0771.992 
I r o n  .966~'. 068 1.284? ,053 .915:.051 1.158- .!IC2 

__ non 

Oxygen ,419 k .  042 . 6 3 0 ~ . 0 3 3  , 3 8 2 , 0 4 7  ,514:. 540 

I n  t h e  a n a l y s i s  u s i n g  t h e  method o f  Voss and Wi lson,  an a c c u r a t e  

v a l u e  f o r  the neu t ron  t o t a l  c r o s s - s e c t i o n  a t  t h e  same energy  i s  r e q u i r e d .  

Such  va lues  were n o t  a v a i l a b l e  f o r  c a l c i u m  and !ran, hence nieasurt.::er:ts 
were made a t  35.3,  40.3 a n d  50 .4  MeV. I n  a d d i t i o n ,  one ineasuremnt  c f  

t h e  t o t a l  c r o s s- s e c t i o n  o f  i e i l t r o n s  on carhi in a t  5 0 . 4  MeV was ii;ac!e t o  

coinpare w i t h  p r e v i o u s  ! : ieasurei ients(2).  The r e s u l t s  o f  t hese  measure- 
ments a r e  shown 1.1 Tab le  11. 



losses of the deuteron beam along its path. Activation can occur direct- 
ly from deuteron induced nuclear reactions and also from the secondary 
neutrons that are produced by the deuterons. 

An important goal in the design of the FMIT facility will be to 
achieve "hands on" maintenance as much as possible in order to minimize 
costs. This goal will be challenging. Important ingredients in deter- 
mining the levels of activation that can occur are the cross-sections 
for deuteron and neutron induced activation reactions. At the high 
energies associated with FMIT, these data are often poorly known or 
totally unavailable, especially for deuteron induced activation. 

Initial calculations o f  deuteron induced activation have been made 
for Cu, Au, 56Fe, and AL. 
AI? being least troublesome. 

Results indicate very large activities with 

VI. 

1. 

2. 

V I 1  
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FUTURE WORK 

~ 

Evaluation of high energy neutron total, elastic, and nonelastic 
cross-sections for 0, Fe, Ca, Si, and C will be performed using avail- 
able data for energies above ENOF/B-V data (20 - 50 MeV).  

Evaluation of deuteron and neutron induced activation cross sec- 
tions for FMIT structural materials will be continued. Measurements 
are being considered to fill in gaps and check calculation. 
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I .  PROGRAM 

Title: Nuclear Data for Damage Studies and FMIT (WH025/EDK) 
Principal Investigator: R. E. Schenter 
Affiliation: Hanford Engineering Development Laboratory (HEDL) 

11. OBJECTIVE 

The objective of this work is to supply nuclear data needed for 
damage studies and in the design and operation of the Fusion Material 
Irradiation Testing (FMIT) facility. 

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.A.2.3 Flux Spectra Definition in FMIT 
TASK II.A.4 Gas Generation Rates 
SUBTASK II.A.5.1 Helium Accumulation Monitor Development 
SUBTASK 11.6.1.2 Acquisition o f  Nuclear Data 

IV. SUMMARY 

The computer code HAUSER*5, which predicts nuclear cross sections, 
has been used to calculate helium production for AI? and Cu, achieving 
excel lent agreement with Rockwell International results. 

Results of measurements of the yield o f  neutrons with energies 
greater than 1 MeV produced by 35 MeV deuterons on thick lithium are 
presented. 

A least-squares analysis of the available experimental thick tar- 
get neutron yield from d + Li for Ed > 14.5 MeV yields a non-constant 
deuteron energy dependence. 
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" '  A C C O M P L I i H M E N T S  - AND STATUS ~ 

A. ~_______ Cross S e c t i o n  P r e d i c t i o n  --  F.  M .  Mann (HEDL) and C .  Yalbach 

( T r  i a rig 1 e Un i der s i t i es N uc 1 e a r  Lab0 r a  t o r y  ) 

The h e l i u m  p r o d u c t i o n  f rom n e u t r o n  bmbardo ient  o f  A 1  and C!i i l a s  

been c a l c u l a t e d  f o r  En = 5 t o  40 MeV u s i n g  t h e  c.ross s e c t i o n  p r e d i c t i o n  

code HALISER*S. ( r i , i x ) ,  ( n , n i )  and (n,2n) c e a c t i o n s  were e x p l i c i t l y  - .a] -  

c u l a t e d ,  w h i l e  o t h e r  r e a c t i o n s  such as ( t i , ?n ! ) ,  (n,p ' i )  and (n,2,; w r e  

est,imated f rom e x p l i c i t l y  c a l c u l a t e d  c ross  s e c t i o n s .  The agreement be- 

tween t h e  c a l c u l a t i o n s  and t h e  14.8 MeV d a t a  o f  F a r r a r  and Knef f  i s  

exce l  l e n t .  

( 1 )  . 

Angu la r  d i s t r i b u t i o n s  o f  o u t g o i n g  p a r t i c l e s  a r e  needed f o r  d a v a g e  

energy c a l c u l a t i o n s ,  y e t  t h e r e  e x i s t s  v e r y  l i m i t e d  d a t a .  A s imp le  two 

parameter  f u n c t i o n  o f  t h e  o u t g o i n g  p a r t i c l e  energy has been found f o r  

each c o e f f i c i e n t  bi where hi i s  d e f i n e d  b y  

These c o e f f i c i e n t s  a r e  n e a r l y  independent  o f  t a r g e t  mass, incoming p r o -  

j e c t i l e  energy and type,  dnd o u t g o i n g  p r o j e c t i l e  t y p e .  

6 .  Neut ron Y i e l d  Exper iments ___ -- D. L .  Johnson and F. M. Mann (HEDL '  

J .  W .  Watson, J .  Ullnian, and W .  G .  Wyckoff  ( 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 )  

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

35 MeV deuterons on t h i c k  (2 cm) l i t h i u m  f o r  t h e  FMIT  f a c i l i t y  were de- 

s c r i b 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 y i e l d  o f  neu t rons  h a v i n g  

e n e r g i e s  g r e a t e r  than 1 MeV has been o b t a i n e d  . fo r  each o f  t h e  measure- 

ment ang les  ( ( - 8 )  between 0" and 150" .  The r e s u l t s  d r e  shown i n  F i g u r e  1 .  

A l s o  shown for  each ang le  8 i s  t h e  p r o d u c t  o f  t h e  y i e l d  and 2 ~ -  s i n  . 
The dashed c u r v e  th rough  these  d a t a  i n d i c a t e s  t h e  r e l a t i v e  i r i ipcr tdnce 
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of neutrons emitted a t  any angle e t o  the  t o t a l  y i e ld  of n.eutrons emitted 
with energies g r ea t e r  t h a n  1 MeV. 

The t o t a l  neutron y i e ld  obtained by in tegra t ing  the data in Figure 
) neutrons/w 

Only neutrons emitted forward of e b90" 

11 1 over a l l  angles from 0" t o  180" i s  found t o  be 2.66 (10 

o r  4.26 neutrons/100 deuterons. 
can cont r ibu te  s i g n i f i c a n t l y  t o  t h e  useful f lux in  t he  FMIT test  c e l l .  
About 75% of t he  neutrons above 1 MeV are  emitted in the forward d i rec-  
t i on .  The forward y i e ld  i s  1.99 (10 
deuterons. 

11 ) neutrons/uc or 3.19 neutrons/100 

Additional preliminary measurements aimed s p e c i f i c a l l y  a t  t he  very 
low energy portion (<2  MeV) of the  spectra were performed i n  Dec. 1978. 
Spectra were obtained a t  12', 45", and 70". 
r e s u l t s  t o  previous data a t  45" i s  shown i n  Figure 2. 
78) data we were able  t o  observe neutrons as  low a s  %0.4 MeV, with f a i r l y  
good accuracy down t o  -0.75 MeV. 
only able t o  observe neutrons down t o  bO.9 MeV, with f a i r l y  good accu- 
racy only t o  %1.5 MeV. 
t i e s ,  t o  minimize confusion. Although we see a s l i g h t  r i s e  a s  the en- 
ergy decreases,  we do not see a dramatic r i s e  or f a l l  a t  very low ener- 
g ies  i n  the neutron spec t ra .  

A comparison o f  the new 
In the new (Dec. 

In the previous data (Mar 78) we were 

The March 1978 data i s  shown without uncertain-  

C. Microscopic Neutron Yield Model -- F. M .  Mann and F. Schmittroth 
(HEDL) 

All experimental data f o r  th ick- ta rge t  neutron y i e ld  from deuterons 
on l i th ium ( E d  > 14.5 MeV) have been used t o  i n f e r  t o t a l  neu t ron  y i e ld  
( E n  > 0 MeV) f o r  any angle from 0 t o  90" and any deuteron energy from 
15 t o  40 MeV. T h e  experimental data were corrected f o r  non-zero energy 
neutron detectron thresholds using the previously developed microscopic 
y ie ld  model and the l a t e s t  HEDL-UDC low neutron energy r e s u l t s .  
ana lys i s  which i s  based on generalized l e a s t  squares(2)  techniques shows 
t h a t  t h e  data of Goland, e t  a1 . (3)  are incons i s ten t  w i t h  a l l  other data 

The 
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which a r e  c o n s i s t e n t  w i t h  leach o t h e r  (.<301; d i s c r e p a n t ) .  The deu te ron  

energy dependence i s  n o t  c o n s t a n t  w i t h  energy b u t  v a r i e s  i n  d i f f e r e n t  

ways depending on which o f  t h e  s i x  a n g u l a r  f u n c t i o n s  used i n  t h e  f i t  

i s  examined. T h i s  dependence has i m p o r t a n t  consequences near  t h e  l i t h i u m  

t a r g e t .  
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V I I .  FUTURE WORK - 

The computer code HFIUSER*5 w i l l  be used Co c a l c u l a t e  h e l i u r :  sro- 
d u c t i o n  and r e a c t i o n s  needed f o r  darnacjo c ros s  sec t icmt is  f o r  s e l e c t e d  ma- 

t e r i a l s .  These i i i a t e r i a l s  w i l l  be s e l e c t e d  a f t e r  c o n s u l t a t i o n  w i t h  

H. F a r r a r  o f  Rockwel l  I n t e r n a t i o n a l  and 0. Doran  o f  HEDL. 

F i n a l  measurements o f  t h e  v e r y  l ow  energy p o r t i o n  (.-2 MeV) o f  t h e  

d - L i  n e u t r o n  s p e c t r a  a r e  p lanned f o r  May. Medsurements o f  t h e  y i e l d  
6 .  . f rom 35 MeV deuterons on t h i c k  L i  w i l l  a l s o  be  per formed f o r  compar ison 

t o  t h e  y i e l d  f rom n a t u r a l  l i t h i u m .  

The m i c r o s c o p i c  y i e l d  model w i l l  be updated u s i n g  t h e  deu te ron  

energy dependence found  u s i n g  t h e  l e a s t  squares techn ique  as  w e l l  as t h e  

new HEDL-UCD exper imen ta l  da ta .  

VIII. PUBLICATIONS 

A paper  e n t i t l e d ,  "iqeasurements and C a l c u l a t i o n s  o f  Neut ron Spect ra  

f r o m  35 MeV Deuterons on Th-ick L i t h i u m  f o r  t h e  FMIT F a c i l i t y "  by 
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D .  L .  Johnson, F. M .  Mann, J .  Watson, J .  Ullmann, and W .  G .  Wyckoff 
was presented a t  the F i r s t  Topical Meeting on Fusion Reactor Materials ,  
Miami Beach, Florida (January 1979). 
the Journal of Nuclear Materials ,  (HEUL-FP-1608). 

The paper w i l l  be published i n  

A r epor t  e n t i t l e d ,  "HAUSER*5, A Computer Code t o  Calculate  Nuclear 
Cross Sec t ions ,"  i s  being prepared. 

A paper e n t i t l e d ,  "Experimental and Theoretical Determination of 

Helium Production i n  Comer and Aluminium b.y 14.8 MeV Neutrons," by 
D. W .  Kneff, H .  Far rar ,  F. M. Mann, and R .  E .  Schenter is  being prepared. 
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YIELD OF NELJTRONS GREHTCK TIIAN 1 MEV 
35ME:V DEUTERON5 ON TII1CI.C L I l t I I i J M  

FIGURE 1 .  Y i e l d  of  Neutrons g r e a t e r  than 1 MeV fro111 35 MeV Deuterons 
on T h i c k  L i t h i u n .  
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R a d i a t i o n  damage analysis s t u d i e s  a s s o c i a t e d  w i t h  t h e  use  o f  elf<:- 

t r i c a l  i n s u l a t o r s  i n  f u s i o n  r e a c t o r s .  

111. RELCVANI' DAFS PKOGRQlS PLAN TASK/SUBTASK _.________.___ 

SUBTASK ll.A.2.4 Flux Spectral Definition in FMII 

SUUTASK Il.R.l C a l c u l a t i o n  o f  D i s p  Lacement Cross S e r t i o n s  

I V .  SU?l?WRY 
~~ 

An e f f o r t  i s  h e i n g  made t o  perrorm a s u b s t n n t i a l  p o r t i v n  o f  o u r  

c a l c u l a t i o n s  on tlie computer 31 t h e  N a t i o n a l  Magnet ic  Fusion Enerp,? Cun- 

p u t e r  C e n t e r .  The IIORSE-L v e r s i o n  o f  the MORSE t r n n s p o r t  code w i l l  h e  

u s e d  f o r  L t i i s  work. Several [problems have been s e t  up and meaningful  rut is  

a r e  a n t i c i p a t e d  when t h e  c r o s s  s e c t i o n  f i l i ,  i s  c o n v i ~ r t e d  t o  tile f o r n a l  

r e q u i r e d  f o r  u s e  a t  t h e  E:i'ECC. 

The neutron f l u x  iias been c h a r a c t e r i z e d  f o r  f o u r  d i f f e r e n t  t e s t  

assembly g e o m e t r i e s  when 35 MeV d e u t e r o n s  a r e  i n c i d c i i t  upon A 2 10 / 1 

cm3 l i t h i u m  t a r g e t .  A beam p r o f i l e  h a s  been u s e d  t h a t  i s  l i n e a r  a l o n g  t h e  

10 cm w i d t h  oC t h c  t a r g e t  and which has i i  ;;ciussinn p r o f i l e  a c r o s s  t h e  1 cm 

h e i g h t  of t h e  t a r g e t .  T h e  Weldpa r a t i o  f o r  S i  and Cu a r e  computed f o r  

neutron f l u x e s  from tlie va r ious  g e o m e t r i e s  as w e l l  as f o r  i i  lienchmark 

spect rum.  



Gas generation in eleven materials of interest for use as insula- 

tors in fusion reactors has been calculated for the neutron flux spectrum 

from the lithium source as well as for a Benchmark spectrum. 

V.  ACCOMPLISHMENTS AND STATUS 

Neutron Flux Characterizations and Damage Analysis Studies-- 

A .  N. Goland, H. C. Berry, G. F. Dell and 0. W. Lazareth (BNL). 

Use of the MFE Computer 

An effort has been made to use the computer at the National 

Magnetic Fusion Energy Computer Center f o r  damage analysis calculations. 

The MORSE-L version of MORSE, available at the MFECC, has been used to 

transport neutrons for a problem having the FMIT geometry. 

section file available at the MFECC extends only to 20 MeV. As only the 

absolute binary form of MORSE-L has been available for general use, it 

has not been possible to include a routine for generating source neutrons. 

Instead, an experimental spectrum at 0 = 0' has been used, and a cos9 

distribution has been used to approximate the angular dependence of the 

neutron flux. Thus, due to these limitations, the results obtained so 

far are not really meaningful. 

The cross 

A request has been made to have the source version of MORSE-L be 
made available to outside users. This request is being processed. In 

the meantime, the cross section file containing the high energy cross 

sections of Alsmiller and Barish' is being converted to a file that has 

the format required for use on the MFE computer. Once the source version 

of MORSE-L becomes available and conversion of the cross section file is 

completed, meaningful runs at the MFECC will be possible. 

Flux Characterization 

In order to facilitate comparison of simulation results obtained at 
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HEDL and a t  HNL, t h e  MORSE t i -a n s p o r t  code ,  a s  i t  e x i s t s  a t  BNL, has  been  

used tu r e c h a r a c t e r i z e  t h e  n e u t r o n  f l ~ u x  i n  ;in FMIT f a c i l i t y  when 35 :.ie'< 

d e u t e r o n s ,  i n s t e a d  of  30 MeV d e u t e r o n s ,  are i n c i d e n t  upon a 2 cm t h i c k  

l i t h i u m  t a r g e t .  The f l u x e s  o b t a i n e d  from MORSE have been conver t ed  t o  

c o n v e n t i o n a l  u n i t s  by m u l t i p l ~ y i n g  them by t h e  n e u t r o n  y i e l d  p e r  Coulomb 

of i n c i d e n t  d e u t e r o n s .  A s  i n  t h e  p a s t  t h e  y i ~ e l d  a t  ene rgy  E ( H e V )   as 

o b t a i n e d  by f i t t i n g  t h e  y i e l d s  a t  lower e n e r g i e s '  w i t h  t h e  y i e l d  of  

S a l t m a r s h  e t  a l .  a t  40 M e V . 3  

YIELD = (-2.84 + 0.557E + 0.00831E7) X 10'' neutrons/Coulomb 

Neutrons  a r e  g e n e r a t e d  by a Monte C a r l o  s o u r c e  r o u t i n e  t h a t  i n -  

c l u d e s  b o t h  s t r i p p i n g  and e v a p o r a t i o n  p r o c e s s e s .  T h e  spect rum t h u s  

g e n e r a t e d  i s  a r b i t r a r i l y  t r u n c a t c d  f o r  n e u t r o n s  hav ing  ene rgy  less  t h a n  

0 .9  MeV. T h i s  t r u n c a t i o n  r e s u l t s  i n  a h a r d e r  spec t rum t h a n  t h a t  used a t  

HEDL. 

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

t h i s  r e p o r t .  

(The HEDL spec t rum i s  based on r e c e n t  U.C.-Davis measurements.  ') 

The  r o l e  t h a t  m a t e r i a l  i n  t h e  tes t  assembly h a s  i n  v a r y i n g  t h e  

n i t u r e  o f  t h e  n e u t r o n  f l u x  spect rum h a s  been de te rmined  by c h a r a c t e r i z i n g  

t h e  f l u x  f o r  t h e  i u l l o w i n g  g e o m e t r i e s :  

1) a tes t  assembly c o n s i s t i n g  of a 30 X 20 X 20 cm3 b l o c k  of 

i r o n  hav ing  a d e n s i t y  of  7 . 7  g/cm3, 

2)  a tes t  assembly c o n s i s t i n g  of a 30 X 20 Y 20 c m 3  b l o c k  o f  

i r o n  hav ing  a d e n s i t y  of 1 .925 g/cm3,  

3 )  a t es t  assembly c o n s i s t i n g  of sub- assembl ie s  hav ing  

d e n s i t i e s  of  0 .5 ,  0 . 2 5  and 0 . 1  t i m e s  t h e  d e n s i t y  of i r o n ,  

4) an  empty tes t  assembly (vacuum). 
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Geometry ill is the geometry used for past flux characterizations at 

Geometry 112 has a uniform density of 0.25 times the density of iron, BNL. 

geometry 1/3 is the traditional HEDL geometry5 with iron instead of stain- 

less steel, and geometry 114 gives the "pristine" flux from the lithium 

source. 

The dependence upon depth within the test assembly of the uncollided, 

collided, and total fluxes for geometries 111 to #3 are shown, along with 

the pristine flux, in Figs. 1 to 3 ,  respectively. The relative importance 

of the uncollided and collided fluxeschangesas the average density of the 

test assembly increases. Since the collided flux results from scattering 

(which is frequently downscattering), the average neutron energy decreases 

as the number of scatterings increases. The dependence of the average 

neutron energy upon depth within the test assembly is shown in Fig. 4 for 

the four geometries listed above. For the dense test assembly of geometry 

l/l, the average neutron energy decreases by a factor of three from the 

front to the rear of the test assembly. For the "pristine" spectrum the 

average neutron energy increases from the front to the rear of the test 

assembly. 

BNL and HEDL. ' 
These results are consistent with the previous results of both 

A s  yet the final structure of the test assembly is undetermined. 
The necessity for cooling as well as the desirability for remote manipu- 

l a t i o n  of sample subassemblies will result in an overall density that is 

less than that used in geometry 111. However, efficient use of the FMIT 

facility will probably dictate a high packing efficiency of samples in 

the highest flux volume near the lithium target. 

volume the density could approach that used in geometry #l, and should 

be expected to alter appreciably the nature of the neutron flux spectrum. 

Within this reduced 

The He/dpa ratios for silicon and copper samples exposed to fluxes 

determined for the four geometries mentioned above as well as for a 

Benchmark spectrum have been determined using the damage program DON with 

a displacement energy of 30 eV. The dependence of the He/dpa ratio upon 
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d e p t h  w i t h i n  t h e  tes t  assembly i s  shown i n  ?-if:. 5 f a r  silicon and i n  

F ig .  6 f o r  copper .  For copper  t h e  He/dpa r a t i o s  f o r  geome t r i e s  !I2 t o  ::i 

a r e  w i t h i n  10 t o  15% oi t h e  Ilc:/dpa r a t i o  ob t a ined  f o r  a Benchmark spec-  

trum. For  s i l i c o n  samples  t h e  He/dpa r a t i o  f u r  geome t r i e s  #2 t o  #4 a r t  

over  50% g r e a t e r  t han  t h a t  o b t a i n e d  when using a Benchmark spectrum. l t i i s  

d i f f e r e n c e  r e s u l t s  from t h e  ( r i ,n ' )a  r e a c t i o n  i n  s i l i c o n  b e i n g  impor t an t  

f o r  t h e  FMIT spec t rum b u t  n o t  f o r  t h e  Benchmark spectrum. In e v a l u a t i n g  

MIT and t h e  Benchmark s p e c t r a ;  some r e a c t i o n s  t h a t  are impor t an t  w i t h  

WIT n e u t r o n s  w i l l  n o t  be  i m p o r t a n t  i n  a f u s i o n  r e a c t o r .  

A p p l i c a t i o n  t o  I n s u l a t o r s  

Computation of g a s  p r o d u c t i o n  i n  s e v e r a l  i n s u l a t o r  mnter ia ls  of  
8 i n t e r e s t  f o r  a p p l i c a t i o n  s i n  f u s i o n r e a c t o r s  h a s  been performed f o r  b o t h  

the p r i s t i n e  f l u x  de t e rmined  a t  a p o i n t  0 . 5  cm from t h e  l i t h i u m  t a r g c l  in 

an FMIT f a c i l i t y  and l o r  a Benchmark spec t rum.  The v a l u e  used f o r  t h e  

p r i s t i n e  f l u x  was 2 .51  - 
n / ( c m 2 * s )  

gen and he l ium p r o d u c t i o n  were summed t o  y i e l d  t h e  t o t a l  ga s  p r o d u c t i o n .  

The g a s  p r o d u c t i o n  f o r  these m a t e r i a l s  i s  shown i n  F ig .  7 f o r  t h e  FMLT 

spec t rum and i n  F ig .  8 f o r  t h e  Benchmark spect 'rum. T h e  a p p a r e n t  g r a d u a l  

i n c r e a s e  i n  gas  p r o d u c t i o n  from L i z 0  t o  S i 3 N I ,  i n  F i g s .  7 and 8 may n o t  be 

a s  pronounced as i t  a p p e a r s ;  t h e  ENDF/B c r o s s  s e c t i o n  f i l e s  are incom- 

p l e t e  l o r  some elements.  For l i t h i u m  on ly  t h e  ( n , d )  r e a c t i o n  i s  i n c l u d e d ,  

and f o r  carbon  o n l y  t h e  (n,a) r e a c t i o n  is  i n c l u d e d .  Hence, r i s  prxii~:::i',:. 

f o r  L i z 0  and f o r  g r a p h i t e  are t o  be  c o n s i d e r e d  a s  lower l i m i t s .  

n / (cm2.A.s) ,  and a v a l u e  of 3 . 8 1  

(1 MW/m2 w a l l  l o a d i n g )  was used f o r  t h e  Benchmark I l i i x .  Hydro- 

The r e c o i L  ene rgy  n o t  expended i n  p roduc ing  r e c o i l  atom damage i s  

d i s s i p a t e d  i n  e l e c t r o n i c  p r o c e s s e s .  These p r o c e s s e s  a r e  un impor t an t  i n  

p roduc ing  d i s p l a c e m e n t s  i n  m e t a l s  b u t  a r e  expec t ed  t o  be impor t an t  i n  pro-  

duc ing  d i s p l a c e m e n t s  i n  i n s u l a t o r s .  Due t o  t h e  h i g h e r  e f f i c i e n c y  f o r  

energy  t r a n s f e r  between n e u t r o n s  and l i g h t  a toms and t o  t h e  lower e f f i -  

c i e n c y  f o r  l i g h t  atoms in producing  r e c o i l  atom damage, d i s p l a c e m e n t s  
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resulting from electronic processes should be particularly important for 

insulators composed of light elements. 
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VII. FUTURE WORK 

Future work will include: 1) using the computer at the MFECC t o  

perform more definitive determination of neutron and gamma ray flux 

spectra, and 2)  use of the present flux spectra as well as the more 

definitive flux spectra to evaluate gas generation in insulators and t o  

evaluate displacements arising from recoil atom damage, displacements 

induced by gamma rays, and displacements produced by ionization processes. 
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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  (WHOll/EDA) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Eng inee r i ng  Development Labo ra to 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  p r e d i c t  t h e  s p a t i a l  v a r i a t i o n s  o f  

r a d i a t i o n  damage parameters w i t h i n  t h e  t e s t  volume o f  t h e  Fus ion  M a t e r i a l s  

I r r a d i a t i o n  T e s t  (FMLT) f a c i l i t y ,  and t h e  s e n s i t i v i t y  o f  these parameters 

t o  c ross  s e c t i o n  and spectrum u n c e r t a i n t i e s .  

I I I. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . A . 2 . 4  F l u x  Spectrum D e f i n i t i o n  i n  FMIT 

SUBTASK I I . B . 1 . 5  C a l c u l a t i o n  o f  D isp lacement  Cross Sec t ions  

I V .  SUMMARY 

Concern about  accoun t i ng  a c c u r a t e l y  f o r  t h e  e f f e c t s  o f  t h e  h i g h e s t  

energy neu t rons  i n  FMIT s p e c t r a  produced b y  35 MeV deuterons l e d  t o  t h e  
des ign  requ i rement  of a second o p e r a t i n g  energy near  20 MeV. It i s  recog-  

n i z e d  t h a t  t h e  s o f t e r  neu t ron  s p e c t r a  a r e  purchased a t  a c o s t  o f  a s i g n i f i -  

c a n t  decrease i n  neu t ron  source s t r e n g t h .  C a l c u l a t i o n s  show t h a t ,  f o r  t h e  

same beam c u r r e n t  (0.1 amp) b u t  a t h i n n e r  l i t h i u m  t a r g e t ,  t h e  d isp lacement  

r a t e  i s  decreased by 30 t o  80% th roughou t  t h e  i r r a d i a t i o n  volume o f  i n -  

t e r e s t .  consequent ly ,  t h e  volume i n  which t h e  d isp lacement  r a t e  exceeds 

t h a t  i n  a D-T f u s i o n  r e a c t o r  f i r s t  w a l l  a t  a l o a d i n g  o f  1 MW/mz i s  o n l y  

20 cm3, compared w i t h  140 cm3 a t  a deu te ron  energy o f  35 MeV. The spec- 

t r a l - a v e r a g e d  d isp lacement  and he l i um  c ross  s e c t i o n s  b o t h  decrease such 

t h a t  t h e  he l ium- to- d isp lacement  r a t i o  i s  lowered by abou t  a f a c t o r  o f  two. 
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V .  ACCOMPLISHMENTS AND STATUS 

A. FMIT Damage Parameter S e n s i t i v i t y =  - J .  0. S c h i f f g e n s ,  R .  L. 
Simons, F .  M. Mann, and L. L .  C a r t e r .  

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

A damage parameter s e n s i t i v i t y  s t u d y  f o r  FMIT has been i n  p r o -  

g ress  f o r  t h e  p a s t  y e a r .  ( ’ )  

was t h e  development o f  codes f o r  model ing t h e  n e u t r o n  source and c a l c u l a t i n g  

t h e  f l u x- s p e c t r u m  i n  t h e  t e s t  c e l l  w i t h  and w i t h o u t  a t e s t  module p r e s e n t .  

Such codes were developed and used t o  e x p l o r e  t h e  e f f e c t  o f  n e u t r o n  source 
(2 -4 )  model parameter v a r i a t i o n s  on t h e  n e u t r o n  f i e l d  w i t h i n  t h e  t e s t  c e l l .  

The c a l c u l a t e d  n e u t r o n  f i e l d s  w e r e  c h a r a c t e r i z e d  i n  terms of damage p a r a -  

meters .  We have c o n c e n t r a t e d  on c a l c u l a t i o n s  o f  d isp lacement  and h e l i u m  

p r o d u c t i o n  r a t e s ,  w i t h  emphasis on t h e  assessment o f  t h e  v a r i a t i o n s  a n t i c i -  

p a t e d  under  l i k e l y  o p e r a t i n g  c o n d i t i o n s  a t  l o c a t i o n s  o f  most i n t e r e s t  f o r  

i r r a d i a t i o n  t e s t i n g ,  i . e . ,  where t h e  d isp lacement  r a t e  i n  s t a i n l e s s  s t e e l  

i s  g r e a t e r  than  about  6 dpa./yr ( h a l f  o f  a f i r s t  w a l l  v a l u e  a t  1 MW/m2). 

The h i g h e s t  p r i o r i t y  o b j e c t i v e  o f  t h e  s tudy  

Neut ron f l u x e s  p r o v i d e d  by  FMIT i n c r e a s e  w i t h  i n c r e a s i n g  deu- 

t e r o n  beam energy o r  c u r r e w t .  Fo r  an a c c e l e r a t o r  l i m i t e d  beam c u r r e n t  o f  

O.lamp, a beam energy o f  35 MeV was chosen t o  y i e l d  a c c e p t a b l y  h i g h  f l u x e s  

and i r r a d i a t i o n  t e s t  volumes. ( 4 )  Such h i g h  energy deuterons produce neu- 

t r o n  s p e c t r a  w i t h  l a r g e  components o f  h i g h  energy neu t rons .  Fo r  example, 

a t  t h e  c e n t e r  o f  t h e  source f a c e ,  23 p e r c e n t  o f  t h e  r ieutrons have e n e r g i e s  

g r e a t e r  than  15 MeV. Due t o  concern ove r  a c c o u n t i n g  a c c u r a t e l y  f o r  t h e  

e f f e c t s  o f  these h i g h  energy neu t rons ,  a secondary s e t  o f  beam- target  spec- 

i f i c a t i o n s  i s  a requ i rement  f o r  FMIT. A t  p r e s e n t ,  t h e  secondary s p e c i f i c a -  

t i o n s  c a l l  f o r  a 0.1 amp beam o f  20 MeV deuterons t o  s t r i k e  a l i t h i u m  t a r -  

g e t  1 .5  cm t h i c k .  As f o r  t h e  35 MeV deuterons,  which r e q u i r e  a l i t h i u m  

t a r g e t  t h i c k n e s s  o f  2 cm, t h e  beam d e n s i t y  i s  assumed t o  peak a t  t h e  c e n t e r  

o f  t h e  t a r g e t  area and be Gaussian i n  t h e  v e r t i c a l  and h o r i z o n t a l  d i r e c -  

t i o n s  w i t h  f u l l - w i d t h s- a t - h a l f - m a x i m u m  (FWHM) o f  1 cm and 3 cm, r e s p e c t i v e l y .  
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T h i s  r e p o r t  dea ls  w i t h  t h e  comparison o f  damage parameters i n  neu t ron  

f i e l d s  genera ted  by 20 and 35 MeV deuterons.  

2 .  Resu l t s  

F i gu res  1- 3 show neu t ron  f l u x e s  and s p e c t r a  f rom 20 and 35 MeV 

deuterons a t  t h r e e  p o s i t i o n s  w i t h i n  t h e  t e s t  c e l l .  

l a r g e  decrease i n  f l u x  and mean neu t ron  energy ( i . e . ,  cons i de rab le  s o f t e n -  

i n g  o f  s p e c t r a )  i n  go ing  f rom 35 t o  20 MeV deuterons.  

c e n t e r  o f  t h e  sour,ce f a c e  ( t h e  p o s i t i o n :  0, 0, 0) ,  f o r  20 MeV deuterons,  

o n l y  3.6 pe rcen t  o f  t h e  neu t rons  have energ ies  g r e a t e r  t han  15 MeV, com- 

pared w i t h  23 pe rcen t  f o r  35 MeV deuterons.  F i gu res  4 and 5 r e v e a l  t h e  e f -  

f e c t  t h a t  such a change i n  neu t ron  f i e l d  has on damage parameters .  D i s -  
placement r a t e s  versus d i s t a n c e  normal t o  t h e  source,  a t  two h e i g h t s  r e l a -  

t i v e  t o  t h e  source mid- p lane,  a r e  p resen ted  f o r  35 and 20 MeV deuterons i n  

F i g u r e  4. 

The f r a c t i o n a l  r a t e s  o f  change i n  the  d isp lacement  r a t e  and he l i um  produc-  

t i o n  r a t e  w i t h  d i s t a n c e  normal t o  t h e  source f o r  20 and 35 MeV deuterons 

d i f f e r  by  less than 30 percen t  a t  any p o i n t .  However, t h e  d isp lacement  and 

h e l i u m  p r o d u c t i o n  r a t e s  a t  20 MeV a r e  as low as 20% and 12%, r e s p e c t i v e l y ,  

o f  those a t  35 MeV. 

These curves show a 

Note t h a t  a t  t h e  

S i m i l a r  p l o t s  f o r  he l i um  p r o d u c t i o n  r a t e s  a r e  shown i n  F i g u r e  5 .  

Spec t ra l - averaged  d isp lacement  and he l i um  p r o d u c t i o n  c ross  
s e c t i o n s  a t  e leven  p o s i t i o n s  a r e  p resen ted  i n  Table  1. Throughout t h e  re-  

g i o n  of most i n t e r e s t  i n  t h e  t e s t  c e l l .  t h e  f l u x  v a r i e s  b.y a f a c t o r  o f  
abou t  20 f o r  35 MeV deuterons and by a f a c t o r  o f  about  10 f o r  20 MeV deu- 

te rons ,  w h i l e  t h e  spec t r a l - ave raged  d isp lacement  and he l i um  p r o d u c t i o n  c ross  

s e c t i o n s  f o r  copper v a r y  by l e s s  than  f a c t o r s  o f  two and f o u r ,  r e s p e c t i v e l y ,  

f o r  e i t h e r  deu te ron  energy.  Note t h a t  t h e  co r respond ing  h e l i u m - t o - d i s p l a c e -  

ment r a t i o  f o r  35 MeV deuterons ranges f r om  5 t o  11 appm He/dpa, b r a c k e t i n g  

a f u s i o n  r e a c t o r  f i r s t  w a l l  va l ue  f o r  copper o f  7 .7  appm He/dpa, w h i l e  f o r  

2 0  MeV deuterons t h e  he l ium- to- d isp lacement  r a t i o  ranges f rom 2 . 5  t o  6 appm 

He/dpa. 

i n  t h e  he l ium- to- d isp lacement  r a t i o  a r e  n o t  known. 

A t  t h i s  t ime,  however, t h e  e f f e c t s  o f  f a c t o r s - o f - t w o  d i f f e r e n c e s  
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NEUTRON ENERGY I M e V l  

HEDL 7901-115..5 

F I G U R E  1 .  C a l c u l a t e d  Neut ron Spec t ra  f o r  Two Dei i teron Beani Energ ies ,  20 MeV 
and 35 MeV, a t  P o s i t i l m  x = 0 ,  y = 0, z = 0 till (see F i q u r e  4 i ~ r  
c o o r d i n a t e  o r i e n t a t i o n ) .  
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I I I I I I I 

NEUTRON ENERGY (MeV) 

HEDL 7904-115.6 

FIGURE 2 .  Calculated Neutron Spectra f o r  Two Deuteron Beam Energies, 20 
MeV and 35 MeV a t  Posi t ion x = 0 ,  y = 0, z = 2 cm (see Figure 
4 f o r  coordinate o r i e n t a t i o n ) .  

57 



FIGURE 3 

NI:UTROW ENERG r IMrV) 

HtDL / Y 3 G  15.7 

C a l c u l a t e d  Neutron S p e c t r a  f o r  Two Deuteron Beair; Enci-vies, 20 
MeV and 35 MeV, a t  Pos i t io t i  x 
4 f o r  c o o r d i n a t e  o r i e n t a t i o n ) .  
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200 

i Y 

DEUTERON BEAM 

Ed = 35 MeV, Tx = 2 Cm - 0.0 cm y = 0 . 0  crn ---- 2 = 1.0 cm y = 0.0 cm 

--._ z = 0.0 cm y = 0.0 
Ed = 20 MeV, Tx = 1.5 Cm 

-..- . . . r = l . O  y = c . o  

5 10 15 
DISTANCE IN  x- DIRECTION l c m l  

HEDL 7904-115.2 

FIGURE 4. Displacement Rate Versus Distance Normal to the Source Surface 
for Deuteron Beam Energies of 20 and 35 MeV. 
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F i g u r e s  6 and 7 show, f o r  copper ,  t h e  pe rcen t  response j i . e ,  

t h e  percen tage  o f  t h e  r e a c t i o n s  which occu r  w i t h i n  a g i v e n  neu t ron  ener?y 

range)  ve rsus  energy f o r  d isp lacements  and he l i u in  p r o d u c t i o n ,  r e s p e c t i v e l y .  

The f i g u r e s  show, f o r  exaii iple, t h a t  f o r  35 MeV deu te rons ,  95 pe rcen t  of  t h e  

d isp lacements  a r e  produced by neu t rons  w i t h  energ ies  l e s s  than  31 MeV, 'wh i l e  
f o r  20 MeV deu te rons ,  95 p e r c e n t  a r e  produced by neu t rons  w i t h  ene rg i es  l e s s  

t han  17 MeV. S i m i l a r l y ,  f o r  3 5  MeV deu te rons ,  95 p e r c e n t  o f  t h e  h e l i u m  

atoins a r e  produced by  neu t rons  w i t h  ene rg i es  l e s s  than  34 MeV, w h i l e  f o r  

20 MeV deu te rons ,  95 pe rcen t  a r e  produced by  neu t rons  w i t h  energ ies  l e s s  

than  2 5  MeV. The f r a c t i o n  o f  idisplaceinents produced above 15  MeV i s  50; a t  

35 MeV and o n l y  8'1 a t  20 MeV. 

I t  i s  i n s t r u c t i v e  t o  coinpare p r ima ry  knock-on atom (PKA) spec- 

t r a j 5 )  produced by n e u t r o n  s p e c t r a  f r o n i  a v a r i e t y  o f  t e s t  f a c i l i t i e s  w i t h  

t h a t  produced by  a D-T f u s i o n  r e a c t o r  f i r s t  w a l l  neu t ron  spect rum. T a b l e  

2 shows t h e  percen tage  o f  r e c o i l  a t o m  i n  each o f  s e v e r a l  r e c o i l  energy 

groups due t o  i r r a d i a t i o n  i n  v a r i o u s  neu t ron  s p e c t r a .  The t a b l e  i l l u s t r a t e s  

q u i t e  c l e a r l y  t h a t  none o f  t h e  t e s t  f a c i l i t i e s  produce PKA s p e c t r a  which 

a r e  e x a c t l y  l i k e  a 0-T f u s i o n  r e a c t o r  f i r s t  w a l l  PKA spectrum. However, 

comparing o n l y  t h e  doi i i inant d isp lacement  p roduc ing  r e g i o n s  o f  t h e  PKA spec- 
t r a" )  ( i  . e . ,  those  f o r  wh ich  EpKA >10 keV) shows t h a t  t h e  R o t a t i n g  Ta rge t  

Neut ron  Source- I1  (RTNS-111, FMIT, and D-T f u s i o n  r e a c t o r  f i r s t  w a l l  spec- 

t r a  a r e  s i i i i i l a r  ( s e e  T a b l e  3 ) ;  t h e  20 MeV deu te ron  FMIT spectruni  b e i n g  most 
l i k e  t h e  f i r s t  w a l l  spectru i i i .  

T a b l e  4 c o n t a i n s  i r r a d i a t i o n  voluiiies f o r  which t h e  d i s p l a c e -  

ment r a t e s  i n  copper  a r e  g r e a t e r  t h a n  t h e  s t a t e d  va l ues .  

decrease i n  volume a t  each d isp lace i i ien t  r a t e  when t h e  deu te ron  energy i s  

decreased frorri 35 t o  20 MeV. 

No te  t h e  d rama t i c  

The reade r  s h o u l d  keep i n  mind  t h a t ,  w h i l e  c a l c u l a t e d  PKA spec- 

t r a  and d isp lacement  and he l iu r i i  p r o d u c t i o n  r a t e s  a r e  conven ien t  f o r  compar- 
i n g  t h e  neu t ron  f i e l d s  producet i  i n  a v a r i e t y  o f  neu t ron  i r r a d i a t i o n  
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f a c i l i t i e s ,  they contain too l i t t l e  information t o  permit accurate  compari- 
son of damage ( i . e . ,  property change) r a t e s .  Ef fec ts  of changes in cascade 
configurat ions on defec t  production e f f i c i e n c i e s  and damage microstructure 
evolution a r e  not included; nor a r e  the  e f f e c t s  of d i f fe rences  i n  t he  pro- 
duction r a t e s  of s o l i d  transmutants. 

Ongoing work wi l l  enable predict ions of damage r a t e s  in s o f t e r  

I t  i s  e s s e n t i a l ,  how- 
neutron spec t r a ,  esp. a D-T fusion reac tor  f i r s t  wall spectrum, t o  be made 
from data obtained w i t h  the 35 MeV deuteron spec t r a .  
ever, t h a t  corroborat ive data be obtained. Operating F M I T  a t  an energy 
near 20 MeV, while l e s s  des i r ab le  because o f  lower specimen throughput, 
(without a subs t an t i a l  increase in c u r r e n t ) ,  would provide neutron t e s t  

spec t ra  t h a t  
produced i n  a f i r s t  wa l l ,  
and c )  provide displacement r a t e s  s u f f i c i e n t l y  high t o  make such t e s t s  
prac t i  cab1 e. 

a )  produce PKA spectra  which a r e  s i g n i f i c a n t l y  more l i k e  t h a t  
b )  a r e  hard enough t o  produce s i g n i f i c a n t  helium, 

TABLE 4 
DISPLACEMENT RATE - VOLUME DATA 

Vol ume* 
(cm) D i  s p l  acemen t 

Rate Ed = 35 MeV Ed = 20 MeV 

(dpalyr )  (cm) (cm) 

1 7  139 20 

30 54 4.7 
50 20 0.3 

83 6.0 0.0 
I I 

* The design beam current  (0 .1  amp) was used f o r  both 
deuteron enerqies .  
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V I I .  FUTURE WORK ~ ~ _ _ _ _  

S p a t i a l  v a r i a t i o n s  i n  PKA s p e c t r a  w i l l  be ana lyzed  and c a l c u l a t i o n s  

t o  b e t t e r  d e f i n e  t h e  e f f e c t s  o f  p o s s i b l e  c ross  s e c t i o n  u n c e r t a i n t i e s  w i l l  

be made. 
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I. P R O G W  

Title: Synergistic Helium Production by Boron Doping of Splat 

Cooled Alloys 

Principal Investigator: 0. K. Harling 

Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute 

of Technology 

11. OBJECTIVE 

This work is directed toward the development of better simulation 

techniques for the synergistic production of helium and displacement 

damage in first wall structural materials. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A number of tasks are relevant since adequate experimental simulat- 

ion of fusion reactor irradiation effects is a major reason for the DAFS 

program. Some of the tas!,s/suLtasks which are s&ni:izantly aifected arc.: 

TASK lI.A.4 Gas Generation Rates 

II.C.2 Effects of Helium on Microstructure 

II.C.8 Effects of Helium and Displacement on Fracture 
II.C.13 Effects of Helium and Displacement on Crack 

Initiation and Propagation. 

IV. SUMMARY 

The amount of 'OB which should be added to stainless steel in order 

to simulate CTR helium production rates in fast reactors has been esti- 

mated for various f a s t  test reactor irradiation positions. The amount of 
10 

5000 appm 'OB has been chosen as a representative goal and will be used 

for further alloy doping studies on this project. 

B required depends largely on the irradiation position chosen. 
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'rhis amount of boron can only l i e  distributed homogeneously througii- 

out stainless stee!~ hy rapid quenchiiig tecliniques. In addition, initial 

calculations have indicated that to keep tlii:: amount of horon [rom 

segregating during reasonablc test times and tempcraturcs, it w i l l  h e  

necessary to tic the boron u~' i n  a fine dispersion of a stable boride. 

V .  KCO?IPLIS1II~lE!iTS AND STATUS ~- 

A. Boron Dol>ing of Stainless Stet1 by Rapid Ouenching - S. Best, 

C .  Dansfield, H. Frost, J .  Xegusar, 0. Harling, and K. Russel! 

(M.  I. T.) 

1. Introduction 

It is generally understood that existing irradiation 

facilities, i.e. accelerators and fission reactors, will have to be used 
for the initial irradiation testing of controlled tl~ermonucl.car reactor 

(CTR) structural materials. Damage rates and helium production rates 

should simulate the expected rates in C T l l ' s .  Only fission reactors offer 

the required large testing volumes with fast neutron [!.uxes which produce 

damage rates wliiclr e q u a l  or exceed those expected for near term CTR's. 

Helium production rates, with the exception of nickel alloys in nixed 

spectrum reactors, cannot be reproduced by direct nuclear reaction on the 

alloy constituents. T h e  present studies are directed toward the deve1o;l- 

ment of techniques for the production of helium during fission reactor 
irradiations. Current efforts emphasize the doping of structural alloys 

with boron. To assure the uniform distribution of boron, the alloy is 
9 produced by rapid quenching from the melt. 

sec offer the possibility of uniform boron concentrations which are much 

higher than those which can be maintained without segregation during 

normal solidification rates. The usefulness of this approach to boron 

doping will a l s o  depend upon t:he mzintenance of a uniform boron distribu- 

tion during thermo-mechanical consolidation, and during the use of the 

consolidated material in the t.emperature, stress and radiation environnent 

Cooling rates of l o 5  - 10 "C/ 
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of the fission reactor. Furthermore, the effect of boron on the physical 

properties of the boron doped alloys, whether segregated to grain boundar- 

ies or uniformly distributed, must be understood. 

2. Initial Calculations of the Concentration of 'OB Required 

for CTR Helium Embrittlement Simulations Conducted in F a s t  

Test Reactors 

The amount of helium which will be generated in a boron 

doping experiment to simulate CTR helium production will depend on the 

amount of boron added to the material, the total neutron flux in the 

irradiation position of interest, and the cross section for the 

"B(n,a) L i  reactionaveraged over the neutron spectrum. 

'OB burned up will depend only on the spectrum averaged 

the total flux and the irradiation time. Thus for a given irradiation 

period, the amount of helium produced can most easily be adjusted by 

tailoring the initial amount of 'OB added to the alloy to be tested. 

7 .  The amount of 
10 B cross section, 

In fusion reactor simulation experiments, it is generally 

felt that helium should be produced at a rate such that the ratio of 

helium produced (in appm) to dpa produced is approximately 2O:l in 
stainless steel and 3- 5 : l  for some of the refractory alloys. To determine 
the amount of helium desired, it is t h u s  necessary to know the m a g n i t u d e  

of the displacement rate. Given a l l  of the factors mentioned above, it 

is then straightforward to calculate the initial amount of 'OB required 
in any experiment. Table 1 shows total fluxes and spectrum averaged 
displacement and B cross sections for three fast test reactor irradi- 
ation positions. (It should be noted that the fluxes and spectrum 

averaged cross sections quoted in Table 1 for a given irradiation position 
are those currently available in the literature and do not always corre- 

spond exactly to that position. When possible, t h e  exact locations for 

which the cross sections and fluxes were initially cited are listed 

directly beneath the table. These calculations will be updated as more 

data become available.) Also shown in this table are the percentage of 

10 
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l r J l ;  B huriied up i n  one  f u l l  power y e a r  a n i  tile i ~ n i t i a l  amount of 
10 

r e q u i r e d  f o r  an i r r a d i a t i o n  l a s t i n g  one full power y e a r .  ,'is expec tc i i ,  

t h e  i n i t i a l  c o n c e n t r a t i o n  of 'OB r e q u i r e d  t o  s i m u l a t e  flie CTR helium 

p r o d u c t i o n  ra te  v a r i e s  grea i : ly  from on<: i r r a d i a t i o n  p o s i t i o n  t o  nnot5c.r.  

i t  i s  a p p a r e n t ,  iiowever, that: s e v e r a l  t i lousand appm of ilopant cou lc l  

p r o v i d e  u s e f u l  he l ium g t ' n e r a t ~ i o n  r a t e s  f o r  SS  a n d  c o n s i d e r a b l y  l o v e r  

c o n c e n t r a t i o n s  would he 01 i n t e r e s t  f o r  r e f r a c t o r y  a l l o y s  based on V, ::5 

and Mo. For  t h i s  r e a s o n ,  50(10 appm lias been picked as a g o a l  f o r  i n i t i a l  

"B c o n c e n t r a t i o n s .  

3 .  I n i t i a l  E s t i m a t e s  of tile K i n e t i c s  and D i s t r i b u t i o n  _sf 

Boron in S t a i n l e s s  S t e e l  .._ 

1~ 0 7 .  T h c  he l ium n u c l e u s  produced t:: the R(n,rr) L i  r c a c t i o n  

r e c o i l s  th rough  s t a i n l c s s  s t e e l  a b o u t  2 . 6  ~~ + 0 . 1 7  ;im i n  a random 

d i r e c t i o n .  ( 4 )  

duce a s p h e r i c a l  ha lo  of he l ium w i t h  a r a d i u s  of abou t  2 . 6  ~ i r n  and a 

t l i i c k n c s s  of abou t  0 .17  Iim. 'To have he l ium d i s t r ihu texd  homogeneously T,:C 

need tile boron d i s t r i b u t e d  s u b s t a n t i a l l y  more f i i i e l y  t h a n  2 ; im,  so  t in t  

t h e  h a l o s  will o v e r l a p .  Ideally we would l i k e  t h e  boron d i s t r i h u t e d  a s  

f i n e l y  as 0.17 ,Jm s o  t ha t  t h e  d i s t i n c t i o n  hetween one halo and a n o t h e r  

halo will he e n t i r e l y  b l u r r e d .  T h i s  would be accomplisl ied b y  liavin:; t l i c  

boron d i s t r i b u t e d  i n  d5 p a r t i c l c s / c m 3  (a s p a c i n g  of abou t  0.1. ,.m). I f  

t h e  b o r i d e  made 0 . 1  volume p e r c e n t  of t h e  ! s t r u c t u r e ,  t h e  p a r t i c l e s  

would be  abou t  100 A In c'i,-rneter. 

Thus a small r e g i o n  of h igh  boron c o n c e n t r a t i o n  will pro-  

'Tlie maximum s o l u b i l i t y  of boron i n  s t a i n l e s s  s t e e l  i s  

abou t  400 t o  500 appm a t  a h o u i  1 1 U O " C .  T h i s  amount can be  r e t a i n e d  i n  

s o l i d  s o l u t i o n  by r a p i d  quenching from 1100°C t o  room t e m p e r a t u r e .  

keep s u b s t a n t i a 1 , l y  more t h a n  500 appm boron ill s o l u t i o n ,  we must quinc!i 

d i r e c t l y  from t h e  m e l t ,  n o t  from a homogenizat ion  anni in l .  R u l i l  and 

Co~ien") were ab l e  t o  r e t a i n  il1)out half of t i i t .  t>oron  i n  s o l u t i o n  cluring 

splat  quenching ( a t  abou t  10' t o  LO 
8 a tomic  Z boron .  

(i) To 

8 K/sec) of Fe-Ni  alloys w i t h  

In a d d i t i o n ,  Wood and lioncycombc ('1 iiavix r ec in t l : :  
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been a b l e  t o  r c t a i n  a l l  of 5000 appm E (and ,  i n  anot l ie r  expe r imen t ,  all 

of 25,000 appm B p l u s  2 . 3  w t  X 01 T i )  i n  s o l i d  s o l u t i o n  i n  a n  

Fe-ZOZCr-25ZNi a l l o y  b y  quenching  from t h e  m e l t  a t  about  l o 7  K/sec. 

t h e r e f o r e  expec t  that  w e  can r e t a i n  t h e  m a j o r i t y  o f  5000 appm boron i n  

s o l u t i o n  by r a p i d  qucncliing from t h e  m e l t  t o  room t empera tu re .  

lie 

Boron cannot  b e  kep t  i rom d i f f u s i n g  o u t  of a s o l i d  s o l u t i o n  

t o  s e g r e g a t e  a t  g r a i n  bounda r i e s  f o r  s m a l l  g r a i n  s i z e s  and r e a s o n a b l e  

t e s t  t imes  and t e m p e r a t u r e s  (e.g. 10 microns  or less ,  1 0  s econds ,  and 

4 O O O C ) .  A d i f f u s i o n  c o e f f i c i e n t  h a s  been r e p o r t e d  f o r  boron i n  gamma Fe 
(8) f o r  t e m p e r a t u r e s  between 950" - 1300°C by 1'. E .  Busby e t  a l :  

6 

T h e  cxper i rnenta l  p o i n t s  for t h i s  a r e  t h e  open c i r c l e s  i n  F i g u r e  1. Vc 

must  assume t h a t  t he  a c t u a l  d a t a  p o i n t s  are  r e a s o n a b l y  a c c u r a t e ,  b u t  t h e  

e x t r a p o l a t i o n  t o  low t e m p e r a t u r e s  ( a t  2 1  kca l /mo lc )  may be w i l d l y  

i n a c c u r a t e .  For compar i son ,  F i g u r e  1 a l s o  s h o ~  d a t a  f o r  d i f f u s i o n  o f  

carbon  i n  Fe-17Cr-12Ni and 316 s t a i n l e s s  s t e e l .  and E a r e  

comparable  a t  1000°C, 

e x t r a p o l a t i o n  a t  500OC and h e l o w .  Boron and ca rbon  a r e  expec ted  t o  

d i f f u s e  by the same i n t e r s t i t i a l  mechanism, whicli s l i ou l~d  have similar 

a c t i v a t i o n  e n e r g i e s .  We t h e r e f o r e  expec t  t h a t  2 1  kca l /mo le  i s  mucii t o o  

low, and p ropose  an e s t i m a t e  of  30 kca l /mo le .  I ' l i is  is still a lo!.: 

es t imate!  because  ca rhon  d i f f u s e s  w i t h  a t  least 17 kcal/mole. F i g u r e  1 

shows an e s t i m a t c d  d i f f u s i o n  c o e f f i c i e n t  f o r  boron ,  bnscd on 30 k c a l l m o l e  

''cartlon boron 
i s  f a r  lower  t h a n  t h e  2 1  k c a l / m o l e  but " carbon 

L 
and p a s s i n g  tiiroiigli tlic Busby  e t  31. data (0, = 0 . 0 8  cnr / s e c ) .  \!e ,,.:ill 

use  t h i s  e s t i m a t c  Cor I u r t l i c r  c a l c u l a t i o n s .  



i 1 m x 1 o 3  

F i g u r e  1. DIFFUSIVITY OF BORON AND CARBON I N  AUSTENITE 
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hour s  a t  500OC or  above.  

i n  Kawasaki et  a l .  

of 316 s t a i n l e s s  s t e e l  ( g r a i n  d i ame te r  = 300 mic rons ) .  A t  700°C tile:: 

observed  s e g r e g a t i o n  a f t e r  60 minu te s ,  b u t  n o t  a f t e r  30 minu te s .  \.:e :.:auld 

e s t i m a t e ,  a t  7 O O O C  and 60 minutes  t h a t 6  = 7 2  microns ,  or abou t  tlalf t h e  

g r a i n  r a d i u s .  

A rough c o n f i r m a t i o n  of t h i s  a n a l y s i s  i s  found 

T h e y  found t l i a t  boron  s e g r e g a t e d  t o  t h e  bounda r i e s  (11) 

It may be p o s s i b l e  t o  h o l d  boron i n  a f i n e l y  d i s p e r s e d  

s t a t e  b y  t y i n g  i t  up i n  a f i n e  d i s p e r s i o n  of a s t a b l e  compound. P r i n e  

c a n d i d a t e s  a r e  T i B 2  and Z r B 2 .  E i t h e r  of t h e s e  i s  far  more s t a b l e  t h a n  

t h e  n i c k e l ,  i r o n ,  o r  chromium b o r i d e s .  Z r R  has a s l i g h t l y  h i g h e r  

e n t h a l p y  of fo rma t ion :  
2 

( 1 2 )  

T i B 2 :  b l i I (298)  = 6 6 . 8  - + 4 kca l /mole  

Z r B 2 :  AH"(298)  = 7 7 . 1  + ~. 1.6 kcal/mole. f 

ZrR s h o u l d  t h e r e f o r e  hc more s t a b l e .  I f  we assume t h a t  the a c t i v i t y  co- 

e f f i c i e n t s  o f  boron and t i t a n i u m  o r  z i rconium i n  s t a i n l e s s  s t c i i l  a r c  

app rox ima te ly  u n i t y ,  w e  havc: 

2 
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T i  particles by appropriate heat treatment. We will find that Czr o r  C 

in the matrix will remain about 0.1%, and can calculate C with this 

assumption, as shown in Figure 2. 
B 

4 .  Coarsening of  Ti?2 o r  LrE2 P r e c i p i t a t e s .  

a. Wit,ho,it I r r a d i a t i o n  

( I 4 )  show that the coarsening of A B Bhattacharyya and Russell a b  
precipitates is controlled by whichever species (A or B) has the smallest 
product of matrix concentration (C or  C ) times matrix diffusion A B 
coefficient ( D  o r  D ) .  If A is controlling, the average particle radius, 

r, is given as a function of time, t, by: 
A B - 

2 8 DACA a Vm t -3 -3 r = r , + -  9 RT a 

2 a = matrix--particle interfacial energy (about 500 ergs/cm ) 

Vm = molar volume of A B V (TiB2) = 15.5 cm3; Vm(ZrB2) a b; m 

3 
= 18.3 cm 

T o  see whether boron or zirconium controls the coarsening, we have to 

compare D C t o  D C . 
(Figure 3) .  We still need t o  estimate D in stainless steel because it 

has not been measured. Zirconium probably diffuses by the standard vac- 

ancy mechanism, with some preferential binding to the vacancy. 

then guess that it diffuses only slightly faster than the host metal. 

Figure 4 shows D(nicke1) in stainless steel, and an estimate for D . Zr’ 
Q = 60 kcal/mole, Do = 1.0 cm /sec. The same estimate would work for 

titanium. 

true for Ti.) 

is assumed and D C we have calculated B B  B B  zr Zr ‘ ~ r  

zr 

We can 

2 

We then find DZrCZr < DBCB above 25OOC. (The same would be 
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Figure 3 .  VALUE OF CD v s .  TEMPERATURE FOR BORON AND 

ZIRCONIUM 
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The above e s t i m a t e  may be improved by c o n s i d e r i n g  t h e  

p o s s i b i l i t y  o f  enhanced d i f f u s i o n  of  Z r  a l o n g  d i ~ s l o c n t i o n  c o r e s ,  which 

we e x p e c t  :it t h e s e  temperalurcs. F i g u r e  4 shows Lhe c o n t r i b u t i o n  [ h a t  

c o r e  d i f f u s i o n  wou1.d make i n  p u r e  n i c k e l  w i t h  a d i s l o c a t i o n  densic:: o f  

10" c m  . 
t h a n  i n  t he  pure m e t a l ,  i t  s t i l l  might c o n t r i b u t e  s u b s t a n t i a l l y  a t  lower 

t e m p e r a t u r e .  We need  n o t  es t imate  this  a c c u r a t e l y ,  however, brcai i ie  u n d e r  

i r r a d i a t i o n  t h e  Zr d i f f u s i o n  w i l l  n o t  b e  r a t e  c o n t r o l l i n g ,  a s  w i l l  bv 

shown i n  t h e  n e x t  s e c t i o n .  

- 2  
Al though core  d i f f u s i o n  shou ld  h e  s l o w e r  i n  Lhe s o l i d  s o l u t i i i n  

b .  With I r r a d i a t i o n  

D i f f u s i o n  o f  b o t h  s p e c i e s  w i l l  be speeded up by i r r a d i a t i o n  b y  

v a r i o u s  m e c h a s l i s m s ,  h u t  the metal s h o u l d  hti much m o r e  s t r o n g l y  a f f e c t e d .  

The d i f f u s i o n  coerf i c i r i i t s  o f  and Z r  s h o u l d  b e  i~iicreiised by n f a c t o r  

of  10 t o  1 0  o r  more. T h e  i . n t e r s t i t i a1  d i f f u s i o n  o f  boron s i m u l d  he 

i n c r e a s e d  s o m e  becaiise O S  i n k e r a c t i o n s  w i t h  v a c a n c i e s  and d i~vacaii(: i e.?, h u t  

n o t  by n e a r l y  as much a s  T i  o r  Z r .  'This means Lhat tlie c o n t r o l  o f  L l i i  

c o a r s e n i n g  w i l l  swiLcli L O  hii ron transporc. Using v a l u e s  of C 1) f r c n  

F i g u r e  3, w e  have p l o t t e d  ( r  - r o )  v : i l u e s  lor t h e  horon c o n t r o l i t ~ d  

c a s e  i n  i ' jgure 5 .  'This p r e d i c t s  t l i a t  S00,l r a d i u s  p a r t i c l e s  w o u l d  co:irs:eri 

a p p r e c i a b l y  i n  lo8 seconds  a t  550"C, bu t  n o t  ; i t  450"(:. 

r a d i u s  lOOOA woui~d  n o t  coarsen a p p r e c i a b l y  :it 55(1"C, b u t  would ; ib~uvc 

h50 'C.  For T i n  particles wc> w ~ ~ ~ r ~ l d  r x p e c t  i o m ~ ~ w i ~ a l  faster coitrseiiiii:; 

because  'Ti b i n d s  tlie huroii Less strongly thin Zr and CIIC matrix conccri- 

t r a t i o in  of  bvron  woiild be  h ig l i e r .  

4 6 
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stable boride particles, such as ZrB With a slight excess of Zr in 

solution, and under irradiation, the particle coarsening should be con- 

trolled by boron diffusion. Our estimates indicate that the coarsening 

will be slow enough to retain the dispersion at a scale finer than 1 

micron for useful test times and temperatures. 

2'  

5. Production of Boron Doped Stainless Steel Alloys 

The production o€ boron doped materials using splat 

cooling consists of: producing master alloys; producing material for 

splatting; splat cooling; processing splat cooled foils; and consolidation 

of the foils. In the last quarter, our emphasis was on the first three 

areas. 

Master alloy production at a pound lot scale was investi- 

gated to determine the optimum furnace design for producing our alloys. 

The production of master alloys and actual splatting compositions was 

attempted under various conditions. Based on this, an optimized furnace 

for master alloy production has been designed and is being constructed. 

Splat cooling small lots of boron doped stainless steel 

was accomplished using a melt-spinning device. In this device, a sample 

lot of about lOgm is splatted on a spinning copper ring. Although this 
device is too small to produce enough material for consolidation, it does 

provide enough material for transmission electron microscopy. Previously 

we reported work with a roll quenching device: however, this machine 

requires a minimum of about one pound of material per run.  The melt spun 

foils will be used to determine the boron precipitation and segregation 

kinetics referred to in section 3 of this report. 
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V 1 I .  RECENT REPORTS FROM THIS PROJECT 

1. H. Andresen and 0. K. Harling, "A New Approach to Simulation of 

Helium and Simultaneous Damage Production in Fusion Reactors--In 
Heactor Tritium Trick," presented at the First Topical Meeting on 

Fusion Reactor Materials, Miami Beach, January 1979. 

2. S. Best, A .  Fadaai and 0. K. Harling, "Initial Results Using Spht 

Cooling in the Development of Boron Doping for the Simulation Of 
Fusion Reactor Helium Embrittlement," presented at the First Topical 

Meeting on Rusion Reactor Materials, M i m i  Beach, January 1979. 

V I I I .  FUTURE WORK (Near Term) 

A s  improved flux and cross section data become available, the 

calculation of the initial 'OB concentration to be added to stainless 

steel t o  simulate CTR helium production rates will be refined. The 
initial calculations on the kinetics and distribution of boron in 

stainless steel will be continued. In particular, the next phase of this 

work will center around the effect of various radiation damage phenomena 

on the microstructure of the boron doped stainless steel. 

Experimental efforts during the next quarter will concentrate on 

precipitation studies in stainless steel doped with various quantities 

of boron and zirconium. 
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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  (WHDll/EDA) 

P r i n c i p a l  I n v e s t i g a t o r :  D .  G. Doran 

A f f i l i a t i o n :  Hanford  Eng ineer ing  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  deve lop  computer models f o r  the sirnu- 

l a t i o n  o f  h i g h  energy cascades wh ich  w i l l  be used t o  genera te  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  c o r r e l a t i o n  ana lyses o f  r a d i a t i o n  e f f e c t s .  

I I I .  RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . B . 2 . 3  Cascade P r o d u c t i o n  Methodology 

I V .  SUMMARY 

D e f e c t  y i e l d s  and cascade d e n s i t i e s  f o r  PKAs i n  copper a r e  b e i n g  

s t u d i e d  as a f u n c t i o n  o f  e f f e c t i v e  r e c o m b i n a t i o n  d i s t a n c e s .  An i n t e r a c -  

t i v e  computer g r a p h i c s  program i s  b e i n g  developed, and examples i l l u s t r a t -  

i n g  t h e  g r a p h i c s  c a p a b i l i t i e s  and t h e  cascade s t u d i e s  a r e  p resen ted  h e r e .  

V .  ACCOMPLISHMENTS ANU STATUS 

A. Computer S i m u l a t i o n  o f  H i g h  Energy Cascades - H. L. He in i sch ,  J r .  

(HEDL) 

Comparisons o f  MARLOWE w i t h  r e s u l t s  f rom dynamic s i m u l a t i o n  codes (1.2)  

c o n t i n u e  t o  v e r i f y  i t s  use fu lness  and v a l i d i t y  f o r  t h e  s t u d y  o f  h i g h  energy 

cascades. 

energy cascade models c l e a r l y  e x i s t s ,  i t  i s  n e v e r t h e l e s s  d e s i r a b l e  t o  p ro-  

ceed toward o u r  o b j e c t i v e  o f  g e n e r a t i n g  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  u s i n g  

t h e  b e s t  models a v a i l a b l e .  

Wh i le  t h e  need t o  f u r t h e r  e s t a b l i s h  t h e  v a l i d i t y  o f  o u r  h i g h  
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The aspec t  o f  d isp lacement  cascade development wh ich  appears t o  be 
v e r y  i m p o r t a n t  b u t  i s  l e a s t  unders tood  a t  t h i s  t i m e  i s  t h e  d i s s i p a t i o n  o f  

energy f r om  t h e  s o - c a l l e d  " the rma l  s p i k e "  r e g i o n  (sometimes r e f e r r e d  t o  as 

" a f t e r g l o w " ) .  A p rope r  s t u d y  o f  the rma l  sp i kes  w i l l  n e c e s s i t a t e  dynamical  

s i m u l a t i o n s .  Tha t  approach i s  p r a c t i c a l  o n l y  f o r  mechanism s t u d i e s  w i t h  a 

few cascades. D e a l i n g  w i t h  l a r g e  numbers o f  ther i i ia l  sp ikes  w i l l  r e q u i r e  

some r e l a t i v e l y  s imp le  model f o r  t h e  average b e h a v i o r  o f  t h e  d e f e c t s .  Per-  

haps t h e  s i m p l e s t  approach i s  t o  assume an e f f e c t i v e  r ecomb ina t i on  d i s t a n c e  

(RD) f o r  t h e  F r e n k e l  p a i r s  produced i n  t h e  cascade. 

A spontaneous recomb ina t i on  d i s t a n c e  on t h e  o r d e r  o f  two l a t t i c e  

parameters has been found  a p p r o p r i a t e  i n  s i m u l a t i o n  s t u d i e s . ( ' " )  

v a l u e  i s  c o n s i s t e n t  w i t h  

o f  low tempera tu re  spontaneous recomb ina t i on .  Thus, a va l ue  o f  R D  wh ich  

s i m u l a t e s  a n n e a l i n g  i n  t h e  thermal  s p i k e  shou ld  be somewhat g r e a t e r  t h a n  

two l a t t i c e  parameters .  

T h i s  

and t h e o r e t i c a l ( 5 )  d e t e r m i n a t i o n s  

The e f f e c t s  o f  l a r g e  RDs on d e f e c t  y i e l d s  and cascade d e n s i t y  a r e  

b e i n g  i n v e s t i g a t e d  f o r  cascades i n  copper .  To da te ,  PKAs w i t h  ene rg i es  i n  

t h e  range  f ron i  1 keV t o  40 keV have been s t u d i e d  u s i n g  MARLOWE, and RDs up 

t o  seven l a t t i c e  parameters have been a p p l i e d .  A t  each energy, i n  m u l t i -  

p l e s  o f  5 keV, t h e  r e s u l t s  o f  t e n  cascades w i t h  randoinly chosen d i r e c t i o n s  

were averaged; one hundred cascades were genera ted  a t  each o f  1 ,  2, 3 ,  and 

4 keV. 

When RDs i n  t h e  range  o f  f i v e  t o  seven l a t t i c e  parameters a r e  i m -  

posed on t h e  cascades, t h e  r e s u l t i n g  F renke l  p a i r  y i e l d s  d i s p l a y  t h e  same 

energy  dependence as d e f e c t  y i e l d  cu rves  wh ich  we have n u n i e r i c a l l y  e x t r a c -  

t e d  f r om  r e s i s t i v i t y  measurements o f  i o n  i r r a d i a t e d  copper  ( t h i s  work i s  

i n  p rogress ;  a d e t a i l e d  r e p o r t  w i l l  be p repa red ) .  

The average cascade d e n s i t y ,  d e f i n e d  as t h e  average number o f  p a i r s  

d i v i d e d  by  t h e  average nuinber o f  s i t e s  i n v o l v e d  i n  t h e  s i m u l a t i o n ,  i s  i n -  

dependent of  eneryy above a few keV a t  any i a l u 2  a t  RD. That  i s ,  t i e  
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d e n s i t y  v a r i e s  w i t h  RD, b u t  n o t  w i t h  energy.  

produced p a i r s  wh ich  recombine as a f u n c t i o n  o f  RD i s  t h e r e f o r e  independent  

o f  energy.  

t h e  damaged r e g i o n  v a r i e s  w i t h  PKA energy.  Thus, a r e c o m b i n a t i o n  c r i t e r i o n  

may be a t  l e a s t  a good f i r s t  a p p r o x i m a t i o n  f o r  d e s c r i b i n g  d e f e c t  y i e l d s  

f rom thermal  s p i k e s  above a few keV. O f  course,  such a c r i t e r i o n  p r o v i d e s  

no i n d i c a t i o n  o f  t h e  a c t u a l  p h y s i c a l  processes o c c u r r i n g  as t h e  thermal  

s p i k e  c o o l s  o f f .  

The f r a c t i o n  o f  i n i t i a l l y  

T h i s  suppor ts  t h e  i d e a  t h a t  t h e  s i z e ,  b u t  n o t  t h e  n a t u r e ,  o f  

A t  energ ies  up t o  a few hundred e l e c t r o n  v o l t s ,  cascades can be 

hand led b y  t h e  dynamical  s i m u l a t i o n s .  Between a few hundred and s e v e r a l  

thousand e l e c t r o n  v o l t s ,  t h e r e  i s  a t r a n s i t i o n  t o  thermal  s p i k e  p r o d u c t i o n ,  

wh ich may n o t  e a s i l y  be d e s c r i b e d  by a s i m p l e  r e c o m b i n a t i o n  c r i t e r i o n .  

Above 5-10 keV a s i n g l e  r e c o m b i n a t i o n  c r i t e r i o n ,  independent  o f  energy,  

appears t o  be adequate.  

I t  c o u l d  be argued t h a t  as t h e  cascade volume inc reases  w i t h  ener-  

gy, t h e  s u r f a c e  t o  volume r a t i o  decreases,  and more t i m e  i s  r e q u i r e d  f o r  

d i s s i p a t i o n  o f  t h e  energy.  Thus, t h e r e  i s  more chance f o r  r e c o m b i n a t i o n  

t o  occur  i n  t h e  h i g h e r  energy cascades, and an e f f e c t i v e  RD wh ich  i n c r e a s e s  

w i t h  energy may be necessary .  However, i n  t h e  p r e s e n t  s tudy ,  t h i s  has n o t  

been found t o  be t r u e  above 5-10 keV. Perhaps t h i s  i s  because t h e  cascades 
w i t h  h i g h e r  energy do n o t  i n c r e a s e  i n  s i z e  e q u a l l y  r a p i d l y  i n  a l l  t h r e e  

dimensions.  I f  t h e  cascades m a i n t a i n  l i n e a r  o r  d i s k  shapes, t h e y  can 

i n c r e a s e  i n  s i z e  w i t h o u t  a p p r e c i a b l e  changes i n  su r face- to- vo lume r a t i o .  

An a l t e r n a t i v e  argument f o r  an energy independent  RD i s  t h e  form-  

a t i o n  o f  subcascades h a v i n g  t h e  same d i s t r i b u t i o n  o f  s i z e s  and d e n s i t i e s  

r e g a r d l e s s  o f  energy.  A s y s t e m a t i c  g r a p h i c a l  a n a l y s i s  o f  h i g h  energy cas-  

cades i s  expected t o  answer these q u e s t i o n s  and o t h e r s  c o n c e r n i n g  t h e  spa- 

t i a l  d i s t r i b u t i o n  o f  d e f e c t s  i n  cascades. 
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E. -~ A n a A s i s  o f  H igh  Energy I n t e r a c t i v e  3-0 ~ C o e r  
Graph ics  - H.  L .  H e i n i s c h ,  J r .  ( H E D L )  

I n  a d d i t i o n  t o  t h e  MARLOWE cascade s t u d i e s ,  we have been deve lop ing  

an i n t e r a c t i v e  3-D computer g raph i cs  program, SPACEwarp, f o r  t h e  purpose of 

g r a p h i c a l  a n a l y s i s  o f  cascades (and  u l t i m a t e l y  f o r  annea l i ng  s t u d i e s  as 

w e l l ) .  

I n  t h e  c u r r e n t  ve r s i on ,  markers a r e  p l o t t e d  a t  t h e  p o s i t i o n s  of  

the  vacanc ies  and i n t e r s t i t i a l s  i n  a 3-D p e r s p e c t i v e  v iew.  The cascade 

may be viewed f r om  any a n g l e  o r  d i s t a n c e ,  and t h e  p e r s p e c t i v e  may be ex-  

aggera ted  by a s c a l i n g  f a c t o r .  Some examples o f  t h e  g raph i cs  produced b y  

t h i s  program a r e  i n c l u d e d  h e r e .  

The f o l l o w i n g  f i v e  f i g u r e s  a r e  t h ree- d imens iona l  v iews o f  t h e  d i s -  

t r i b u t i o n s  o f  i n t e r s t i t i a l s  and vacancies produced i n  computer s i m u l a t e d  

d isp lacement  cascades. F i g u r e  1 i l l u s t r a t e s  t h e  F r e n k e l  p a i r s  r ema in i ng  

a f t e r  recombin ing  a l l  p a i r s  separa ted  b y  l e s s  t h a n  two l a t t i c e  parameters  

( R D  = 2 ) .  The cascade e x h i b i t s  a " d e p l e t e d  zone" c o n f i g u r a t i o n .  

To s i m u l a t e  t h e  recomb ina t i on  which occurs  as t h e  h i g h l y  e x c i t e d  

cascade r e g i o n  d i s s i p a t e s  energy, t h e  recomb ina t i on  d i s t a n c e  i s  i nc reased  

t o  RD = 4 i n  F i g u r e  2 .  The vacancy d i s t r i b u t i o n  r e t a i n s  i t s  b a s i c a l l y  

two- lobed  shape, and t h e  d e p l e t e d  zone i s  w e l l - d e f i n e d .  The shape o f  t h i s  

cascade may i n d i c a t e  a t r e n d  toward subcascade f o r m a t i o n .  

F i g u r e  3 i s  a cascade f ro in  a 10 keV PKA i n  t h e  same d i r e c t i o n  a s  

i n  F i g u r e  1, w i t h  RD = 4 .  At 10 keV t h e  ca,jcade i s  s m a l l e r ,  has one w e l l -  

d e f i n e d  d e p l e t e d  zone, and i s  found  t o  be d isk- shaped by v i e w i n g  froin 

o t h e r  a n q l e s .  

Even a t  10 keV t h e r e  i s  some ev idence  t h a t  subcascades can b e g i n  

f o r m i n g .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  4 ,  i r l  wh ich  a 10 keV P K b  i i i  t r i e  

,: 1 00, d i r e c  t i on produces t w o  d i  s t i tic t 1 y se  1i: i'd !(?:I i!ep I e t e d  zone; . i no:;,: 
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FIGURE 1. 
Atom (PKA) i n  a H igh  Index  D i r e c t i o n  LA  s m a l l  a r row i n  t h e  f i g u r e  a t  (0, 0, 
0 )  i n d i c a t e s  t h e  i n i t i a l  PKA d i r e c t i o n . ]  I n  a l l  t h e  f i g u r e s ,  t h e  squares 
r e p r e s e n t  vacanc ies ;  t h e  c rossed  c i r c l e s  r e p r e s e n t  i n t e r s t i t i a l  atoms. The 
s c a l e  on t h e  edges o f  t h e  l a r g e  cube i s  i n  u n i t s  o f  l a t t i c e  parameters  ( 1  
l a t t i c e  parameter  = .361 nm i n  copper ) .  
vacanc ies  a r e  n o m i n a l l y  t h e  same s i z e ,  one h a l f  l a t t i c e  parameter.  Those 
wh ich  appear r e l a t i v e l y  l a r g e r  ( s m a l l e r )  a r e  a t  p o s i t i o n s  c l o s e r  t o  ( f a r t h e r  
f rom)  t h e  v i e w e r ' s  eye.  

A Cascade i n  Copper R e s u l t i n g  From a 25 keV Pr imary  Knock-On 

A l l  symbols r e p r e s e n t i n g  atoms o r  
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FIGURE 2. 25 keV Cascade in C u .  Reconibination Distance (RD) = 4 
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FIGURE 3 .  10 keV Cascade in Cu .  Recombination Distance ( R i ) )  = 4.  
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FIGURE 4.  10 keV Cascade i n  Cu. Recombinat ion D i s t a n c e  (RD) = 5 .  
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FIGURE 5. 10 keV Cascade i n  Cu. Recombinat ion D i s t a n c e  (RD)  = 5. 
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he re  a t  RD = 5 ,  b u t  d i s t i n c t  even a t  RD < Z .  An i n t e r e s t i n g  f e a t u r e  o f  

t h i s  cascade becomes more e v i d e n t  i n  F i g u r e  5 .  Here t h e  v i e w e r ’ s  eye i s  

i n  t h e  e q u a t o r i a l  p l a n e  (Z = 0) and t h e  f i g u r e  has been r o t a t e d  180”. 

d e f e c t s  a r e  p r i m a r i l y  c o n f i n e d  t o  t h e  Z = 0 p l ane .  I n  f a c t ,  85: o f  t h e  

vacancies l i e  w i t h i n  one l a t t i c e  parameter  o f  t h e  Z = 0 p lane .  

The 
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V I I .  FUTURE WORK 
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I .  PROGRAM 

T i t l e :  
Principal Invest igator:  Don M. Parkin 
A f f i l i a t i o n :  Los Alarnos S c i e n t i f i c  Laboratory of t he  

University of Cal ifornia  

Radiation Damage Analysis and Computer Simulation 

11. OBJECTIVE 

The objec t ive  of t h i s  work i s  t o  develop displacement funct ions f o r  
polyatomic ma te r i a l s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK 11.6.2.3 Cascade Production Methodology 
11.6.4.1 
11.6.4.2 Develop theory of spec t ra l  and r a t e  e f f e c t s  

In ter face  w i t h  o ther  designs and o the r  tasks  

IV. SUMMARY 

The computer code DISPLC has been used t o  c a l c u l a t e  net d isp lace-  
ment functions i n  polyatornic mater ials .  One o f  the important poss ib i l-  
i t i e s  i n  ceramic mater ia l s  is  t h a t  atoms o f  one t y p e  cannot be captured.  
on atom s i t e s  of another type during a displacement cascade. 
t i ons  for CaO and A1203 show t h a t  t h i s  i s  an important e f f e c t  f o r  mater ia l s  
w i t h  mass r a t i o  near one i f  the atom types have d i f f e r e n t  displacement 

threshold energies.  

Calcula- 

V. GCCOMPLiSHMENTS AND STATUS 

A. Net Displacement Functions f o r  Polyatomic Materials  -- 0. M. 
Parkin (LASL) and C. A. Coulter (The University of Alabama) 
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1. R e s u l t s  

One o f  t h e  i m p o r t a n t  p r o p e r t i e s  o f  many ceramic  and i n s u l a t o r  

m a t e r i a l s  t h a t  d i f f e r s  f r o ?  meta l1  i c  a . i l oys  i s  t h a t  t h e  atoms i n  t h e  

c r y s t a l  a r e  bound by i o n i c  f o r c e s  and n o t  by m e t a l l i c  fo rces .  T h i s  

s i t u a t i o n  l e a d s  t o  a c h a r a c t e r i s t i c  change i n  t h e  p o s s i b l e  even ts  t h a t  

can o c c u r  i n  a d i sp lacement  cascade. 

an i o n i c  m a t e r i a l  c a t i o n s  canno t  be l o c a t e d  a t  a n i o t l  l a t t i c e  s i t e s  

and v i c e v e r s a .  

d i s p l a c e d  A1 atoms can d i s p l a c e  o t h e r  A1 atoms and 0 atoms and be 

c a p t u r e d  a t  A1 atom s i t e s  b u t  n o t  a t  0 atom s i t e s  and thf2 co r respond ing  
case f o r  0. I n  a m e t a l l i c  a l l o y  t h i s ,  o f  course,  i s  n o t  t h e  case.  Fur  

example, i n  Nb3Sn, b o t h  Nb and Sn can be on any atom s i t e .  

I t  i s  a good assumpt ion t h a t  i n  

The r e s u l t  o f  t h i s  f a c t  i s  t h a t ,  f o r  example, i n  A1203, 

To i n v e s t i g a t e  t h e  r o l e  o f  t h i s  e f f e c t  on d i sp lacement  cascades i n  

p o l y a t o m i c  m a t e r i a l s ,  c a l c u l a t i o n s  

assuming f i r s t  t h a t  atoms o f  t y p e- i  canno t  be c a p t u r e d  on t y p e - j  s i t e s  

i f  i# j  and f o r  t h e  case where such c a p t u r e s  a r e  p o s s i b l e .  CaO and A1203 

a r e  mater ia ls i l lhc?rC t h e  mass r a t i o  i s  near  one. For CaO we assumed t h a t  

( l )  F o r  t h e  Ei = 50 eV and f o r  A1203 we used 18 e\, f o r  A1 and 72 f o r  0. 

no- cap tu re- o f - un l i ke- a toms case we assumed 

f o r  CaO and A1203 were per formed 

d 

and 

E. cap . = 0 ( 2 )  
1 f J  

For t h e  case where u n l i k e  atoms can be c a p t u r e d  we assumed Eq. 1 and t h a t  
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To analyze the r e s u l t s  i t  i s  convenient t o  def ine the r a t i o  of the 
net displacement functions g . . ( E )  f o r  the two cases t o  be 

1J  

g .  . ( E )  f o r  case one 
I J  g . . ( E )  f o r  case two 6.. = l J  

1J 
( 4 )  

where case one i s  the no-unlike-capture case using Eq.  2 and  case two i s  
the capture case using Eq.  3 .  
and those f o r  A1203 a r e  given in  Table 11. 

The r e s u l t s  f o r  CaO a r e  given in  Table I 

The d a t a  in  Table I f o r  CaO show three pr incipal  e f f e c t s .  F i r s t ,  
d fo r  the case i = j ,  t he  values of  B i i  a re  g r ea t e r  than one below 2Ei and 

f i r s t  increase then decrease a s  a function of energy. This behavior i s  
a r e s u l t  of the importance of capture energy f o r  low energy PKA's and 
low energy t r ans fe r  events.  Where unlike atom capture  i s  allowed, f o r  
example,an i n i t i a l  PKA of Ca m y  convert i n t o  an 0 displacement. When 
no such capture i s  poss ib le ,  the Ca PKA i s  "frozen" in  the l a t t i c e  
below 2 E i .  
t h i s  "f reezing"  i s  important become l e s s  in  r e l a t i v e  number. Second, 
f o r  t he  case i # j , t h e  values of 6 . .  increase with energy and although the 

13 
"freezing" e f f e c t  i s  present ,  i t  i s  n o t  displayed i n  the s a w  way. Third,  
f o r  a l l  E i j ,  the  values of B . .  reach a s t ab l e  value by a few keV of 1.06. 

d As the PKA energy increases,displacement events in  which 

1J 

The da t a  f o r  A1203 in  Table I1 show the importance of knowing the 
probabi l i ty  of unlike atom capture  when the displacement energies of 
the two atom types are  d i f f e r e n t .  
atom w i t h  the smal les t  displacement energy, the r e s u l t s  a r e  s imi la r  t o  
the results f o r  CaO (? .e .  B l l ,  B2,). 
placement energy, 0 in  t h i s  case,  the  "freezing" e f f e c t  plays a major r o l e  
in  increasing the net  number of 0 displacements. For a n  0 PKA with energy 
near the 0 displacement energy, i t  cannot  produce a second 0 displace-  
ment b u t  will  produce %.3 A1 displacements. This f a c t  gives a h i g h  
p robabi l i ty  of 0 capture on  the  A 1  s i t e  f o r  capture  energies of the order  
of the displacement energies.  I f  t h i s  capture i s  n o t  possible  then the 0 

In t h i s  case, f o r  displacement of t h e  

For t he  atom with the l a r g e s t  d i s -  
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d isp lacement  i s  " f r o z e n "  i n .  As t h e  PKA energy increases,  t h i s  low e n e r g j  
r e g i o n ,  where t h e  8 atoiris l o s e  a l a r g e  p a r t  o f  t h e i r  enerqy i n  d i s p l a c i n q  

A1 a t o m s b u t  a r e  " f r o z e n "  i n  as d isp lacements ,  i s  a n  i m p o r t a n t  p a r t  o f  t n e  

t o t a l  d i sp lacement  process and, hence, t h e  i i e t  number o f  0 d isp lace inents  

s i g n i f i c a n t l y  i n c r e a s e s  w h i l e  t h e  number o f  A I  d isp lacements  i s  o n l y  

s l i g h t l y  e f f e c t e d .  As w i t h  CaO t h e  e . .  r e a c h  s t a b l e  v a l u e s  by a few 

keV. 
1 J  
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TABLE I 

VALUE OF 6. FOR CaO (Ca = 1, 0 = 2) 
4 

Energy 

(ev) 

86 
127 
i a a  
279 
907 
2952 

9605 

Energy 

(ev) 

72 
95 

126 
166 

290 
670 

1540 

9450 

1.04 1.04 
1.10 1.11 

1.10 1.11 

1.08 1.09 
1.07 1.08 

1.06 1.07 
1.06 1.06 

Energy 

(ev) 

69 
99 

142 

292 

a59 
2531 

7455 

1.00 
1.02 

1.05 
1.06 

1.05 
1.04 
1.03 

1.03 

81 2 

1.00 
1.00 
1.02 
1.04 

1.06 
1.06 

1.06 

TABLE I1 

VALUES OF 8 FOR A1203 (A1 = 1, 0 = 2 )  
ij 

Energy 

(ev) 

72 
106 

179 
302 
660 
1110 

2420 

ago0 

82 2 

1.38 
1.45 

1.50 
1.50 

1.47 
1.40  

1.48 

1.47 

Energy 

(ev) 

a7 
97 

123 

175 
281 

721 
1460 

9610 

81 2 

1.39 
1.40 

1.41 
1.43 
1.45 
1.46 
1.47 

1.47 

Energy 

(ev) 

72 
93 

121 

158 
267 
767 

1680 

9350 

621 

1.00 

1.00 

1.02 

1.04 

1.06 
1.06 
1.06 

%1 

1.03 
1.02 

1.02 

1.02 
1.02 
1.02 
1.03 

1.03 
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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  (WHOlllEDA) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G .  Doran 

A f f i l i a t i o n :  Han fo rd  Eng ineer ing  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  determine t h e  e f f e c t s  o f  h i g h  energy 

neu t rons  on damage p r o d u c t i o n  and e v o l u t i o n ,  and t h e  r e l a t i o n s h i p s  o f  these 

e f f e c t s  t o  e f f e c t s  produced by  f i s s i o n  r e a c t o r  neu t rons .  S p e c i f i c  o b j e c -  

t i v e s  of c u r r e n t  work a r e  t h e  p l a n n i n g  and performance o f  an i r r a d i a t i o n  

program a t  t h e  R o t a t i n g  T a r g e t  Neut ron Source (RTNS)-I1 and p o s t - i r r a d i a -  

t i  on t e s t i n g .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . B . 3 . 2  Exper imen ta l  C h a r a c t e r i z a t i o n  o f  P r imary  Damage 

S t a t e ;  S t u d i e s  o f  M e t a l s  

E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  on M i -  

c r o s t r u c t u r e ;  Low-EnergylHigh-Energy Neut ron C o r r e l a -  

t i o n s  

I I . C . 6 . 3  

I I .C .11 .4  E f f e c t s  o f  Cascades and F l u x  on Flow; High-Energy 

Neu t ron  I r r a d i a t i o n s  

I I . C . 1 7 . 1  M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n ;  M o n i t o r  and A s s e s s  

New Methodolog ies  

I I . C . 1 8 . 1  R e l a t i n g  Low- and High-  Exposure M i c r o s t r u c t u r e s ;  

N u c l e a t i o n  Exper iments 

I V .  SUMMARY 

M a t e r i a l s  s e l e c t e d  f o r  i r r a d i a t i o n  i n  R T N S - I 1  i n c l u d e  pu re  meta ls  ( N i ,  

Cu, T i ,  V ,  Nb),  b i n a r y  a l l o y s  ( N i  and Cu based) ,  a s i m p l e  Fe-Ni-Cr a l l o y  

w i t h  and w i t h o u t  Mo, and t h r e e ,  more complex a l l o y s  f r o m  t h e  A l l o y  
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Development f o r  I r r a d i a t i o n  Performance (ADIP) program. 

t h e i r  s e l e c t i o n  i s  d e s c r i b e d  and a t e s t  m a t r i x  p resen ted .  Specimens have 

been p repared  and mounted i n  a capsu le  i n  p r e p a r a t i o n  f o r  t h e  i n i t i a l  room 

tempera tu re  i r r a d i a t i o n s .  I t  has been demonst ra ted t h a t  sma l l  changes i n  

u l t i m a t e  t e n s i l e  s t r e n g t h  can be m o n i t o r e d  u s i n g  microhardness measurements 

on TEM specimens. 

The r a t i o n a l e  f o r  

V .  ACCOMPLISHMENTS AND STATUS 

A. RTNS-I1 I r r a d i a t i o n  Program P l a n  - R. W. Powe l l  and N .  F .  

Panayotou ( H E D L ) ,  G. R. Ode t te  and G .  E. Lucas (UCSS) 

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

The R T N S - I 1  l o c a t e d  a t  t h e  Lawrence L i ve rmore  L a b o r a t o r y  w i l l  

be used t o  s t u d y  t h e  e f f e c t s  o f  h i g h  energy n e u t r o n  (14  MeV) damage on 

m a t e r i a l  p r o p e r t i e s .  An u n d e r s t a n d i n g  o f  t h e  p r i m a r y  damage s t a t e ,  subse- 

quen t  m i c r o s t r u c t u r e  e v o l u t i o n ,  and t h e  r e s u l t a n t  mechanical  b e h a v i o r  i s  

i m p o r t a n t  i n  d e v e l o p i n g  t h e  c a p a b i l i t y  o f  p r o j e c t i n g  f i s s i o n  r e a c t o r  da ta  

t o  f u s i o n  r e a c t o r  env i ronments .  HEDL p l a n s  t o  address each o f  these  areas 

i n  i t s  e x p e r i m e n t a t i o n  a t  RTNS-11. I n  a d d i t i o n ,  s e l e c t i v e  Be(d,n)  i r r a d i -  

a t i o n s  w i l l  be  per formed a t  UC-Davis and 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  w i l l  
be done a t  t h e  L i ve rmore  Pool-Type R e a c t o r  (LPTR) t o  assess t h e  s p e c t r a l  

s e n s i t i v i t y  o f  r a d i a t i o n - i n d u c e d  e f f e c t s .  

2. S e l e c t i o n  o f  M a t e r i a l s  __ 

The pure  m e t a l s  chosen f o r  RTNS-I1 exper iments  a r e  l i s t e d  i n  

T a b l e  1. The e f f e c t s  o f  c r y s t a l  s t r u c t u r e ,  a tomic  w e i g h t ,  and s t a c k i n g  

f a u l t  energy on t h e  p r i m a r y  damage s t a t e ,  subsequent m i c r o s t r u c t u r e  e v o l u -  

t i o n ,  and r e s u l t a n t  changes in mechanica l  b e h a v i o r  w i l l  b e  examined w i t h  

these  m a t e r i a l s .  A l l  o f  t h e  pu re  m e t a l s  l i s t e d  i n  T a b l e  1 have a d i r e c t  

t i e  t o  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) program 

m a t e r i  a1 s . 
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TABLE 1 

PURE METALS FOR RTNS- I I IRRADIATIONS 

Me ta l  Charac te r  i s t i c s *  ___ 

N i  FCC, Mid-A, H i g h  SFE 

c u  FCC, Mid-A, Low SFE 

T i  HCP,  Mid-A 

V BCC, Mid-A 

N b B C C ,  High-A 

* FCC = f a c e  c e n t e r e d  c u b i r  c r y s t a l  s t r u c t i i r e  

H C P  = he.:agonal clo5.e p a c k e d  c r y s t a l  s t r u c t u r e  

ECC = body c e n t e r e d  c u b i c  c r y s t a l  s t r u c t u r e  

A = atomic  w e i g h t  

SFE = s t a c k i n g  f a u l t  energy 



The a l l o y s  chosen f o r  R T N S - I 1  exper iments  a r e  l i s t e d  i n  Tab le  

2 and span t h e  range f rom s i m p l e  b i n a r i e s  t o  complex commercial p u r i t y  

a l l o y s .  The f i r s t  s e t  o f  b i n a r i e s  i s  i n t e n d e d  t o  s t u d y  t h e  e f f e c t s  o f  
s o l u t e  c h a r a c t e r i s t i c s  on rep lacement  sequence l e n g t h .  The s o l u t e  charac-  

t e r i s t i c s  chosen f o r  s t u d y  were d e r i v e d  f rom cascade e v o l u t i o n  models 

wh ich  p r e d i c t  a decrease i n  rep lacement  sequence l e n g t h  f o r  l o c a l  d i s t u r -  

bances o f  t h e  l a t t i c e .  The e f f e c t s  o f  a d i f f e r e n c e  i n  a tomic  w e i g h t  be- 

tween t h e  s o l u t e  and m a t r i x  atoms, as w e l l  as a d i f f e r e n c e  i n  a tomic  s i z e ,  

hence l a t t i c e  s t r a i n ,  w i l l  be s t u d i e d .  S o l u t e  a d d i t i o n s  f o r  t h i s  s e r i e s ,  

excep t  f o r  carbon, a r e  a t  t h e  5 a tomic  p e r c e n t  l e v e l  wh ick  i s  w i t h i n  t h e  

normal s i n g l e  phase r e g i o n  o f  each a l l o y  and p r o v i d e s  a p p r o x i m a t e l y  t w o  

s o l u t e  atoms w i t h i n  t h e  f i r s t  t h r e e  n e a r e s t  ne ighbor  s h e l l s  o f  each s o l -  

v e n t  atom. A carbon l e v e l  o f  0 .05 wt.7; was chosen t o  s t u d y  t h e  e f f e c t  o f  

i n t e r s  t i  t i a  1 i n p u r i  t i e s  . 

As an example o f  t h e  s o l u t e  c h a r a c t e r i s t i c s  under  s tudy ,  con- 

s i d e r  t h e  t h r e e  n i c k e l - b a s e  b i n a r i e s  w i t h  a d d i t i o n s  o f  S i ,  A I ,  o r  Zn. 
Comparison o f  t h e  S i  and A 1  a d d i t i o n s  w i l l  b e  used t o  s t u d y  t h e  r e l a t i v e  

e f f e c t i v e n e s s  o f  p o s i t i v e  and n e g a t i v e  a tomic  m i s f i t s  i n  rep lacement  se- 

quence l e n g t h s ;  b o t h  a d d i t i o n s  a r e  lower  i n  a tomic  w e i g h t  than  t h e  base  

meta l  b u t  S i  c o n t r a c t s  t h e  l a t t i c e  w h i l e  A1 expands t h e  l a t t i c e .  Atomic 

w e i g h t  e f f e c t s  w i l l  be s t u d i e d  w i t h  N i  + 5% A1 and N i  + 5 4  Zn. A1 and Zn 

b o t h  expand t h e  l a t t i c e  a p p r o x i m a t e l y  t h e  same amount b u t  have s i g n i f i c a n t l y  

d i f f e r e n t  a tomic  w e i g h t s .  

Other  phenomena b e i n g  s t u d i e d  w i t h  s i m p l e  a l l o y s  i n c l u d e  phase 

s t a b i l i t y  and h e l i u m  e f f e c t s ,  and t h e i r  p r o j e c t i o n  t o  s i m p l e  t e r n a r y  and 

q u a t e r n a r y  a l l o y s .  N i 3 S i  p r e c i p i t a t i o n  i n  t h e  N i  + 5% S i  and N i  + 8% S i  

a l l o y s  w i l l  be used t o  s t u d y  f r e e  d e f e c t  p r o d u c t i o n  i n  d i f f e r e n t  s p e c t r a .  

F ree  d e f e c t  p r o d u c t i o n ,  th rough  enhanced d i f f u s i v i t y ,  s h o u l d  i n f l u e n c e  t h e  

observance o f  a low tempera tu re  m i s c i b i l i t y  gap i n  t h e  Cu + 50% N i  a l l o y ;  

t h i s  t r a n s f o r m a t i o n  w i l l  be m o n i t o r e d  w i t h  a magnetometer s i n c e  t h e  phase 

s e p a r a t i o n  w i l l  produce a f e r r o m a g n e t i c  phase. 
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The N i  + lil C a l l o y  w i l l  be used t o  t e s t  t h e  f e a s i b i l i t y  o f  

s t u d y i n g  t h e  e f f e c t s  o f  s p a t i a l l y  inhomogeneous he l i u rn  g e n e r a t i o n  a t  RTNS- 

11; carbon has a h i g h  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  f o r  14 MeV neu t rons .  

The t e r n a r y  and q u a t e r n a r y  a l l o y s  w i l l  se rve  two main purposes.  

F i r s t ,  t h e  compar ison between t h e  two a l l o y s  w i l l  se rve  t o  e l u c i d a t e  t h e  

e f f e c t  o f  t h e  heavy element molybdenum on rep lacement  sequences i n  t h i s  

system. Second, t h e y  w i l l  se rve  as low  dose-h igh dose c o r r e l a t i o n  m a t e r i a l s  

t o  l i n k  t h e  more complex a l l o y s  t o  EBR-II/ORR/FMIT exper imen ts .  The com- 

p l e x  a l l o y s  i n c l u d e d  i n  t h e  RTNS-I1 exper iments  were drawn d i r e c t l y  f rom 

t h e  A D I P  m a t e r i a l s  s t o c k p i l e  f o r  Paths A and B .  

3 .  E v a l u a t i o n  o f  Techniques 

The o b j e c t i v e  o f  a s i g n i f i c a n t  p o r t i o n  of t h e  e a r l y  exper iments  

w i l l  be t o  e v a l u a t e  t h e  u t i l i t y  o f  v a r i o u s  techn iques  and comb ina t ions  of 

techn iques f o r  c h a r a c t e r i z i n g  t h e  p r i m a r y  damage s t a t 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 ,  and mechanica l  b e h a v i o r  i n  m i n i a t u r e  specimens. The m a j o r  

techn iques  w i l l  be c o n v e n t i o n a l  t r a n s m i s s i o n  e l e c t r o n  microscopy (TEM) and 

microhardness,  b u t  these  w i l l  be combined w i t h  v a r i o u s  p o s t i r r a d i a t i o n  

a n n e a l i n g  schedules and o t h e r  t e s t  techn iques .  Under examina t ion  a r e  u l t r a -  

h i g h  r e s o l u t i o n  TEM, sma l l  w i r e  t e n s i l e  t e s t s ,  x - r a y  d i f f u s e  s c a t t e r i n g ,  

and p o s i t r o n  a n n i h i l a t i o n .  

Conven t iona l  TEM w i l l  be used t o  c h a r a c t e r i z e  t h e  m a j o r i t y  o f  

t h e  h i g h  energy n e u t r o n  induced m i c r o s t r u c t u r e .  T h i s  t e c h n i q u e  has t h e  

c a p a b i l i t y  o f  d e t e c t i n g  d e f e c t  c l u s t e r s  as sma l l  as 1.0-1.5 nm i n  d ia ineter ;  

i t  has t h e  advantage o f  r e v e a l i n g  s p a t i a l  d i s t r i b u t i o n s .  S e l e c t e d  p o s t -  

i r r a d i a t i o n  anneals  w i l l  supplement these  measurements w i t h  i n d i r e c t  i n f o r -  

m a t i o n  on c l u s t e r s  s m a l l e r  t h a n  t h e  d e t e c t a b l e  l i m i t  as w e l l  as a i d i n g  t h e  

i d e n t i f i c a t i o n  o f  c l u s t e r  t y p e .  Scop ing s t u d i e s  a r e  c u r r e n t l y  underway t o  

assess t h e  a p p l i c a t i o n  o f  u l t r a - h i g h  r e s o l u t i o n  TEM techn iques  such as 

l a t t i c e  f r i n g e  imaging t o  t h e  d e t e c t i o n  o f  c l u s t e r s  s m a l l e r  t h a n  t h e  con- 

v e n t i o n a l  l i m i t .  
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Microhardness  tiieasureiriertts w i  11 se r ve  two p r i m a r y  purposes.  

F i r s t ,  t h e y  w i l l  a i d  i n  c h a r a c t e r i z i n g  t h e  e f f e c t  o f  h i g h  energy neu t rons  

on mechanica l  p r o p e r t i e s  ( p r i m a r i l y  t h e  u l t i i n a t e  t e n s i l e  s t r e n g t h )  and, i n  
c o n j u n c t i o n  w i t h  TEM, w i l l  be used t o  r e l a t e  mechanica l  behav io r  t o  t h e  h i g h  

energy n e u t r o n  i nduced  m i c r o s t r u c t u r e .  Second, the  measurements w i l l  b e  

used t o  gu ide  t h e  d i s p o s i t . i o n  o f  i r r a d i a t e d  specimens. S i nce  measurements 

a r e  r a p i d  a n d  q u a s i - n o n- d e s t r u c t i v e ,  microhardness w i l l  be  used as an i n -  

d i c a t o r  o f  when t o  p e r f o r i r  TEM exam ina t i on  and when t o  r e - i r r a d i a t e .  

Scoping exper iments  w i l l  be conducted wh ich  combine i r i c r o -  

hardness w a s  l ireiiien t s  w i  t h  v a r i o u s  p o s t  i r r a d i  a t i  on anneal  i ng schedu 1 es  t o  

assess t h e i r  u t i l i t y .  Bo th  i s o c h r o n a l  and isotherinla1 anneals  w i l l  b e  p e r -  
for i i ied t o  de te rm ine  t h e  a c t i v a t i o n  ene rg i es  o f  t.he r ecove ry  processes.  
Such d a t a  w i l l  b e  v a l u a b l e  i n  C h a r a c t e r i z i n g  t h e  p r o p e r t i e s  o f  t n e  d e f e c t  

c l u s t e r s  and t h e  s p e c t r a l  s e n s i t i v i t y  o f  t hese  p r o p e r t i e s .  Ho t  m i c roha rd-  

ness w i l l  be used t o  t e s t  ;it t h e  i r r a d i a t i o n  tempera tu re ,  and scoping 
s t u d i e s  w i l l  b e  per for tned t o  assess  i t s  a p p l i c a t i o n  t o  r ecove ry  S t u d i e s .  

Snia11 diatr ieter  w i r e  t e n s i l e  t e s t s  w i l l  be s e l e c t i v e l y  per fo rmed 

t o  p r o v i d e  more i n f o r i m t i o n  o n  i i iechanical  Ibehavior;  i t  i s  a n t i c i p a t e d  t h a t  

m ic rohardness  d a t a  w i l l  gu i de  t hese  t e s t s .  

Speciitiens w i l ' l  b e  i n c l u d e d  i n  R T N S - I 1  i r , r a d i a t i o n s  t o  p r o v i d e  

f o r  x - r a y  d i f f u s e  s c a t t e r i n g  s t u d i e s  and p o s i t r o i l  a n n i h i l a t i o n  nieazureri;ents. 

The a p p l i c a t i o n  o f  these  techn iques  t o  r a d . i a t i o n  daiiiage s t u d i e s  has n o t  

been f u l l y  dei i ionstrated b u t  t h e  p o s s i t l i  l i  t y  o f  p r o v i d i n g  supp leoxn ta l  d a t a  

t o  TEM exam ina t i on  shou ld  b e  pursued.  

4 .  General  Tes t  . M a t r i x  

The o v e r a l l  HEDL RTNS-11 t e s t  1i iatr i .r  i s  g i v e n  i n  Tab le  3 .  fi  

range o f  f l u e n c e s  w i l l  be c lbtained f ~ n r  eaci-i o f  t h r e c  r e l a t i v e  t e n p e r a t u r e s .  

I n  a d d i t i o n  t o  t h e  f l u i i r i c e s  shown. i l iucnces ils lo\V a s  3 x n / c ; - l ~  'v i1 , ;  

b e  o b t a i n e d  by p o i i  t i (2ni: iq 8;)cciiiiens rledt' t h e  b a c k  o f  tiolsders scheduled f 3 r  



1 x n / c i i f .  The maximum f l u e n c e s  shown i n  t h e  t a b l e  cor respond t o  ap- 

p r o x i m a t e l y  t h r e e  months o f  peak f l u x  ( 1  x n/cm2-sec) i r r a d i a t i o n  and 

a p p r o x i m a t e l y  0 . 1  dpa i n  AIS1 316. T h i s  w i l l  p r o v i d e  compar isons w i t h  

specimens i r r a d i a t e d  t o  a p p r o x i m a t e l y  0.3 dpa i n  t h e  O R R / M F E - I  exper iment .  

H igher  RTNS-I1 f l u e n c e s  w i l l  be o b t a i n e d  i f  i r r a d i a t i o n  t i m e  i s  a v a i l a b l e .  

TABLE 3 

H E D L  R T N S - I 1  TEST M A T R I X  

F luence,  n/cm’ 

T e x e r a t u r e  1 x 10’8  3 x 10’8 - 1 x 10’8 3-5 x 1019 __- - __- 

R.T. X X X 

( 0 .  3)Tm X X X X 

( 0 . 4 5  )Tm X X X X 

The temperatures  shown i n  Tab le  3 a r e  r e l a t i v e  t o  t h e  m e l t i n g  

p o i n t  (T,) o f  each n i a t e r i a l  and t h e r e f o r e  r e p r e s e n t  more t h a n  t h r e e  i r r a d i -  

a t i o n  temperatures .  

tempera tu res .  A l l  m a t e r i a l s  w i l l  be i r r a d i a t e d  a t  room tempera tu re  ( t h i s  
may be  e l e v a t e d  t o  t h e  65°C ambient  tempera tu re  o f  LPTR) a n d  a t  a p p r o x i -  

m a t e l y  0 . 3  Tm. The h i g h e s t  i r r a d i a t i o n  tempera tu re  f o r  each m a t e r i a l  ex-  

c e p t  Nb i s  a t  a p p r o x i m a t e l y  0.45 Tm; 
t h e r e  a r e  no c u r r e n t  p l a n s  t o  i r r a d i a t e  t h i s  me ta l  a t  an e q u i v a l e n t  r e l a t i v e  

tempera tu re  (975°C). 

T a b l e  4 groups t h e  m a t e r i a l s  i n t o  f i v e  i r r a d i a t i o n  

due t o  t h e  h i g h  m e l t i n g  p o i n t  o f  Nb, 

T A B L E  4 
I R R A D I A T I O N  TEMPERATURES FOR RTNS-I1 EXPERIMENTS 

550°C 

A l l  m a t e r i a l s  Cu-Type Ni-Type V-Type N i  -Type 
Cu-Type V-Type 
T i - Type  T i- Type 

Nb-Type 

__ R.T. - 150°C .- 250°C 350°C 
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5 .  Schedule  ~. 

The t e s t  iiiatrix o u t l i n e d  i n  t h e  p rev ious  s e c t i o n  obv ious ly  r e -  

p r e s e n t s  more than one y e a r ' s  e f f o r t .  Much of t h a t  iiiatrix i s  s u b j e c t  tg 
i i iodif icat ion a s  exper ience  i s  ga ined wi th  R T N S - I 1  and a s  incrementa l  d a t a  

a r e  ob ta ined  and ana lyzed .  

I n i t i a l  o p e r a t i o n  o f  t h e  RTNS-I1 i s  wi th  the small  P T I I S - I 1  

t a r g e t s ;  t h e  r e s u l t i n g  neutron f l u x  i s  between t h a t  o f  RTNS- I and t h e  goal 

f l u x  O f  RTIIS-11.  T h e  i n i t i a l  HEDL experinients  w i l l  emphasize t h e  lower 

f l u e n c e  priiiiary daiiiage o b j e c t i v e s  a n d  w i l l  be l i r i i i ted t o  peak, f l u e n c e s  o f  

1 x 10' ' n/ci!i.!. Major e inphas is  w i l l  be on roorii t empera tu re  i r r a d i a t i o n s  

a n d  e x p l o r i n g  t h e  i u t i l i t y  o f  150°C i r r a d i a t i o n s .  
a r e  f u l l y  coitipatihle w i t h  siiid11 tdrqet  o p e r i t i o n  at. RTNS-11. I t .  i s  

pr 'esent ly  planned t o  r e s e r v e  exper iments  a t  h i g h e r  tei!iperatures and r i iqb,er 

f l u e n c e s  f o r  l a r g e  t a r g e t  o o e r a t i o n .  

These near-terii;  cs:e,:ti i e s  

B .  -~ RTNS-I1 I r r a d i a t i o n  P g r a n i  ~ . ~~~ ~ ~ S t a t u s  - N .  F .  Pandyotou and K .  :,! 
Powel I ( H E N )  

1 .  ~ Specimen ~ ~~~ P r e p a r a t i o n  ~ . 

A t o t a l  o f  t h i r t e e n  meta l s  and al loy!;  a r e  c u r r e n t l y  a v a i l a b l e  

f o r  i r r a d i a t i o n  a t  RTNS-11. S h e e t  s t o c k  (0 .010  inch t h i c k )  of copper ,  

n i c k e l ,  t.itaniuni and niobiui i i  was ob ta ined  froin A .  U. Mackay I n c .  !.lire and 

rod s t o c k  o f  t h e s e  me ta l s  prepared froni i d e n t i c a l  l o t s  was a l s o  o b t a i n e d  
f o r  use by B a t t e l l e - P a c i f i c  Northwest Laboratoi-iei; ( P N L )  and Lawrence 

Livermore L a b o r a t o r i e s ,  a s  wel l  a s  H E N .  Except f o r  copper ,  a l l  pure 

m e t a l s  were r ece ived  i n  t h e  as-cold-worked c o n d i t i o n .  

A qud te rna ry  a l l o y  was a r c  inelted a t .  P l i L  usiriq a t ~ r r i c u /  

a l l o y  (Fe-Ni-Cr) a s  a base  and wi th  a noiiiinal a d d i t i o n  o f  l.0 wt. p ~ r - i i n t  
Mo. A ctieiiiical o v e r c h e L k  i n d i c a t e d  t h a t  t h e  a ; i o y i n q  procediirc: ',!a5 :,~ir!?e(3 

s u c c e i s f l i l .  
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Two Pa th  A and f i v e  Path  B a l l o y s  were o b t a i n e d  f r o m  E. E. 

Bloom o f  ORNL. 

a n i c a l l y  processed a t  PNL t o  a nomina l ,  f i n a l ,  40 p e r c e n t  c o l d  worked 

l e v e l .  

q u a r t z  ( 1 / 3  atm. argon)  and h e a t  t r e a t e d  f o r  30 minutes  a t  1149°C. 

mechanical  p r o c e s s i n g  i n c l u d e d  f o r g i n g  as w e l l  as b o t h  h o t  and c o l d  r o l l i n g .  

F o r g i n g  and h o t  r o l l i n g  were per formed i n  a i r  a t  1010°C. 

r o l l i n g ,  i n t e r m e d i a t e  anneals ,  10 minutes  a t  10IO°C w i t h  an a i r  c o o l ,  were 

u t i l i z e d .  

t h e  s t o c k  encapsu la ted '  i n  q u a r t z  v i a l s  ( 1 / 3  atm. a rgon) .  A f t e r  p rocess ing ,  

t h e  nominal  t h i c k n e s s  o f  t h e  shee t  s t o c k  was 0.014 inches.  

The q u a t e r n a r y  and a l l  Pa th  A and Pa th  B a l l o y s  were mech- 

P r i o r  t o  mechanical  p r o c e s s i n g  Path  B a l l o y s  were encapsu la ted  i n  

The 

Our ing  c o l d  

Below a t h i c k n e s s  o f  0.030 inches  a n n e a l i n g  was accompl ished w i t h  

TEM d i s k s ,  3 mm i n  d iamete r ,  were punched f rom t h e  a s- r e c e i v e d  

p u r e  meta ls  and a s - r o l l e d  a l l o y s .  

l a s e r  engraved u s i n g  t h e  s t a n d a r d  HEDL e n g r a v i n g  fo rmat .  

The d i s k s  were debur red  and permanent ly  

An i n i t i a l  s e t  o f  h e a t  t r e a t m e n t s  was e s t a b l i s h e d  f o r  a l l  

me ta l s  and a l l o y s  u s i n g  b o t h  microhardness r e s u l t s  and m e t a l l o g r a p h i c  ex- 

a m i n a t i o n s .  

s t r u c t u r e .  A f i n e  g r a i n  s i z e  y i e l d s  b e t t e r  microhardness s t a t i s t i c s  s i n c e  

more g r a i n s  a r e  sampled p e r  i n d e n t .  

t e n s i l e  specimens (0 .010 i n .  gage s e c t i o n  d i a m e t e r ) .  I n  each case t h e  h e a t  
t r e a t m e n t  was s e l e c t e d  t o  be a t  l e a s t  0.45 Tm. 

s i z e s  i n  t h e  range o f  ASTM 7-8 ( 2 5 - 3 5 ~ m )  o r  s m a l l e r  c o u l d  be ob ta ined .  An 

example o f  t h e  d a t a  o b t a i n e d  by  t h i s  method i s  shown i n  F i g u r e  1 .  

The o b j e c t  was t o  produce a r e c r y s t a l l i z e d ,  f i n e - g r a i n e d  

I t  i s  a l s o  i m p o r t a n t  f o r  m i n i a t u r e  

I t  was determined t h a t  g r a i n  

2. I r r a d i a t i o n  Hardware 

Hardware f o r  t h e  i r r a d i a t i o n  o f  TEM d i s k  specimens a t  RTNS-I1 

has been f a b r i c a t e d .  Aluminum and t i t a n i u m  specimen h o l d e r s  ( l o w  a c t i v a t i o n  

m a t e r i a l s )  a r e  a v a i l a b l e  f o r  ambient  and h i g h  tempera tu re  i r r a d i a t i o n s .  The 

room tempera tu re  RTNS-I1 TEM d i s k  h o l d e r  i s  shown i n  F i g u r e  2. 

spacers  a r e  used t o  separa te  specimens i n t o  groups w i t h i n  which f l u x / f l u e n c e  

v a r i a t i o n s  a r e  about  a f a c t o r  o f  two. Specimens, spacers  and Nb d o s i m e t r y  

Aluminum 
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f o i l s  a r e  h e l d  s e c u r e l y  i n  p l a c e  by  compression s p r i n g s  and r e t a i n i n g  screws. 

The f l u x  d i s t r i b u t i o n  i s  a l s o  shown s c h e m a t i c a l l y  i n  F i g u r e  2 f o r  t h e  c u r r e n t  

RTNS-I1 source (23  cm, 50mA). 

FWHM and a source s t r e n g t h  o f  1 x 1013 n /s ,  a ranqe i n  f l u x / f l u e n c e  O f  a 

f a c t o r  o f  30 can be o b t a i n e d  w i t h  t h i s  specimen h o l d e r .  I n i t i a l  exper iments  

w i l l  accumulate a peak f l u e n c e  o f  1 x 1 0 l 8  n/cm2. 

Assuming a Gaussian beam p r o f i l e  w i t h  a 1 cm 

3. Hardness T e s t i n g  

P r e l  i m i n a r y  microhardness t e s t s  a t  tempera tu re  (25 -7OO’C)  have 

been per formed w i t h  a N ikon  Hot  Hardness i n s t r u m e n t .  

t h i s  u n i q u e  i n s t r u m e n t  i n c l u d e  an i n e r t  t e s t i n g  env i ronment ,  t e s t  tempera- 

t u r e s  o f  25-1600°C, f a s t  quench r a t e s ,  and v a r i a b l e  loads and t i m e  a t  max- 

i m u m  l o a d .  

The c a p a b i l i t i e s  o f  

T e s t  procedures f o r  hardness t e s t i n g  o f  TEM d i s k  specimens 

have been s p e c i f i e d  i n c l u d i n g  t h e  use o f  a V i c k e r s  (Diamond Pyramid) t y p e  

i n d e n t o r .  T h i s  t y p e  o f  i n d e n t o r  and t h e  minimum machine l o a d  a v a i l a b l e  

(50  gm) were found  t o  be t h e  b e s t  compromise between t h e  d e s i r e  t o  o b t a i n  

b u l k  hardness va lues  and t h e  need t o  l i m i t  t h e  d e p t h  o f  t h e  i n d e n t o r  pene- 

t r a t i o n  i n t o  t h e  t h i n  specimens. I t  has been found  t h a t  changes i n  s t r e n g t h  

o f  o n l y  s e v e r a l  k s i  s h o u l d  be r e s o l v a b l e  by  t h i s  techn ique .  

Microhardness can b e  used t o  m o n i t o r  changes i n  mechanical  

p r o p e r t i e s  due t o  n e u t r o n  i r r a d i a t i o n .  Hardness va lues  o b t a i n e d  f o r  sev- 

e r a l  d i f f e r e n t  forms o f  A I S 1  316 s t a i n l e s s  s t e e l  as a f u n c t i o n  o f  tempera- 

t u r e  a r e  g i v e n  i n  F i g u r e  3. Us ing  an e m p i r i c a l  c o r r e l a t i o n ,  these  r e s u l t s  

were used t o  p r e d i c t  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  o f  316 as a f u n c t i o n  o f  

temperature .  A compar ison o f  t h e  p r e d i c t e d  and a c t u a l  s t r e n g t h  va lues  i s  

shown i n  F i g u r e  4. Wh i le  t h e  agreement i s  n o t  p e r f e c t ,  i t  i s  c l e a r  t h a t  

h o t  hardness can be used t o  m o n i t o r  changes i n  mechanical  p r o p e r t i e s .  The 

e f f e c t s o f  v a r i a b l e s  such as s u r f a c e  f i n i s h  maximum l o a d ,  and t i m e  a t  max i-  

mum l o a d  on hardness va lues  have a l s o  been examined. 
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V I I .  FUTURE WORK 

A h o l d e r  f o r  d i s k  specimens f o r  use i n  t h e  L i ve rmore  Pool Type Reac- 

t o r  (LPTR) and a h o l d e r  f o r  m i n i a t u r e  t e n s i l e  specimens f o r  use a t  RTNS-I1 

have been des igned and w i l l  be f a b r i c a t e d  d u r i n g  t h e  n e x t  q u a r t e r .  

A t  l e a s t  one room tempera tu re  i r r a d i a t i o n  a t  RTNS-I1 i s  p lanned f o r  

t h e  n e x t  q u a r t e r  and specimen examina t ion  w i l l  b e g i n .  

The d e t e r m i n a t i o n  o f  b a s e l i n e  microhardness d a t a  on a r c h i v e  specimens 

o f  p u r e  meta ls  and a l l o y s  w i l l  c o n t i n u e .  

A c o l l a b o r a t i v e  e f f o r t  w i t h  UCSB, d i r e c t e d  a t  optimum u t i l i z a t i o n  o f  

RTMS-11, has been i n i t i a t e d .  
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CHAPTER 5 

SUBTASK C :  DAMAGE MICROSTRUCTURE EVOLUTION AND 

MECHANICAL BEHAVIOR 
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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 ,  W .  J. Choyke, S .  Wood 

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 mechan- 

isms 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 imul taneous 

he l i um 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 

A reg ime o f  r a p i d  c a v i t y  g rowth  was observed i n  s o l u t i o n  annealed 

MFE 316 SS.  

bombardment, and i n c r e a s i n g  t h e  appm He/dpa r a t i o  was observed t o  suppress 
t h e  r a p i d  growth.  D u a l - i o n  bombardments w i t h  p e r i o d i c  i n t e r r u p t i o n s  i n  

t h e  h e l i u m  beam were conducted i n  an a t t e m p t  t o  separa te  t h e  e f f e c t s  o f  

He on c a v i t y  n u c l e a t i o n  and growth.  MFE 316 SS specimens aged a t  800°C 

t o  p r e c i p i t a t e  MZ3C6 c a r b i d e s  were bombarded under  s i m i l a r  c o n d i t i o n s  a t  

t h e  Un iv .  o f  P i t t s b u r g h  and ANL Dua l- Ion  F a c i l i t i e s .  

I n c r e a s i n g  t h e  d i s l o c a t i o n  d e n s i t y  by c o l d  work p r i o r  t o  

A h i g h  vacuum system and a h i g h  r e s o l u t i o n  mass spec t romete r  have 

been i n s t a l l e d  as p a r t  o f  t h e  d u a l - i o n  beam sample assembly o f  t h e  HEIBS 
(Un iv .  o f  P i t t s b u r g h )  f a c i l i t y .  T h i s  new c a p a b i l i t y  s h o u l d  make d u a l  i o n  

beam exper iments  o f  r e f r a c t o r y  m e t a l s  p o s s i b l e  w i t h i n  reasonab le  con- 

s t r a i n t s .  Examinat ion of  t h e  e f f e c t s  o f  known q u a n t i t i e s  o f  H2, CO, e t c .  
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on t h e  m i c r o s t r u c t u r e  d u r i n g  dua l  i o n  bombardment w i l l  be under taken i n  

coming months. 

V. ACCOMPLISHMENTS AND STATUS 

A .  E f f e c t  o f  I r r a d i a t i o n  Temperature, and Time/Temperature H i s t o r y  
o f  He l ium Doping and Atomic Disp lacement  Damage on 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  S o l u t i o n  Annealed, 20% Cold Worked and 
Aqed MFE 316 SS.  

I t  has been suggested( ' )  t h a t  t h e  g rowth  o f  c a v i t i e s ,  under  c o n d i t i o n s  

where h e l i u m  i s  i n t r o d u c e d  s i m u l t a n e o u s l y  w i t h  a tomic  d i sp lacement  damage 

produced by f a s t  neu t rons  o r  charged p a r t i c l e s ,  may proceed v e r y  r a p i d l y  

under c e r t a i n  " c r i t i c a l "  c o n d i t i o n s .  C l e a r l y  i t  i s  i m p o r t a n t  t o  de te rm ine  

whether  such r a p i d  s w e l l i n g  w i l l  occu r  i n  f i r s t  w a l l  and b l a n k e t  
s t r u c t u r a l  components a t  h e l i u m  g e n e r a t i o n  and a tomic  d i sp lacement  r a t e s  

p r o j e c t e d  f o r  c u r r e n t  Tokamak des igns .  

Recent n e u t r o n  i r r a d i a t i o n  d a t a  f rom a mixed- spectrum f i s s i o n  r e a c t o r  

(HFIR - H i g h  F l u x  I s o t o p e  Reactor  a t  Oak Ridge N a t i o n a l  L a b o r a t o r y )  s t u d y  

has i n d i c a t e d  t h a t  f o r  appm hel ium/dpa r a t i o s  o f  %70(*), r a p i d  growth o f  

l a r g e  c a v i t i e s  on g r a i n  boundar ies  and c e r t a i n  p r e c i p i t a t e / r n a t r i x  

i n t e r f a c e s  i n  316 SS can o c c u r  a t  temperatures  above 650°C. 

We have p r e v i o u s l y  r e p o r t e d  d u a l - i o n  i r r a d i a t i o n  d a t a  which 

i n d i c a t e d  a v e r y  r a p i d  g rowth  o f  s e l e c t e d  c a v i t i e s  i n  s o l u t i o n- a n n e a l e d  

t y p e  316 SS f rom t h e  MFE h e a t ( 3 ) .  

s imul taneous bombardment w i t h  2 MeV He and 28 MeV S i f 6  i o n s  a t  a damage 

r a t e  o f  ~1 x dpa/s t o  damage l e v e l s  -2 dpa r e s u l t e d  i n  c a v i t i e s  as 

l a r g e  as 100 nm. 

exper iments  t o  v e r i f y  t h e  r e s u l t s .  Furthermore,  t h e  appm He/dpa r a t i o  

and t h e  t ime / tempera tu re  h i s t o r y  o f  t h e  h e l i u m  dop ing  and a tomic  d i s -  

placement damage have been v a r i e d  t o  s t u d y  t h e  s e n s i t i v i t y  o f  t h e  r a p i d  

growth reg ime t o  t h e  exper imen ta l  parameters .  

A t  a bombardment tempera tu re  o f  %65OoC, 

I n  t h i s  q u a r t e r  we have repea ted  s e v e r a l  o f  t hese  
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Because t h e  i n d i v i d u a l  i o n  beams can be v a r i e d  independen t l y ,  i t  i s  

most h e l p f u l  t o  d e s c r i b e  t h e  exper iments  p i c t o r i a l l y  by  means o f  " v e c t o r "  

diagrams. I n  F i g .  1, f o r  example, t h e  diagram i n d i c a t e s  t h a t  t h e  h e l i u m  

and h i g h  energy i o n  beams coimpinged on t h e  t a r g e t  f o r  2.7.25 hours .  

F ig .  3 shows a case where h e l i u m  was f i r s t  i m p l a n t e d  f o r  7.25 hours  and 

then,  w i t h  t h e  He beam s h u t  o f f ,  a tomic  d i sp lacement  damage was produced 

f o r  7.25 hours  w i t h  t h e  28 MeV S i f 6  beam. 

i n v o l v e d  r a t h e r  complex beam schedules,  F i g .  9, i n  an a t t e m p t  t o  s e p a r a t e  

n u c l e a t i o n  and growth aspec ts  o f  t h e  observed 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  e v e r y  case t h e  o r d i n a t e  r e p r e s e n t s  some measure o f  accumulated 

exposure ( h e l i u m  c o n c e n t r a t i o n ,  d e p o s i t e d  damage energy,  dpa l e v e l  e t c  .) 
and t h e  absc issa  t h e  t i m e  which has e lapsed s i n c e  an i o n  beam f i r s t  

impinged upon t h e  t a r g e t .  We w i l l  use  a comb ina t ion  o f  t h e  v e c t o r  

diagrams and s e l e c t e d  m ic rog raphs  t o  i l l u s t r a t e  t h e  r a p i d  s w e l l i n g  reg ime.  

Recent exper iments  have 

For t h e  s o l u t i o n  annealed 316 SS t a r g e t s  (lO5O0C - 0.5 hours )  r a p i d  

c a v i t y  g rowth  and coa lescence occur  near  %6OO0C under  d u a l - i o n  bombardment; 

as shown i n  F i g .  1, t h e  vo idage produced a t  f l u e n c e s  as l o w  as 2 dpa i s  

e x t r e m e l y  l a r g e .  C a r e f u l  s te reomic roscopy  has r e v e a l e d  t h a t  t h e  p o r o s i t y  

i s  indeed c o n t a i n e d  w i t h i n  t h e  f o i l  and _ _  i s  n o t  a s u r f a c e  a r t i f a c t  

i n t r o d u c e d  d u r i n g  p r e p a r a t i o n  o f  t h e  t a r g e t  f o r  TEM examina t ion .  

complex shapes r e s u l t i n g  f rom c a v i t y  coa lescence p r e c l u d e  a c c u r a t e  
measurement o f  t h e  v o i d  volume f r a c t i o n  u s i n g  c o n v e n t i o n a l  p a r t i c l e - s i z e  

a n a l y s i s  techn iques .  The vo idage i s  i n t e r w o v e n  w i t h  f a u l t e d  d i s l o c a t i o n  

l o o p s  and d i s l o c a t i o n  t a n g l e s .  

88 appm t o  18 appm (and t h e  appm He/dpa r a t i o  f rom %44 t o  -7.5) i n c r e a s e d  

t h e  tendency f o r  t h i s  " e x p l o s i v e "  c a v i t y  growth,F ig .  2 .  A v e r y  pronounced 

v o i d  a l i g n m e n t  i n  <110> d i r e c t i o n s  i s  observed wh ich  r e s u l t s  i n  a 3- 
d imens iona l  d e n d r i t i c  s t r u c t u r e .  

have r e s u l t e d  f rom coa lescence o f  n e a r - e q u i l i b r i u m  h e l i u m  bubbles and t h e  

complex shapes i n d i c a t e  t h a t  m i n i m i z a t i o n  o f  s u r f a c e  energy i s  f a r  f rom 

comple te .  A background o f  v e r y  sma l l  c a v i t i e s ,  wh ich  c o u l d  be e q u i l i b r i u m  

bubbles ,  can be seen i n t e r s p e r s e d  between t h e  "arms" o f  t h e  d e n d r i t i c  web. 

The 

Decreas ing t h e  amount o f  h e l i u m  f rom 

The v o i d  volume i s  much t o o  l a r g e  t o  
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P r e i m p l a n t i n g  t h e  h e l i u m  a t  600°C over  7.25 hours  f o l l o w e d  by heavy 

i o n  bombardment f o r  7.25 hours r e s u l t e d  i n  less c a v i t y  growth and 

coalescence, F i g .  3 .  The s w e l l i n g  i s  s t i l l  much l a r g e r  than  t h a t  observed 

a t  550'C o r  650°C f o r  e l e v a t e d  tempera tu re  p r e i m p l a n t a t i o n  as r e p o r t e d  

p r e v i o u s l y ( 3 ) .  

annealed 316 S S  i s  a p p a r e n t l y  more s e n s i t i v e  t o  v a r i a t i o n s  i n  bombardment 

temperature  (and perhaps i n  damage r a t e )  t h a n  t o  v a r i a t i o n s  i n  appm He/dpa 

r a t i o  o r  mode o f  h e l i u m  i m p l a n t a t i o n .  

Thus r a p i d  c a v i t y  growth and coa lescence i n  t h e  s o l u t i o n  

An i n t e r e s t i n g  f e a t u r e  observed i n  specimens which show v o i d  

a l i g n m e n t  i s  r a d i a t i o n - i n d u c e d  p r e c i p i t a t i o n ,  F ig .  3 .  Oark f i e l d  imaging 

u s i n g  s a t e l l i t e  r e f l e c t i o n s  r e v e a l s  bo th  p r e c i p i t a t e s  and f a u l t e d  

d i s l o c a t i o n  l o o p s .  The p r e c i p i t a t i o n  which appears t o  be a s s o c i a t e d  w i t h  
t h e  c a v i t i e s  occurs  on a ve r y  f i n e  s c a l e  and no p o s i t i v e  phase i d e n t i f i c a t i o n  

has y e t  been p o s s i b l e .  

The v o i d  a l i g n m e n t  observed a t  600°C f o r  t h e  s o l u t i o n  annealed 

specimens i s  e a s i l y  seen i n  t h e  low  m a g n i f i c a t i o n  m ic rog raph  i n  F i g .  4 .  

T h i s  v o i d  o r d e r i n g  has been observed a t  damage l e v e l s  o f  2- 7.5  dpa (and 

up t o  100 appm He) i n  s o l u t i o n  annealed specimens bombarded s i m u l t a n e o u s l y  

o r  s e q u e n t i a l l y  a t  600°C a l t h o u g h  no ev idence o f  a v o i d  l a t t i c e  i s  

apparen t .  

which,  f o r  z % [ loo] i s  t h e  t r a c e  o f  t h e  1111) p l a n e s .  

The v o i d s  a r e  l a r g e  and a r e  a l i g n e d  i n  t h e  <110> d i r e c t i o n s  

To d a t e ,  v o i d  a r r a y s  have n o t  been r e p o r t e d  i n  e i t h e r  n e u t r o n  o r  

i o n - i r r a d i a t e d  316 SS,  b u t  t h e y  have been observed i n  o t h e r  f c c  m e t a l s ,  

namely A9.+ bombarded aluminum(4) (580 dpa, 50 and 75°C) and N i  bombarded 

Ni-Au s o l i d  s o l u t i o n s ( 5 )  (10-70 dpa, 5OOOC) and i n  s e v e r a l  bcc m e t a l s  

(e .g .  Mo, T a ) .  

v o i d  a l i g n m e n t  appears t o  be c o n t i n g e n t  upon t h e  presence o f  i m p u r i t i e s .  

Order ing  was n o t  observed i n  pu re  N i ,  f o r  example, b u t  was p r e s e n t  i n  

N i - A i  s o l i d  s o l u t i o n s ,  up t o  8 w t . %  

N i  i o n s ,  55-78 dpa above 1120"k)  doped w i t h  2300 ppm oxygen developed 

I n  many i n s t a n c e s ,  w i t h  t h e  e x c e p t i o n  o f  aluminum, t h e  

I o n - i r r a d i a t e d  Ta ( 3 . 2  Mev 
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( 6 )  v o i d  a r r a y s  whereas a dopant  l e v e l  o f  400 ppm oxygen produced no a l i g n m e n t  

Thus, i t  has been suggested t h a t  t h e  e l a s t i c  i n t e r a c t i o n  between v o i d s  i s  

t h e  mechanism f o r  t h e  s t a b i l i t y  o f  t h e  v o i d  l a t t i c e  and t h a t  t h i s  e l a s t i c  

i n t e r a c t i o n  a r i s e s  f rom s o l u t e  s e g r e g a t i o n  around v o i d s .  

s o l u t e  s e g r e g a t i o n  enhances t h e  tendency f o r  c a v i t i e s  t o  

randomly i n  t h e  presence o f  e x i s t i n g  c a v i t i e s ,  s i n c e  n u c l e a t i o n  w i l l  occu r  

p r e f e r e n t i a l l y  i n  those  r e g i o n s  o f  average s o l u t e  c o n c e n t r a t i o n .  As 
ment ioned e a r l i e r ,  t h e  b e h a v i o r  o f  aluminum does n o t  seem t o  conform t o  

t h e  genera l  p a t t e r n  s i n c e  l e s s  tendency f o r  v o i d  a r r a y  f o r m a t i o n  was 

observed i n  commercial p u r i t y  t h a n  h i g h  p u r i t y  m a t e r i a l ( 4 ) .  

a l s o  be n o t e d  t h a t  o r d e r i n g  has been observed i n  p u r e  N i ,  b u t  a t  much 

h i g h e r  damage l e v e l s  (360-480 dpa, 525OC, 5-6 MeV n i c k e l  i o n s  and 6-11 

MeV se len ium i o n s ) .  

Furthermore,  

n u c l e a t e  non- 

It shou ld  

To summarize, t h e  l i t e r a t u r e  suggests  t h a t  t h e  . f o r m a t i o n  o f  v o i d  

a r r a y s  o r  t h e  development o f  v o i d  a l i g n m e n t  i s  c o n t i n g e n t  upon i m p u r i t y  

c o n t e n t ,  damage l e v e l ,  t empera tu re  and m a t e r i a l .  For  most o f  t h e  316 SS 

samples e x h i b i t i n g  v o i d  a l i gnment ,  p r e c i p i t a t i o n  was a l s o  e v i d e n t  around 

t h e  v o i d  p e r i p h e r i e s  ( F i g .  3 ) .  

has i n f l u e n c e d  c a v i t y  n u c l e a t i o n  i n  t h i s  m a t e r i a l .  A second p o s s i b i l i t y  

i s  t h a t ,  s i n c e  t h e  v o i d s  a r e  l a r g e  and aggregated,  t h e  a l i g n m e n t  i s  due 

t o  coarsen ing ,  s i m i l a r  t o  t h e  e f f e c t  observed due t o  p r e c i p i t a t e  
coarsen ing .  

Thus, i t  i s  p o s s i b l e  t h a t  s o l u t e  s e g r e g a t i o n  

Rapid c a v i t y  growth and coa lescence were g r e a t l y  reduced by r a i s i n g  
2 t h e  h e l i u m  i n j e c t i o n  r a t e  t o  %1.1 x 10- 

He/dpa r a t i o  o f  %60, F i g .  5 .  The bimodal c a v i t y  s i z e  d i s t r i b u t i o n  w i t h  a 

h i g h  number d e n s i t y  o f  b a r e l y  r e s o l v a b l e  c a v i t i e s  suggests t h a t  c a v i t y  

g rowth  -is a v e r y  s e l e c t i v e  process and argues f o r c e f u l l y  f o r  t h e  concept  

o f  a t r a n s i t i o n  f rom s low bubb le  g rowth  t o  r a p i d  v o i d  g rowth  once some 

" c r i t i c a l "  bubb le  s i z e  i s  reached.  

p lacement r a t e  on c a v i t y  g rowth  f o r  t h e  exper imen t  d e p i c t e d  i n  F i g .  5 i s  

n o t  known a t  p r e s e n t .  

appm/s r e s u l t i n g  i n  an appm 

The impor tance  o f  t h e  h i g h e r  d i s -  
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The c o n d i t i o n s  o f  damage r a t e  and he l i um i n j e c t i o n  r a t e  wh ich  

r e s u l t e d  i n  r a p i d  c a v i t y  growth and a g g r e g a t i o n  a t  600°C produced o n l y  

a low no .  d e n s i t y  o f  sma l l  c a v i t i e s  t i e d  t o  a c i c u l a r  p r e c i p i t a t e s  a t  

650"C, F i g .  6 .  We had r e v i o u s l y  i n d i c a t e d  t h a t  t h e  r a p i d  growth reg ime 

m i g h t  ex tend  t o  650°C(3y, b u t  a d d i t i o n a l  exper iments  have shown t h a t  t h i s  

i s  n o t  t r u e .  I n  f a c t ,  t h e  r a p i d  growth reg ime seems t o  be b racke ted  by 

a f a i r l y  nar row range o f  bombardment temperatures  f o r  t h e  c o n d i t i o n s  o f  

these exper imen ts .  A d d i t i o n a l  i o n  bombardment exper iments  have been 

conducted a t  s m a l l e r  tempera tu re  i n t e r v a l s ,  F i g .  l o b ,  t o  b e t t e r  d e f i n e  

t h e  r a p i d  g rowth  reg ime.  

l o w e r  t a r g e t  chamber p ressures  ( 5  6.65 x 

v o i d  a l i g n m e n t  i s  r e l a t e d  t o  i m p u r i t y  p i c k u p  d u r i n g  bombardment. 

chamber p r e s s u r e  was d . 7  x 

v o i d  g rowth  has been observed.  
c o n t i n u i n g .  

I n  a d d i t i o n ,  exper iments  have been r u n  w i t h  
2 N/m ) t o  de te rm ine  whether  

T a r g e t  
2 N/m f o r  t h e  exper iments  where r a p i d  

TEM a n a l y s i s  o f  these  r e s u l t s  i s  

A l though  no mechanica l  p r o p e r t y  measurements have as y e t  been 

per formed on these ion-bombarded f o i l s ,  i t  i s  l i k e l y  t h a t  t h e  development 

o f  m i c r o s t r u c t u r e s  such as  those  shown i n  F i g s .  1- 4  w i l l  have a d e l e t e r i o u s  

e f f e c t  on t e n s i l e  d u c t i l i t y ,  f a t i g u e  l i f e  and f r a c t u r e  toughness.  Thus 

i t  i s  i m p o r t a n t  t o  s t u d y  t h e  phenomenology and de te rm ine  t h e  mechanisms 

r e s p o n s i b l e  f o r  t h e  r a p i d  c a v i t y  g rowth  reg ime.  

" s c a l i n g "  o f  t h e  phenomena i n  terms o f  damage r a t e ,  tempera tu re  appm 

He/dpa r a t i o ,  h e l i u m  l e v e l  and f l u e n c e  must  be e s t a b l i s h e d .  

o f  t h e  phenomena t o  p r e - i r r a d i a t i o n  m i c r o s t r u c t u r e  must a l s o  be s t u d i e d  

i n  d e t a i l .  

I n  p a r t i c u l a r ,  t h e  

The s e n s i t i v i t y  

I n c r e a s i n g  t h e  p r e - i r r a d i a t i o n  d i s l o c a t i o n  d e n s i t y  by c o l d - r o l l i n g  

t h e  annealed s t r i p  t o  produce a 20% r e d u c t i o n  i n  t h i c k n e s s  p r i o r  t o  i o n  

bombardment, a p p a r e n t l y  suppresses r a p i d  c a v i t y  growth under t h e  

c o n d i t i o n s  o f  these  exper imen ts .  Bimodal c a v i t y  s i z e  d i s t r i b u t i o n s  w i t h  

s e l e c t i v e  growth o f  a few c a v i t i e s  have been observed a f t e r  d u a l - i o n  

bombardment a t  650°C, F i g .  7 .  However no c a v i t i e s  were v i s i b l e  a f t e r  
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bombardment a t  6 O O O C  and o n l y  a few sma l l  c a v i t i e s  wh ich  were a s s o c i a t e d  

w i t h  a c i c u l a r  p r e c i p i t a t e s  c o u l d  be seen a f t e r  bombardment a t  700"C, F i g .  8. 

One o f  t h e  key q u e s t i o n s  t o  be addressed concerns t h e  r o l e  o f  h e l i u m  

i n  p romot ing  bubb le  n u c l e a t i o n  and c a v i t y  growth.  

separa te  t h e  e f f e c t s  o f  h e l i u m  on n u c l e a t i o n  and g rowth  o f  c a v i t i e s ,  

d i s l o c a t i o n  l o o p s  and p r e c i p i t a t e s  we have i n i t i a t e d  a s e r i e s  o f  

exper iments  i n  t h i s  q u a r t e r  where t h e  h e l i u m  i m p l a n t a t i o n  i s  i n t e r r u p t e d  

d u r i n g  d u a l - i o n  bombardment. A few o f  these  exper iments  a r e  i l l u s t r a t e d  

by means o f  " v e c t o r "  diagrams i n  F i g .  9. 

i n v o l v i n g  con t inuous  c o i m p l a n t a t i o n  b u t  s tep- w ise  changes i n  t a r g e t  

tempera tu re  d u r i n g  bombardment were begun d u r i n g  t h i s  q u a r t e r .  

l y  no adequate t h e o r e t i c a l  framework o r  model e x i s t s  f o r  comprehens ive ly  

a n a l y z i n g  such exper imen ts .  

funded e f f o r t ,  however, have p r o v i d e d  useful i n f o r m a t i o n  on t h e  

r e l a t i v e  i n f l u e n c e  o f  h e l i u m  on c a v i t y  n u c l e a t i o n  and growth processes 

a t  h i g h  (65-300) appm hel ium/dpa r a t i o s .  

I n  an a t t e m p t  t o  

I n  a d d i t i o n ,  exper iments  

U n f o r t u n a t e-  

S i m i l a r  exper iments  on 304 SS i n  a non-DoE 

A s e r i e s  o f  d u a l - i o n  bombardments on MFE 316 SS aged a t  800'C t o  

p r e c i p i t a t e  MZ3C6 c a r b i d e s  p r i o r  t o  bombardment was a l s o  conducted i n  

t h i s  q u a r t e r ,  F i g .  l o a .  The exper imen ta l  parameters  were s e l e c t e d  t o  

p e r m i t  compar ison w i t h  s i m i l a r  exper iments  conducted a t  Argonne N a t i o n a l  
Labora to ry  on the same m a t e r i a l .  TEM examina t ion  i s  i n  p rog ress .  

8 .  I n s t a l l a t i o n  o f  H i g h  R e s o l u t i o n  Mass Spect rometer  f o r  S t u d i e s  
o f  Vacuum Ambient E f f e c t s  on 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  
Dua l- Ion  Bombarded R e f r a c t o r y  A l l o y s  

A t  t h e  b e g i n n i n g  o f  1978 i t  was dec ided t h a t  t h e  H E I B S  dua l  i o n  beam 

f a c i l i t y  shou ld  be prepared f o r  t h e  s t u d y  o f  r e f r a c t o r y  m e t a l s  such as 

vanadium and n iob ium - base a l l o y s .  

I t  i s  u s u a l l y  assumed t h a t  s t u d i e s  on t h e s e  m a t e r i a l s  a t  e l e v a t e d  

temperatures  shou ld  be conducted i n  as  e x c e l l e n t  a vacuum env i ronment  as 

p o s s i b l e .  Thus, two o p t i o n s  were a v a i l a b l e :  
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( i )  I n s t a l l  a t o t a l l y  bakeable t r u e  u l t r a - h i g h  vacuum system w i t h  
7 2  c a p a b i l i t y  o f  <1.3 x 10- N/m near  t h e  sample. T h i s  would have r e q u i r e d  

a t o t a l  r e b u i l d i n g  o f  t h e  f a c i l i t y  s i n c e  i t  would have r e q u i r e d  e l a b o r a t e  
d i f f e r e n t i a l  pumping on b o t h  t h e  h i g h  energy heavy i o n  beam l i n e  and t h e  

He beam l i n e .  Such an u n d e r t a k i n g  would have been v e r y  c o s t l y  i n  c a p i t a l  

equipment and t i m e .  

( i i )  A more p ragma t i c  a l t e r n a t i v e  was t o  r e b u i l d  t h e  dual- ion-beam 

sample chamber complex i n  such a way t h a t  v e r y  good vacuums c o u l d  be 

ach ieved near  t h e  sample ( 4 . 6 5  x N/m2) and i n  a d d i t i o n  a quadrupo le  

mass spec t rometer  would be used t o  i d e n t i f y  t h e  rema in ing  o r  i n t e n t i o n a l l y  

added gas spec ies  d u r i n g  bombardments. T h i s  approach had t h e  v i r t u e  o f  

c o n s i d e r a b l y  l o w e r  c o s t  i n  equipment and t ime  and was t h e  one s e l e c t e d .  

I n  any case, u n t i l  exper iment  shows t h a t  r a d i a t i o n  damage exper iments w i t h  

c e r t a i n  r e f r a c t o r y  m e t a l s  t r u l y  r e q u i r e  vacuums o f  1 .3 x N/m o r  

b e t t e r  t h i s  i n t e r m e d i a t e  s o l u t i o n  has much t o  recommend i t .  

2 

F i g u r e  11 i s  an ove rv i ew  o f  t h e  new d u a l - i o n  beam sample chamber 

complex. The main f e a t u r e s  o f  t h e  new system a r e  t h e  i n s t a l l a t i o n  o f  two 

t u r b o  m o l e c u l a r  pumps (Turbovac 450) on e i t h e r  s i d e  o f  t h e  sample f u rnace  

assembly, a t o t a l l y  meta l  gasketed sample chamber, and a h i g h  r e s o l u t i o n  

quadrupo le  mass spec t rome te r .  

F i g u r e  12 g i v e s  a d e t a i l e d  l o o k  a t  t h e  new sample chamber assembly. 

The chamber now has v i s u a l  access a t  90" and 180" .  Ceramic i n s u l a t o r s  

p r o v i d e  b e t t e r  t han  10  n i n s u l a t i o n  from ground making r e l i a b l e  i o n -  

beam measurements p o s s i b l e  w h i l e  a t  t h e  same t i m e  p r o v i d i n g  " f e e d  back"  

power t o  t h e  " i n t e r n a l "  and " e x t e r n a l "  sample f u rnace .  Adjustments f o r  

thermocouple c o n t a c t  p ressu re  on t h e  sample mount i s  made p o s s i b l e  by  a 

sma l l  me ta l  b e l l o w s .  The sample i s  v e r y  s i m p l y  removed f rom t h e  assembly 

by b r e a k i n g  a s i n g l e  copper  s e a l .  

spec t rometer  i s  a t t a i n e d  t h rough  t h e  270" p o r t .  

10  

Access t o  t h e  h i g h  r e s o l u t i o n  mass 

F i g u r e  13  shows t h e  quadrupo le  mass spec t rometer  and i t s  a s s o c i a t e d  
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e l e c t r o n i c s .  As seen on t h e  f i g u r e  a s h u t t e r  i s  i n s e r t e d  between t h e  

sample chamber and t h e  a x i a l  i o n i z e r .  

moved t h e  a x i s  o f  t h e  i o n i z e r  b i s e c t s  t h e  f r o n t  s u r f a c e  o f  t h e  sample 

i n  t h e  e x a c t  p o s i t i o n  used f o r  dual  i o n  bombardment. 

L a b o r a t o r i e s  mass spect rometer  i s  n o t  t o o  d i f f i c u l t  t o  c a l i b r a t e  and 

conven ien t  t o  o p e r a t e .  

F i g u r e  13 o r  r e c o r d  t h e  r e s u l t s  on a r e c o r d e r  wh ich  i s  n o t  shown. 

I n  f a c t ,  when t h e  s h u t t e r  i s  r e -  

The E x t r a n u c l e a r  

One can o b t a i n  a d i s p l a y  on t h e  screen shown i n  

F i n a l l y ,  i n  F ig .  14 r e s u l t s  a r e  p resen ted  o f  t h e  mass scans a t t a i n a b l e  

w i t h  our new system. 

AMU 1 t o  AMU 60. Such a spectrum can be photographed f rom t h e  

o s c i l l o s c o p e  screen and g i v e s  a rough measure o f  t h e  sample ambient  

atmosphere.  The measurement was taken  a t  2.7 x N/m T o r r  t o t a l  

p r e s s u r e  wh ich  g i v e s  some i n d i c a t i o n  o f  t h e  e x c e l l e n t  s e n s i t i v i t y  o f  t h i s  

i n s t r u m e n t .  For more c a r e f u l  a n a l y s i s  t h e  h i g h  r e s o l u t i o n  mode i s  

a p p r o p r i a t e .  I n  t h i s  case, t h e  o u t p u t  s i g n a l  i s  reco rded  on c h a r t  paper .  

As can be seen i n  F i g u r e  14, The CHO and C2H5 peaks a r e  o n l y  separated 

by 0.026 mass u n i t s  and y e t  a r e  r e a d i l y  r e s o l v e d .  

A t  l ow  r e s o l u t i o n  i t  i s  c o n v e n i e n t  t o  scan f rom 

2 
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VII. FUTURE WORK 

TEM ana lys i s  of in te r rupted  helium beam and temperature change 
experiments will be continued. Targets of MFE 316 SS i n  t he  so lu t ion  
annealed condition wi l l  be bombarded a t  lower damage r a t e s  -10- 
dpa/s)  a t  various appm He/dpa r a t i o s  t o  determine whether t he  t h e o r e t i c a l l y  
predicted rapid void growth regime occurs a t  t he  lower atomic displacement 
r a t e s .  
be compared w i t h  ANL r e s u l t s  on t he  same ma te r i a l .  

5 

TEM observations on aged and dual- ion bombarded MFE 316 SS wil l  

Vanadium a l l o y  t a r g e t  mater ia l s  will be obtained from the  fusion 

r eac to r  mater ia l s  inventory a t  Oak Ridge National Laboratory. Targets 
wi l l  be fabr ica ted  and s tud ie s  i n i t i a t e d  t o  determine the e f f e c t s  o f  
t he  vacuum a m b i e n t  ( d i f f e r e n t  pa r t i a l  pressure of H, C O ,  e t c . )  on 
microstructural  evolution under dual- ion i r r a d i a t i o n .  
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316 S S  Solut ion Annealed 
at 105OOC for 1/2 hr 

- 

7 1/4 hr 

Dislocations ( loops Void Mic ros t ruc ture  
and tangles) -+ 

+ 2 - I 100 I 
g = I002 1 

FIGURE 1. E f f e c t  o f  S imul taneous Bombardment on t h e  Vo id  and D i s l o c a t i o n  
S t r u c t u r e s  i n  S o l u t i o n  Annealed 316 S S .  
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316 SS Solut ion Annealed 
at  105OOC for 112 hr 

2.4 dpa - 0.9 x d p / s  

I * 
7 1/4 hr 

I 

Void Micros t ruc ture  

FIGURE 2. Vo id  A l ignment  i n  S imu l taneous l y  Bombarded S o l u t i o n  Annealed 
316 SS. 
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D islocations ( faulted loops 1 -+ Dark  field of precipitates 
and dislocation loops z - I100 1, d= IO02 1 

FIGURE 3. Microstructural Changes Induced by Sequential Bombardment of 
Solution Annealed 316 SS. 
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316 S S  Solut ion Annealed at 1 0 5 0 O C  for 1/2 hr 1 

Void Al ignment  Void Micros t ruc ture  Dislocation S t ruc tu re  
( loops and tangles 1 

?- [ 100 1 
j+= IO02 1 

FIGURE 4. Vo id  and D i s l o c a t i o n  S t r u c t u r e s  Developed i n  S o l u t i o n  Annealed 
316 SS A f t e r  Simul taneous Bombardment f o r  14 1 / 2  hours .  
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316 SS Solution Annealed 
at 1050°C for 112 hr I 

600 OC 
300 appm He 

5 dpa -4 
2 M e V  He 

(@Bo angle) - 1 . 9 ~  10 dpa/s 

(@40° angle) 

Dislocations ( loops ani ostructure 
tangles 1 (bimodal size 

distribution 1 -b z-[1101 
g= 10021 

FIGURE 5. Microstructures Produced i n  Solution Annealed 316 SS After 
Simultaneous Bombardment Wi th  the Si'6 Beam Inclined a t  40" 
With Respect t o  the Specimen Surface. 
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316 S S  Solut ion Annealed 
at  1050OC for  1/2 hr 

650 OC 
f 18 appm He 

I/ s 

650 OC 
18 appm He 
2.4 dpa -4 - 0 . 9 ~  10 dpa/s 

Void M ic ros t ruc tu re  Ac icu lar  Precipitates Dislocation S t ruc tu re  
( faulted loops 1 

z -  Ill01 
g - Ill1 I 
-+ 
-+- 

FIGURE 6. N u c l e a t i o n  o f  Voids on A c i c u l a r  P r e c i p i t a t e s  and Development of 
F a u l t e d  Loops i n  S imu l taneous l y  Bombarded S o l u t i o n  Annealed 316 
ss. 
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- 
7 114 hrs 

Dislocation s t r uc t i  
( loops and tangles 1 

icrost r uc t  u r e  

-# z - [1101 
Cj - 1002 1 4- 

FIGURE 7.  E f f e c t  o f  Sirnu, I.urIcvuJ yuIIIyurulllsIIc on t h e  V o i d  and D i s l o c a t i o n  
S t r u c t u r e s  i n  Co ld  R o l l e d  316 SS. 
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20% Cold Rolled 316 S S  1 
He 

-4 10 ' d p a l s  

Void MicrostructL1 r e  Carbides Dislocation S t ruc tu re  
( loops and tangles) 

--* z - I l l 0 1  
+- g -10021 

FIGURE 8. Heterogeneous Cavity Nucleation on Acicular Precipitates and 
Other Microstructural Features Induced by Simultaneously Bom- 
barding Cold Rolled 316 SS. 
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3 518 hr 7 1/4 hr 

y 
28 M e V  S i  

3 5/8 hr 7 1/4 hr 

3 5/8 hr 7 114 hr 

A l l  samples 20% Cold Rolled 316 SS, bombarded at 600°C to 
peak values of 40 dpa and 100 appm He 

FIGURE 9. I n t e r r u p t e d  He Deposit ion Sequences During Simultaneous Bom- 
bardment o f  Cold i lo l led  316 SS. 
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4 
550, 600, 650 and 7OO0C 

136 appm He at the 
-40 dpa 1 peak 

I 
7 1/4 hr 

a) 50% Cold Rolled 316 SS solution annealed at 1050°C 
for 1/2 hr followed by an age at 800OC for 10 hr 

* 

t 575. 600 and 6 2 5 T  
100 appm 
-40 dpa 

- 

He] peak 

7 1/4 hr 

b)  316 S S  Solution annealed a t  10!5OoC for 1/2 hr 

FIGURE 10. Simul taneous Bombardment Exper iments on a )  Aged 316 SS ( W i t h  
Carb ide  P r e c i p i t a t i o n ) ;  
v e s t i g a t e  t h e  Development o f  Vo id  A1 ignment ) .  

b )  S o l u t i o n  Annealed 316 SS ( t o  I n -  
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FIGURE 1 1 .  Overview o f  New Sample Chamber, Turbo-Pumps, and Quadrupole 
Mass Spectrometer. 
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FIGURE 12 .  New Dual- Ion Beam Sample Chamber. 
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FIGURE 13.  Quadrupole Mass Spectrometer f o r  the  Dual- Ion Beam Sample 
Chamber. 
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I. PROGRAM 

T i t l e :  Mechanical - P r o p e r t i e s  

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

A f f i l i a t i o n :  B a t t e l l e ,  P a c i f i c  Nor thwest  Labora to ry  

11. OBJECTIVE 

1. Model t h e  g r a i n  boundary s e g r e g a t i o n  b e h a v i o r  o f  t r a c e  i m p u r i t i e s  

which a r e  p a r t i c u l a r l y  d e t r i m e n t a l  t o  t h e  mechanical  p r o p e r t i e s  

o f  n i c k e l  based a l l o y s .  

2. Compare t h e  r e l a t i v e  e f f e c t s  o f  t h e r m a l l y  a c t i v a t e d  and i r r a d i a -  

t i o n  induced s e g r e g a t i o n  t o  g r a i n  boundar ies .  

111. RELEVANT DAFS AND A D I P  TASK/SUBTASK 

DAFS Subtask I I C . l . l  Phase S t a b i l i t y  Mechanism Exper iments 

Subtask I IC .1 .2  Model ing and A n a l y s i s  

Subtask I IC .8 .2  P o s t - I r r a d i a t i o n  T e s t i n g  o f  ORR and E B R - I 1  
Specimens 

F r a c t u r e  Mode/Duct i l  i t y  Resu l t s  
A D I P  Subtask IC.1.3 C o r r e l a t e  G r a i n  Boundary Segregat ion w i t h  

I V .  SUMMARY 

The p r e d i c t e d  s e g r e g a t i o n  b e h a v i o r  o f  s u l f u r  i n  n i c k e l  has been 

examined i n  o r d e r  t o  g a i n  i n s i g h t  i n t o  t r a c e  e lement  e f f e c t s  i n  p a t h  B 
a l l o y s .  

g e t i c a l l y  f a v o r a b l e  f o r  s i g n i f i c a n t  l e v e l s  o f  s u l f u r  t o  p a r t i t i o n  t o  g r a i n  

boundar ies  i n  n i c k e l  even a t  b u l k  c o n c e n t r a t i o n s  l e s s  than  1 atomic  ppm. 

However, t h e  k i n e t i c s  o f  t h i s  s e g r e g a t i o n  a t  temperatures below 500°C w i l l  

p robab ly  l i m i t  t h e  amount s u b s t a n t i a l l y  below t h e  e q u i l i b r i u m  v a l u e  and 

p o s s i b l y  l e s s  than t h e  q u a n t i t y  r e p o r t e d  t o  degrade e l e v a t e d  temperature  

mechanical  p r o p e r t i e s .  

E q u i l i b r i u m  s e g r e g a t i o n  t h e o r y  i l l u s t r a t e s  t h a t  i t  i s  ener-  
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V.  ACCOMPLISHMENTS Ai113 STATUS 

1. Introduction 

The segregation of solute elements t o  metal grain boundaries has a 
dramatic e f f ec t  on a number of metallurgical processes; in par t i cu la r ,  the 
tendency fo r  intergranular f racture .  Nickel and nickel-base alloys have 
been shown t o  exhibi t  intergranular f racture  and  a loss in high teiiiperature 
t ens i le  d u c t i l i t y  due t o  the presence of elements such as S ,  Bi, Te, Pb a n d  
Se a t  bulk levels  of a few ppm. (’-’) This embrittlement has been ident i f ied 
as result ing from the enrichment of several of these impurities a t  the 
grain boundaries. (4 )  

I r radiat ion has been discovered t o  s ignif icant ly  a f fec t  the segre- 
gation behavior of  solute elements. 
continuous Ni-Be precipi ta te  i n  the grain boundary of a Ni-1 a t .  % Be 
al loy a f t e r  nickel ion i r radia t ion.  Such large solute segregations have 

Unfortunately, the irradiation-induced segregation of elements which are 
potent ia l ly  detrimental t o  mechanical properties have not been studied. 
I t  seems probable t ha t  b o t h  thermally activated and radiation induced 
segregation will have an e f f ec t  on the mechanical properties of candidate 
fusion reactor materials. 
f o r  application in a fusion reactor will require a knowledge of the 
re la t ive  kinet ics  o f  thermal and radiation induced segregation t o  grain 
boundaries. 

Wiedersich, e t  a l . ( 5 )  found  a nearly 

been observed a t  f ree  surfaces of s t a in l e s s  s t e e l ( 6 )  and nickel al loys.  ( 7 )  

Selection of an alloy with optimum properties 

2.  Thermal Segregation 

2 .1  Equilibrium Segregation Theory 

T h e  enrichment of solute  atoms in grain boundaries can r e su l t  from 
two types of segregation, equilibrium or nonequilibrium. 
induced segregation i s  an example o f  nonequilibrium segregation; t h i s  

I r radiat ion-  
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phenomenon will be discussed in a following quarterly.  The equilibrium 
segregation of surface act ive  solute elements has been documented in a 
number of d i f fe ren t  metals and al loys as Fe, C u ,  W ,  e t c .  (81 Reasonable 

success has been obtained in modeling t h i s  behavior t h r o u g h  the use of 
surface adsorption analogues. (') 
been the grain boundary analogue t o  the Brunauer, Emnett and Teller  ( B E T )  
isotherm. ( l o )  
adsorption s i t e s ,  no interaction between adsorbate atoms and  monolayer 
type adsorption; the truncated BET (11)  may be writ ten:  

The m s t  versa t i l e  of these theories has 

Assuming the grain boundary has an array of identical 

where: X b  = grain boundary concentration 

X b  = saturation value of X b  
= bulk concentration 

x C  
Xc = so lub i l i ty  l imi t  
E O = energy of segregation 
T = temperature ( O K )  

The grain boundary concentration i s  a function of inverse so lub i l i ty ,  
so as temperature decreases, so lub i l i ty  decreases and the equilibrium 
amount of  solute  a t  the g r a i n  boundary increases. When t h e  temperature 
reaches a value where the bulk concentration i s  greater than the so lub i l i ty  
l im i t ,  the amount o f  solute in solution able t o  segregate becomes Xc 
the equation simplifies to: 

and 
0 

= e w  [h] X b  - x  
'b 

b 
0 

The  segregation now r i ses  more slowly with decreasing temperature toward 

a sa turat ion value. 
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2.2 Segrega t ion  K i n e t i c s  

I n  p r a c t i c a l  s i t u a t i o n s ,  i t  i s  e s s e n t i a l  t o  know n o t  o n l y  whether i t  

i s  e n e r g e t i c a l l y  f a v o r a b l e  f o r  a s o l u t e  element t o  segregate b u t  a l s o  t h e  

t i m e  dependence o f  t h e  segrega t ion .  

McLean ( ' * )  by c o n s i d e r i n g  t h e  f l o w  o f  s o l u t e  atoms f r o m  two  i n f i n i t e  

h a l f  c r y s t a l s  separated by a g r a i n  boundary. 

boundary s e g r e g a t i o n  i s  expressed by:  

Th is  dependence was e v a l u a t e d  by 

Thus, t h e  k i n e t i c s  o f  g r a i n  

where: Xb(o),  X b ( t ) ,  Xbim) = g r a i n  boundary c o n c e n t r a t i o n  a t  t imes 0 ,  t, 

and a t  e q u i l i b r i u m .  

D = d i f f u s i v i t y  
'b cx = g r a i n  boundary enr ichment  r a t i o  = si- 

d = g r a i n  boundary width C 

2.3 S u l f u r  Segrega t ion  i n  N i c k e l  

The e q u i l i b r i u m  s e g r e g a t i o n  o f  s u l f u r  i n  n i c k e l  has been c a l c u l a t e d  

f o r  a s e r i e s  o f  s u l f u r  b u l k  c o n c e n t r a t i o n s  i n  F i g u r e  1. The s o l u b i l i t y  

da ta  was taken f r o m  K i r k a l d y ,  ( 1 3 )  and e x t r a p o l a t e d  f o r  temperatures below 
7 0 0 O C .  As a s t a r t i n g  p o i n t ,  an energy o f  s e g r e g a t i o n  o f  1000 ca l /mo le  was 
s e l e c t e d  which has been found t o  d e s c r i b e  s u l f u r  s e g r e g a t i o n  i n  i r o n .  (14 )  

The s u l f u r  i s  assumed t o  be i n  e lementa l  f o r m  a t  t h e  boundary and t o  

s a t u r a t e  a t  one monolayer.  

N i - S  a l l o y s ,  N i S  p r e c i p i t a t i o n  ( ~ 5 0  8, t h i c k )  has been i d e n t i f i e d  a t  g r a i n  

boundar ies .  There i s  no c o n c l u s i v e  ev idence a t  t h i s  t i m e  t o  determine i f  

such a second phase w i l l  f o rm i n  n i c k e l  a l l o y s .  

T h i s  may be an o v e r s i m p l i f i c a t i o n ;  i n  b i n a r y  

The a b r u p t  change i n  s l o p e  t h a t  can be no ted  f o r  each b u l k  compo- 

s i t i o n  i n  F i g u r e  1 r e f l e c t s  t h e  temperature  where t h e  s o l u b i l i t y  l i m i t  i s  
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PREDICTED GRAIN  BOUNDARY CONCENTRATION OF SULFUR (FRACTION O F A  MONOLAYER) 

FIGURE 1. Predicted Equilibrium Grain Boundary Segregation of  Su l fu r  i n  
Nickel as a Function of Temperature f o r  Four B u l k  Su l fu r  Concentrations. 

exceeded ( i . e . ,  f o r  the 100 appm S a l l o y ,  Xc > X 
7 0 5 O C ) .  

t i o n  from 100 t o  1 appm does n o t  change the predicted equi l ibr ium segrega- 
t ion  a t  500°C s ince  the amount of s u l f u r  i n  so lu t ion  a t  this  temperature 
i s  l e s s  than 1 appm. This i s  a l s o  important i n  the  k i n e t i c s  aspec t  of t h e  
model, as  seen i n  Figure 2 for t h e  nickel-10 appm s u l f u r  a l l o y .  
time a t  temperature i s  increased ,  t h e  enrichment of the  boundary increases  
un t i l  the  equi l ibr ium value i s  reached. For example, a t  600°C the  pre- 
d ic t ed  gra in  boundary content  r i s e s  from approximately 0.001 of a monolayer 
in  0 .1  hour t o  0 . 4 3  o f  a monolayer i n  100,000 hours.  
b i l i t y  i s  i l l u s t r a t e d  by the  extremely slow k ine t i c s  below 500°C. T h i s  

a t  temperatures below 
CO 

I t  i s  i n t e r e s t i n g  t o  note t h a t  reducing the  bulk  sulfur  composi- 

As t h e  

The e f f e c t  o f  so lu-  
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0 

FIGURE 2. 
Function of Temperature and Time f o r  a Nickel-10 Atomic ppm Su l fu r  Alloy. 

Predicted Grain Boundary Segregation o f  Su l fu r  i n  Nickel as  a 

r e f l e c t s  the  very small amounts of s u l f u r  i n  so lu t ion  a t  these  low 
temperatures.  

As noted i n  t h e  in t roduc t ion ,  nickel and many nickel a l l o y s  e x h i b i t  
a loss i n  e leva ted  temperature t e n s i l e  d u c t i l i t y  when impurity elements as  
s u l f u r  a re  present  i n  bulk l e v e l s  of several  ppm. 

t hese  temperatures becomes in t e rg ranu la r  and the reduct ion i n  area may 
drop from over  807: t o  less than 5% w i t h  increas ing  s u l f u r  content .  ( 3 )  The 
k i n e t i c s  c a l c u l a t i o n s  suggest  a poss ib le  reason f o r  this  d u c t i l i t y  l o s s  a t  
temperatures between 600-1000°C. 
considerable gra in  boundary enrichment i s  poss ib le  in  r e l a t i v e l y  s h o r t  

The f r a c t u r e  mode a t  

I f  t h e  s u l f u r  content  i s  10 appm o r  more, 
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t imes.  
t h e  Auqer E l e c t r o r i  Spectroscopy r e s u l t s  o f  Johnson, e t  a l .  ( 1 5 '  suggest  

t h a t  a p p r o x i m a t e l y  0.04 or more o f  a monolayer o f  s u l f u r  i s  necessary  a t  
t h e  boundary t o  .induce t h e  h i g h  temperature  e m b r i t t l e m e n t  phenomenon. 

p r e d i c t i o n  f o r  t h e  N i -10  appm S a l l o y  shows t h e  g r a i n  boundary s u l f u r  

c o n t e n t  r e a c h i n g  t h i s  l e v e l  a f t e r  about  10 hours  a t  700°C. A t  h i g h e r  b u l k  

c o n c e n t r a t i o n s  o f  s u l f u r ,  t h e  k i n e t i c s  would be c o n s i d e r a b l y  f a s t e r  ( i  . e . ,  
i n  a Ni- 100 appm a l l o y ,  0 .04 of a monolayer would  be ach ieved  i n  5 m i n u t e s )  
More i m p o r t a n t l y  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s ,  a t  5OO0C t h e  model 

p r e d i c t s  t h a t  t h e  s u l f u r  s e g r e g a t i o n  due t o  e q u i l i b r i u m  processes i n  n i c k e l  

( l e s s  than  50 appm S )  may n o t  be s i g n i f i c a n t .  

r i - x  t h e  l i m i t e d  g ra i r i  boundary c h e m i s t r y  d a t a  t h a t  . is a v a i l a b l e ,  

The 
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V I 1  . FUTURE WORK 

The  equi l ibr ium segregat ion ca l cu la t ions  w i l l  be extended t o  con- 
sider bismuth segregation i n  n icke l .  B i s m u t h  has long been considered 
one of  the most potent  e m b r i t t l e r s  of nickel and nickel  a l l o y s ,  r ecen t  
AES r e s u l t s  suggest t h a t  i t  segregates  t o  nickel gra in  boundaries. ( 4 j  The  

model i t s e l f  w i l l  be improved t o  include the  p o s s i b i l i t y  of p r e c i p i t a -  
t i o n  a t  t h e  boundary and a l s o  the  e f f e c t  of a l loy ing  elements as  Cr, Fe, 

T i ,  A1  and Mo on impurity element segregat ion .  

The i r rad ia t ion- induced segregat ion of an undersized s o l u t e ,  s u l f u r  
and an oversized s o l u t e ,  b i s m u t h ,  wi l l  be modeled as  a funct ion  of 
increas ing  dose. 
processes and t h e  poss ib le  e f f e c t s  of t h e  predicted segregat ion on 
mechanical p rope r t i e s  discussed.  

A comparison will be made between these  two segregat ion 
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Title: Fundamental Studies of Radiation Damage Analysis 

Principal Investigator: G.R.  Odette 

Affiliation: University of California, Santa Barbara 

11. OBJECTIVE 

The object of this work is to develop physical models describing 

the influence of metallurgical and irradiation vaLiables on the evolu- 

tion o f  damage microstructure and the alteration of mechanical pro- 

perties. 

and analyse new experiments and, ultimately, to extrapolate to fusion 

reactor conditions. Tile effort also involves developing techniques to 

extract useful mechanical property information from very small test 

volumes. 

These models will be used to correlate available data, to plan 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.1.2 Effect of Material Parameters on Microstructure- 
Modeling and Analysis 
SUBTASK II.C.2.4 Effect of Helium on Microstructure-Modeling 
and Analysis 
SUBTASK II.C.5.3 
and Analysis 
SUBTASK II.C.6.2 Effects of Damage Rate and Cascade Structure 
on Microstructure-Modeling and Analysis 
ZUBTASK LI.C.14.1 Modeling of Flow and Fracture Under Irradiation- 

Effects of Cycling on Microstructure-Modeling 

- 
Model Development 
SUBTASK II.C.16.1 Composite Correlation Models and Experiments- 
correlation Model Development 

SUMMARY IV. ~- 

A. Microstructural Evolution 

An approach to extrapolating data which will be derived from 

the array of availdblr irradiation environments is described. 

composite correlation model analysis technique is partially illustrated 

for austenitic stainless steels. A comprehensive description of the 

The 
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data base for AIS1 316 Stainless Steel which has appeared in the litera- 

ture is presented and used to develop a conceptual model of microstruc- 

tural evolution in these materials. Quantitative computer models are 

used to illustrate how extrapolation to fusion conditions can be ac- 

complished, and to indicate some possible alloy development considera- 

tions. However, the quantitative results cannot be viewed as reliable 

at this time because a thorough determination of critical mechanisms and 

definition of parameters has not been completed, and additional experi- 

mental data is needed. 

B. Mechanical P'roperties 

Recently micromechanical models and microstructural information 

have been successfully applied to predict yield stress changes in 

irradiated stainless steels. The technique is extended to tensile 
ductility, and some implications of the results to deformation-fracture 

mechanisms drawn. Finally, a micromechanical model was used to estimate 
changes in fracture toughness; while there is insufficient data to allow 

definitive conclusions, the calculations indicate a substantial reduction 

in toughness in stainless steels due to irradiation. 

C. Flow and Fracture Maps 
An initial effort at developing flow and fracture maps for 

Path A alloys using models and data for unirradiated solution annealed 

stainless steels is reported. While these tentative maps are useful 

guides to delineating regimes of deformation and fracture, they do not 

as yet indicate all critical processes, such as phase instabilities. 

D. Development of Instrumented Hardness Tests 

Initial efforts at extracting true stress-strain information 

from instrumented indentation hardness tests are described. Experiments 

on several materials demonstrate fair agreement between tensile data and 

the hardness measurements. However, further development is needed t o  

accomplish single penetration microhardness measurements. 
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ACCOMPLISHMENTS AND STATUS _. 

A. Microstructural Evolution Under Irradiation - C.R. Odette 
~- v .  

(University of California, Santa Barbara) 

A1 . lntroduction 

The evolution of microstructure under irradiation is an 

extremely complex phenomenon. In order to predict microstructural 

response in fusion environments using data from an array of test environ- 

ments, which are "imperfect" simulations, a systematic marriage of 

theory and expcriment is needed [ l - 4 3 1 .  

In order to accomplish such a marriage a five step approach is 

proposed. First, a thorough description of experimental observations is 

required to guide and structure the analysis. Second, a catalog of 

possible mechanisms and parameter ranges is needed. Third, the mec- 

hanisms must be integrated into quantitative models, sufficiently com- 

prehensive to confront the particular set of data to he analyzed, detailed 

narrower models for controlled mechanism experiments, and more compre- 

hensive models f o r  the general data base. Fourth, an effective strategy 

for comparing model predictions to experimental results must he developed 

and applied. Fifth, it is necessary to conduct an iterative cycle of: 

a) applying the models t o  design new experiments; and b )  using the new 

experimental data to refine the models. 

The process which emerges from these s t q s  is termed composite 
correlation model analysis (CCMA). The models are semi-empirical and 

partly phenomenological. While not completely rigorous, such analysis 

should lead to: a) better and more efficient experimental planning; b) 

a systematic process for assessing the physical processes governing 

microstructural evolution (ME); c) and a physically based procedure for 

extrapolating from sparse and imperfect test matrices to fusion rractor 

conditions, including estimates of uncertainties implicit in such 

extrapolations. 
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This report reviews briefly the status of an effort to develop 

CCMA as a damage analysis tool. Some preliminary results based on the 

existing data base and modeling studies reported previously are used as 

a basis for extrapolating to conditions more closely resembling fusion 

reactor environments, and to note some possible implications to alloy 

development efforts. Finally, modeling uncertainties are discussed, and 

research needed to mitigate them is outlined. 

A2. Empirical Phenomenology of Microstructural Evolution 

This discussion will be primarily focussed on the data base 

which has appeared in the literature for solution strengthened stainless 

steel (SS) alloys, with particular emphasis on A I S 1  316. The data is 

predominantly from fast reactor irradiations, but includes some limited 

results from mixed spectrum reactor and charged particle experiments 
[13-371. 

enormous investment in irradiation tests and post-irradiation examina- 

tions; collectively it represents an extremely rich source of information. 

It should also be noted that this data base represents an 

Microstructural evolution involves both microstructural (MS) 

features including cavities, line dislocations and loops, and micro- 

chemical (MC) features such as solute distributions, and precipitates 

and phase structures. 

combination of: 1) irradiation variables, including temperature (T), 

stress (u), flux (a ) ,  fluence (at), spectrum, the chemical environment 

and the time-history of these variables; and 2) the material variables, 

including initial microstructure (MS ) and microchemistry (MC ) as 

influenced by thermo-mechanical processing history. 

The path of ME is governed by the particular 

0 0 

Figure A-1 schematically illustrates significant relationships 
between ME and these variables. The data is f o r  fast reactor irradiations 

of 316 SS, unless otherwise noted. The plots represent the observed 

behavior only in terms of average trends. 

of details not fully represented. The data scatter ranges from about a 

factor of two to about an order of magnitude around the trend lines. 

Indeed, there may be a number 
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Figure A-la illustrates that the number density of extended MS 

defects is a function of temperature, strongly in the case of loops and 

voids, and only weakly for total dislocation density 113-16, 181. The 

rough correspondence between loop and cavity densities is notable. 

Similar relationships appear to exist between densities of cavities and 

some precipitate structures [18]. 

Figure A-lb illustrates the tendency for the MS to evolve to 

quasi-steady state conditions [16,18]. 
cavity and loop densities tend to increase with c) stress 1161; d) 

damage rate 1341; and e) helium concentration [26-331. Figure a also 
shows an increase of swelling with stress [16]; an increase in peak 

swelling temperature with damage rate 1341; and Figure A-le that gross 

cavity swelling may either increase or decrease or remain approximately 

constant with increasing helium 126-331. Increasing helium has also 

been observed to alter precipitate densities [28]. 

Figure ~ A-lc to e shows that 

Figures A-lf to show that the temperature dependence of 

post-incubation void swelling rates may display double peaks, and vary 

within the same nominal alloy system (A-lf), between alloy systems 

(A-lg), and between cold-worked and solution-annealed conditions (A-lh) 

117-191. However, the peak swelling rates are roughly similar (%.5%/dpa), 

within the range of SS alloy classes considered. 

effect of major and minor alloy modifications on swelling, which is 
increased or decreased depending on both solute type and concentration 
[20,22]. It has been suggested that the dominant effect of minor alloy 

additions in reducing swelling is on incubation time, and that major 

alloy constituent content influences both incubation time and post 

incubation swelling rates 1221. Figure A-lj shows incubation times for 

various alloys and conditions as a function of T; pure materials and 

alloys tend to have lower incubation times, with a spread in values of 

21 10. Figure & and are microstructural "maps" for 316 SS indica- 

ting the regimes of the formation of carbides and carbosilicates 1131 

and cavity structure (A-lk), and y,' or Ni S i ,  (A- 11) which is neither 

formed by thermal aging nor stable against annealing in these alloys 

Figure A-li shows the 

3 
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[18,22,23]. Some spatial associations of the microstructures are also 

shown. It is notable that over broad temperature ranges, voids form 

predominantly in association with carbide precipitates [13]. Similar 

spatial correlations are found for the formation of both y' and some 
carbides and dislocation structures [22]. Further, the dose at which 

y' forms strongly correlates with the nucleation of voids and the 
approach to steady state swelling in the 450-525" C temperature range 

[231. 
Indications of void-dislocation structure associates have also 

been indirectly observed as strings of voids and/or void dislocations 

network structures. Some spatial correlations are also indicated in 

Figure A-lm, where the cavity-cavity separation distances are sche- 

matically shown to exhibit distinctly non-random distributions [35] 

(similar plots of combinations of loop, dislocation, precipitate and 

cavity spacing would be of interest but such data was not available). 

An extreme example of non-random distributions is the formation, in some 

cases, of ordered o r  partially ordered lattices of MS and MC features 

such as voids, loops and precipitates [36]. Figure A-lm also shows 

plots of cavity size distribution at two exposure levels; a population 

of small cavities coexisting with an evolving void structure is indicated 

in some data [18,26]. Analysis of these results variously suggest that 

these small sink structures may be helium bubbles, vacancy loops, small 
precipitates or some combination of these. 

Figure - A-ln illustrates the shift in transformation time- 

temperature boundaries in metals under irradiation. New irradiation 

induced phases also appear such as y', G phase and rod shaped precipi- 

tates; phases which would form under thermal aging may not occur under 

irradiation (i.e. M C and Laves in fast reactor irradiations) [28]. Not 

only are these boundaries shifted by irradiation, but the nominally 

standard phases may have non-standard compositions and/or morphologies 

[22]. It is particularly notable that higher helium levels appears to 

alter the MC evolution paths [28]. Conversely, the prccipitate struc- 

ture of Ti modified 316 has been shown to have a significant and bene- 

6 
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ficial effect on the influence of helium on both swelling and ductility. 

It is believed this is related to the Ti carbide precipitate misfit 

parameters [ 2 8 ] .  The path of MC and, hence, coupled MS evolution is 
also strongly influenced by MS and MC . Figure A-lo shows the effect 

of thermomechanical treatment on void swelling at two irradiation 

temperatures, clearly illustrating this point [ 2 2 , 2 4 ] .  

0 0 ~ 

Of course numerous other microstructural response features 

could and should be shown. 

gation of oversize solutes away from and undersize solutes towards 

surfaces [12]; irradiation induced ferritic phase transitions in 304 S S  

[37 ] ;  the effect of irradiation on precipitate size distribution (a 

crucial feature of nickel based precipitation strengthened alloys) [lo]; 
and the very high density of ordered voids arrays often observed in 

refractory alloys (perhaps indicative of a homogeneous nucleation and 
void sink dominated microstructural evolution) [ 3 6 ] .  

A few important examples include: segre- 

However, even this partial phenomenology demonstrates the 

clear necessity to go beyond simple “one mechanism, single microstruc- 

tural feature modeling.” Further, viewed comprehensively this data 

compilation provides a basis f o r  developing a conceptual model of 

microstructural evolution in stainless steels needed as a basis for 

quantitative model development. 

A3. Conceptual Model For Microstructural Evolution 

The most profound conclusion that can be drawn from examining 

the data illustrated in SectionA2, is the strongly correlated nature of 

the evolution of the various microstructural features. This suggests a 

dominant underlying mechanism. Indeed, the mechanism is obvious-- 

the coupled segregation of point defects and chemical constituents. 

Hence, the basic problem is obtaining microscopic material balances. 

Therefore, a proper combination of accounting procedures, such as rate 

theory, and the comprehensive data base should, in principle, provide a 

powerful tool for predicting many of the features of ME. 

A non-unique but, nevertheless, physically consistent con- 

ceptual description of ME based on the empirical evidence and aided by 
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the modeling results described in Section 4, goes as follows. 

Vacancies (V) and interstitials (I) and, perhaps, small defect 
clusters are produced along with transmutants (helium, hydrogen and 

solids) by the primary neutron irradiation. The clusters have finite 

lifetimes and will eventually reach a quasi-steady state concentration 

by emitting and/or absorbing vacancies and interstitials. 

The lattice diffusion of the various mobile species is highly 

interactive and can be described in terms of chemical potential gradients 

and partial diffusion coefficients (including correlation factors). The 

transport equations have cross terms which are dependent on point defect, 

solute (or  transmutant) and trap concentrations [7-91. In the rate 
theory formulation (involving time and spatial averages over population 

distributions of the various source-sink terms) coupled partial dif- 

ferential equations are used to model the recombination of vacancies and 

interstitials and the net accumulation of the various diffusing species 

at sinks. The partitioning is a function of the diffusion coefficients, 

defect generation rates and effective sink strengths, including bias 

factors and local chemistry, etc.[4-61. Again, quasi-steady-state, o r  a 

condition of slowly changing fluxes, is quickly reached in most cir- 

cumstances involving constant irradiation. 

Initially the V and I go to preexisting dislocation sinks 

including vacancy loops, o r  are recombined primarily at solute trapping 
sites. Some of the I, however, coalesce to form Frank loops ,  again 
primarily at trapping sites. Helium ( H e )  also easily nucleates bubbles 

either homogeneously in the lattice, o r  at trapping sites such as pre- 
existing precipitates or dislocations. 

Loop populations increase rapidly and undergo bias driven 

growth to a maximum size where they unfault by intersecting other 

dislocations; l o o p  nucleation is continuous throughout the irradiation 

[5]. Simultaneously, new He bubbles are nucleating and previously 

Eormed bubbles grow with the addition of He. Buildup of sinks for He 

eventually slows the bubble nucleation process. Both the loops and 

bubbles are sites for solute segregation; this can alter their bias 
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factors and effective defect sink-source strengths. 

coating of bubbles may reduce their surface induced bias for I, alter 
the rate controlling processes of point defect absorption from diffusion 

to surface kinetics, and influence V emission rates 151. 

For example, 

Continued segregation to sinks can also lead to second phase 

precipitation. Segregation of Si by tightly bound Si-I complexes 

explains the association of y '  with interstitial loops [ 2 2 ] .  Segre- 

gation and precipitation at bubbles many offer a partial explanation of 

the association between voids and some carbide precipitates. 

The density of cavities and some other microstructural features 

is largely determined by the nucleation of He bubbles and loops. 

Bubble densities and spatial distributions are governed primarily by He 

mobility, trapping characteristics, generation rate; and, perhaps, 

resolutioning by cascades and collisional coalescence of small mobile 
bubbles [ 3 8 ] .  Loop nucleation and growth is primarily governed by 

interstitial trapping mechanisms. Cavity and loop density dependence on 

temperature and He generation rate and, to a lesser extent, dpa rate and 

stress are consistent with this model. Non-random spatial distributions 

of cavities such as strings and void-precipitate associations can be 

partly rationalized on the basis of He trapping and bubble nucleation at 

dislocations and precipitate interfaces. 

The helium bubbles are distributed in size and are the pre- 

cursors for the formation of voids. The transition of bubbles to voids 

is governed by temperature, stress, damage rate, bubble size (helium 

content), bubble chemistry (surface energy and sink/source char- 

acteristics), the number of lattice trap or recombination sites, overall 

sink structure, and the microchemically dependent partial diffusion 

coefficients. Fast diffusing species (if they migrate by the vacancy 

mechanism) would alter cluster vacancy emission/absorbtion kinetics. 

Solute trapping (or equivalently excluded volume lattice diffusion 

mechanisms) would increase recombination. It is important to realize 

not only that it is possible for these diffusional effects to occur 

simultaneously, but also that they derive from the same basic mechanisms: 
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var i ab le  so lu te- defec t  binding-exchange i n t e r a c t i o n s .  Understanding and 

quant i fy ing  t h e  physics of these  processes r equ i re s  accura te  de ter-  

mination of the  exchange terms i n  t h e  p a r t i a l  d i f f u s i o n  c o e f f i c i e n t s  and 

c o r r e l a t i o n  f a c t o r s  [7-91. 

The l o c a l  s ink  chemistry may be c r i t i c a l l y  important.  Ir- 

r a d i a t i o n  induced a l t e r a t i o n s  i n  s i n k  chemistry a r e  mechanis t ica l ly  t h e  

consequence of' segregat ion due t o  n e t  poin t  de fec t  f l u x e s .  If the  on ly  

t r anspor t  mechanism i s  by prefer red  V exchange, o r  s t rong  V drag,  con- 

cen t ra t ions  i n  t h e  v i c i n i t y  o f  a s i n k  w i l l  depend on t h e  n e t  V accumula- 

t i o n  (assuming no s ink- solute  binding o r  p r e c i p i t a t i o n ) .  Hence, con- 

s t i t u e n t s  with lower d i f f u s i v i t i e s ,  such a s  n i cke l  i n  s t a i n l e s s  s t e e l ,  

would tend t o  concent ra te  a t  a l l  of the  s inks  and would correspondingly 

be depleted from the  l a t t i c e .  The p r e c i s e  e f f e c t  of l o c a l  chemistry on 

s ink  c h a r a c t e r i s t i c s  involves s e v e r a l  f a c t o r s  which need cons iderable  

study t o  quant i fy .  Undersized SA which form s t rong ly  bound I complexes 

w i l l  be t ranspor ted  t o  s inks  by I f luxes ,  but  away only by V mechanisms. 

I f  the  e f f e c t i v e  t r anspor t  e f f i c i e n c y  of I i s  much l a r g e r  than f o r  V,  

apprec iable  SA concent ra t ions  a t  s inks  must develop, [ 8 ] .  This i s  

indica ted  by  S i  segregat ion  a t  d i s l o c a t i o n s ,  and loops and c a v i t i e s  

[21,22] .  Transport e f f i c i e n c i e s  depend on cons t i tuen t  concent ra t ions ,  

binding energ ies  and t h e  va r ious  exchange frequencies .  Back f luxes  of 

s o l u t e s  from s inks  l i m i t  segregat ion;  hence, p r e c i p i t a t i o n  may be needed 

t o  permanently remove species  f r o m  t h e  l a t t i c e .  Thus ,  w h i l e  s o m e  s inks  

a r e  necessary f o r  segregat ion t o  take  p lace ,  a high s i n k  dens i ty  may 

prevent o r  slow p r e c i p i t a t i o n ,  i f  l o c a l  s o l u b i l i t y  l i m i t s  a r e  not 

exceeded. There may b e  cons iderable  c o n s t i t u e n t  cyc l ing  between sinks.  

For example, S i  i n i t i a l l y  segregated t o  c a v i t i e s  may end up i n  p re-  

c i p i t a t e s  a t  some l a t e r  s t age  of i r r a d i a t i o n .  

The inf luence  of thermomechanical t reatment  on MC evolu t ion  

a l s o  q u a l i t a t i v e l y  der ives  i n  p a r t  from these  cons idera t ions .  I r r a-  

d i a t i o n  induced s i n k s  a r e  s i t e s  f o r  segregat ion  and a r e  s e n s i t i v e  t o  

l a t t i c e  d i f f u s i o n a l  processes.  The n e t  poin t  de fec t  and s o l u t e  f luxes  

depend on t h e  s o l u t e  a c t i v i t y ;  hence, on p r i o r  heat  t reatment  i n  meta- 
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stable alloys such as S S .  Similarly, the effect of He, which influences 

sink structures, might be explained. 

Bubbles evolve towards a transition to void growth due to 

accumulation of helium and microchemical evolution. 

cesses probably tend to enhance bubbles as void formation sites, and 

remove solute from the lattice. This lowers trapping-induced recom- 

bination, and promotes void growth. After this incubation period, voids 

form on some, but not necessarily all, bubbles. With the buildup of 

sinks and exhaustion of the MC propensity to further promote bubble-void 
conversions, the void nucleation slows and finally ceases. There may 

be, therefore, a coexisting cavity sink structure of voids and small 

bubbles which act as neutral sinks. 

and/or charged particle irradiation of neutron preirradiated material 

resulting in new populations of voids would tend to support the hy- 
pothesis outlined above. 

Segregation pro- 

Temperature change experiments 

Microchemical evolution is dominated by point defect induced 

segregation. Segregation also tends to slow with time due to back 

fluxes, precipitation, lattice exhaustion; and, perhaps, with the 

equilibrating of sink cycling mechanisms. However, segregation effects 

do not explain all the phase instabilities observed. Numerous alterna- 

tive mechanisms have been proposed [lo-111, ranging from cascade induced 

coherent precipitate nucleation [15] (this may be the consequence of 

segregation on the cascade scale) to complex local extended defect sink- 

precipitate interactions [39]  (as suggested to explain the reprecip- 

itation of y '  in Ni-Si alloys). In particular, thermally driven aging 

processes occur simultaneously and may be either enhanced or retarded by 

irradiation. For example, depletion of lattice concentrations may cause 

otherwise stable precipitates to dissolve. Proper modeling of coupling 

between thermal and irradiation ME is very important. The evolution of 

the microchemistry of the lattice would suggest a fluence dependence of 

the temperature sensitivity of swelling rate, which has been observed 

[181* 

Dislocation structure simultaneously evolves towards a quasi 
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s t e a d y - s t a t e .  'This i s  due t o  e q u i l i b r a t i o n  of n u c l e a t  ion and a i m -  

l i i l a t i o n  r a t e s  o t  Frank l o o p s ;  a n n i h i l a t i o n  i s  due t o  loop  growth t o  the 

p o i n t  of  i n t e r s e c t i o n  w i t h  o t h e r  d i s l o c a t i o n s ,  l e a d i n g  to u n f a u l t i n g .  

The u n f a u l t e d  l o o p s  are a s o u r c e  of l i n e  d i s l o c a t i o n s .  Line  d i s l o c a-  

t i o n s  are,  i n  t u r n ,  a n n i h i l a t e d  by r e a c t i o n s  w i t h  d i s l o c a t i o n s  of oppo- 

s i t e  s i g n ,  due t o  i r r a d i a t i o n  induced c l imb .  A t  quas i- s teady  s t a t e ,  

t h e  u n f a u l t i n g  s o u r c e  of l i n e  d i s l o c a t i o n s  e q u i l i h r a t e s  w i t h  t h e  c l imb 

induced a n n i h i l a t i o n  ( i . e . ,  loop n u c l e a t i o n  E loop  u n f a u l t i n g  E d i s l o -  

c a t i o n  l i n e  s0urc.e Z d i s l o c a t i o n  l i n e  a n n i h i l a t i o n  due t o  c l i m b ) .  

F u r t h e r  e v o l u t i o n  of t h e  m i c r o s t r u c t u r e  i s  s l o w ,  and domin- 

a t e d  by s t e a d y  s t a t e  s w e l l i n g  l a r g e l y  governed by s i n k  s t r u c t u r e ,  and 

s i n k  and l a t t i c e  chemis t ry .  T h i s  model p r e d i c t s  a s t r o n g  tendency 

towards a rough ly  e q u i v a l e n t  s t e a d y  s t a t e  s w d l i n g  which has been re- 

p o r t e d  i n  300 series a l l o y s .  

The e f f e c t  o f  s t ress  on m i c r o s t r u c t u r a l  e v o l u t i o n  can be 

modeled p r i m a r i l y  i n  terms of i t s  i n f l u e n c e  on source- s ink  e f f i c i e n c i e s  

i n c l u d i n g  b i a s  terms 161. 

The phenomenology o u t l i n e d  above i n v o l v e s  a complex c o d i f f u -  

s i o n  and c o p r e c i p i t a t i o n  of g a s  atoms, point d e f e c t s  and chemical  cons-  

t i t u e n t s ;  t h e  major  d r i v i n g  f o u r c e  f o r  t h e  $E p r o c e s s  i s  n e t  p o i n t  de- 

f e c t  f l u x e s  due t o  v a r i a b l e  s i n k  b i a s  f a c t o r s  and s o l u t e- p o i n t  d e f e c t -  

f l u x  c o u p l i n g s .  

F u r t h e r  i n s i g h t  i n t o  how such coupled MS-MC e v o l u t i o n  can be 

modeled by a p p l y i n g  b a s i c  c o n s e r v a t i o n  p r i n c i p l e s  i s  i l l u s t r a t e d  with 

a s i m p l e  example. For a p a r t i c u l a r  vo id  s w e l l i n g  ( S I ,  t h e r e  h a s  been 

a n e t  accumulat ion of J: v a c a n c i e s  t o  v o i d s , J t  2 S/z ,where  z i s  the 

e f f e c t i v e  I - d i s l o c a t i o n  b i a s  f a c t o r ;  s i m i l a r l y  JI i n t e r s t i t i a l s  have 

gone t o  v o i d s , J I  2 S ( 1 - z ) / z .  Taking S = .1 and z ?, .1 .Jv X 1 v/a tom(a)  

and JI % . 9  I / a .  Vacancy emiss ion  t o t a l s  can be  used t o  c a l c u l a t e  

t o t a l  vacancy f l u x e s  i n  and o u t  of s i n k s .  C l e a r l y ,  i f  V and I can t r a n s -  

p o r t  S A  by p r e f e r r e d  b i n d i n g  o r  exchange mechanisms, such l a r g e  mass 

f l o w s  can g i v e  r ise t o  c o n s i d e r a b l e  s e g r e g a t i o n .  

S e g r e g a t i o n  can be  phenomenological ly  r e p r e s e n t e d  i n  terms of 
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t r a n s p o r t  e f f i c i e n c i e s / d e f e c t  Ev, i ;  where E V , i  = Jx3i/J 

and JX,i i s  t h e  de fec t- induced  s o l u t e  accumula t ion ,  Cs  t h e  s o l u t e  con- 

c e n t r a t i o n  and Ks a s i n k  term. The E ' S  can be  d e r i v e d  f o r  b o t h  d i l u t e  

and c o n c e n t r a t e d  l i m i t s  and approx imate ly  r e l a t e d  t o  measurable  quan- 

t i t i e s  [7- 91. Hence, s e g r e g a t i o n  a t  an  evo lv ing  m i c r o s t r u c t u r e  of s i n k s  

can be  modeled a s  a t i m e  averaged sum o v e r  a l l  t r a n s p o r t  mechanisms, 

f l o w  d i r e c t i o n s ,  s i n k s  and s o l u t e  s p e c i e s .  F u r t h e r ,  t h e  requ i rement  of 

an  o v e r a l l  m a t e r i a l  b a l a n c e  i n  t h e  a l l o y  system can be  imposed. T h i s  

approach i s  e a s i l y  a d a p t a b l e  t o  m i c r o s t r u c t u r a l  e v o l u t i o n  mode l s ;  re- 

s u l t s  of c a l c u l a t i o n s  of  combined mic ros t ruc tu ra l- microchemica l  evo l-  

u t i o n  models w i l l  be p r e s e n t e d  i n  f u t u r e  p u b l i c a t i o n s .  

. = f(T,Cs,Ks) v ,  1 

A 4 .  Q u a n t i t a t i v e  Models and a Modeling S t r a t e g y  

The p receed ing  d i s c u s s i o n  p r o v i d e s  a c o n s i s t e n t  p i c t u r e  of 

m o s t  of t h e  h i g h l y  c o r r e l a t e d  ME b e h a v i o r  r e p r e s e n t e d  in F i g u r e  c. 
However, computer models must be  used t o  t r a n s l a t e  t h i s  q u a l i t a t i v e  

phenomenology t o  a q u a n t i t a t i v e l y  p r e d i c t i v e  t o o l .  

Numerous mechanisms have been proposed t o  e x p l a i n  v a r i o u s  

a s p e c t s  of  m i c r o s t r u c t u r a l  e v o l u t i o n .  Of ten  t h e  p o s t u l a t e d  mechanisms 

have been developed o n l y  q u a l i t a t i v e l y  and i n  i s o l a t i o n  from competing 

mechanisms, and ,  o n l y  f o r  one m i c r o s t r u c t u r a l  f ea tu re - -e .g . ,  v o i d  

growth.  In a d d i t i o n ,  numerous m a t a l l u r g i c a l ,  d e f e c t  and d e f e c t  pro-  

d u c t i o n  pa ramete r s  are  needed t o  q u a n t i f y  t h e s e  mechanisms and p re-  

cise  v a l u e s  of t h e s e  pa ramete r s  are n o t  a lways  a v a i l a b l e .  A summary 

of some of t h e  mechanisms which have been proposed i s  shown i n  Tab le  A- 1 .  

A p r o p e r  g o a l  of q u a n t i t a t i v e  modeling i s  t o  i d e n t i f y  t h o s e  

combina t ions  of  mechanisms and pa ramete r s  which a re  c o n s i s t e n t  w i t h  

exper iment .  T h i s  means i d e n t i f y i n g  p h y s i c a l  r e g i o n s  of  mechanism- 

paramete r  s p a c e  ( M P S )  by comparing t h e  p r e d i c t e d  t o  e x p e r i m e n t a l  micro-  

s t r u c t u r a l  r e s p o n s e s  based on avai lab1.e  d a t a .  S i n c e  numerous combinat ions  

of mechanisms a r d  pa ramete r s  may f i t  p a r t i c u l a r  s e t s  of d a t a ,  and t h e  

d a t a  i s  i t s e l f  h i g h l y  s c a t t e r e d ,  a n  e f f i c i e n t  MPS mapping s t r a t e g y  must 

be  developed.  
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Table A-1 
SOME MECHANISMS INVOLVED IN MICROSTRUCTURAL EVOLUTION 

Mechanism (parameters, submechanisms) 

DEFECT PRODUCTION 
Cascade Clusters and Loops (efficiency) 
Free Defects (fractioddpa) 
Transmutants 

MIGRATION AND RECOMBINATION 
Correlated Diffusion (partial diffusion 
coefficients including exchange frequencies 
and correlation factors; activation energy 
for He + I+HeI) S 
saturability) 

effects) 

Trapping (binding energies, solute clustering, 

Recombination (recombination volume; sink 

Stress Effects and Free Energy Gradients 

C. SINK STRENGTHS 
Geometric Parameter 
Efficiency (transfer velocity; shell effects- 
diffusivity, changes and image interaction 
effects; shape effect; bias factors; stress 
effects, pinning effects) 

and distributions) 
Multiple Sink Corrections ( a l l  sink strengths 

D. NUCLEATION MECHAVISMS 
Homoreneous Nucleation (defect parameters; - 
surface, dislocation and stacking fault 
energies; segregation; and gas pressure) 

nucleation sites-cascades, ppt., bubbles, 
dislocations) 
Bubble Nucleation (helium diffusivity; 
trapping; resolutioning; small bubble 
mobility and driving forces) 

surface energy; bubble chemistry; defect 
fluxes ) 
Solute Segregation (see phase instabilities 
below) 
Precipitate Dissolution (cascade effects) 
Coprecipitation of He, V, I and SA extended 

Heterogenerous Nucleation (all above; 

Critical Bubbles (He compressibility; 

defect complexes 
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E. GROWTH MECHANISMS 
Sinks (sink ratios; effective bias factors; 

Emission Kinetics (sink chemistry, stress 
sink annihilation fractions) 

and gas pressure; dislocation interactions 
and cavity dislocation networks; dislocation 
evolution, MC evolution) 

F. PHASE INSTABILITIES/SEGREGATION 
Enhanced Diffusion (vacancy concentrations) 
Thermal Instabilities/Segregation 
Disorder and Recoil Dissolution (sputtering, 

Chemical Vacancies (misfit and defect para- 

Diffusional Instabilities and Sinkless 

Cascade Microsegregation (cascade physics) 
Cascade Amorphization 
Segregation (partial diffusion coefficients, 

disorder parameters) 

meters) 

Segregation 

transport efficiencies, sink structure, 
solubility limits) 

cutting, local sink effects) 
Defect-Precipitate Interactions (dislocation 

Stress Effects 

G. ATYPICAL PARAMETERS AND CONDITIONS 
Pulsed-Stresses, Temperatures and Fluxes; 
Near Surfaces; Time Dependent Contamination; 
Foil Stress State; Damage Gradients; 
Self Ion Injection 
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The s t r a t e g i e s  used  i n  t h i s  r e s e a r c h  i n c l u d e :  a )  u s e  of  

models t a i l o r e d  t o  a p p l i c a t i o n- - s i m p l e r  models fo r  .?iec:ianism s t u u i e s  &nd 

scop ing  ME'S, more comprehensive c o r r e l a t e d  ITS models f o r  t h e  e n g i n e e r i n g  

d a t a  b a s e  and u l t i m a t e  e x t r a p o l a t i o n s ;  b) d e r i v a t i o n  of r e l a t i v e l y  s i m p l e  

submodels from d e t a i l e d  mechanism s t u d i e s  i n  forms compat ib le  w i t h  i n-  

c l u s i o n  i n  composi te  models ;  c)  a t t e m p t s  t o  u s e  a minimum number of  

pa ramete r s  o r  pa ramete r  groups  which can be  measured i n  independen t  

exper iments  o r  un ique ly  d e r i v e d  from p a r t i c u l a r  p a r t s  of t h e  d a t a  b a s e ;  

d) conduct ing s e n s i t i v i t y  s t u d i e s  and s t a t i s t i c a l  model comparisons w i t h  

t h e  broad d a t a  b a s e  ( a s  opposed t o  s p e c i f i c  sets of  o b s e r v a t i o n s )  t o  

a s c e r t a i n  v a r i o u s  c o n t r i b u t i o n s  t o  d i sc repanc ies- - such  as model inade-  

quacy and d a t a  s c a t t e r ;  e )  a t t e m p t s  t o  c a s t  b o t h  d a t a  and model r e s u l t s  

i n  terms of pa ramete r s  which maximize t h e  s e n s i t i v i t y  of compar isons  and 

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

Models developed or under development i n  t h i s  work i n c l u d e :  

a )  t h e  e f fec t  of i r r a d i a t i o n  p u l s i n g  on ex tended  d e f e c t  n u c l e a t i o n  and 

growth; b) bubb le  n u c l e a t i o n  and f o r m a t i o n  of v o i d s  on bubbles  which have 

exceeded t h e  c r i t i c a l  s i z e  f o r  con t inuous  vacancy d r i v e n  growth; c )  v o i d  

growth models w i t h  d i r e c t  or p a r a m e t r i c  t r e a t m e n t  o f  most  of t h e  numerous 

mechanisms which have been p o s t u l a t e d  t o  i n f l u e n c e  s w e l l i n g  and d i s l o c a t i o n  

s t r u c t u r e  e v o l u t i o n ;  and  d )  composi te  models of t h e  n u c l e a t i o n  and growth 

of various MS and MC f e a t u r e s .  

Examples of t h e  modeling c a l c u l a t i o n s  have been p r e s e n t e d  pre-  

v i o u s l y  [38-401. G e n e r a l l y  it is p o s s i b l e  t o  o b t a i n  r e a s o n a b l e  agreement 

between t h e  model r e s u l t s  and d a t a  for  a number of materials and e x p e r i -  

menta l  c o n d i t i o n s  u s i n g  r e a s o n a b l e  sets of p a r a m e t e r s  and mechanisms. 

T h e r e f o r e ,  it is u s e f u l  t o  a t t e m p t  some t e n t a t i v e  e x t r a p o l a t i o n s  

of t h e  model t o  f u s i o n  r e a c t o r  c o n d i t i o n s .  Such a n  e x t r a p o l a t i o n  is 

i l l u s t r a t e d  i n  F i g u r e  __ A- 2 where a model c a l i b r a t e d  t o  f a s t  r e a c t o r  i r radia-  

t i o n s  of s t a i n l e s s  s t e e l  i s  ex tended  t o  h i g h e r  he l ium g e n e r a t i o n  rates 

G H e  
v a r y  as N c1 Gp l/4 < P < 3 / 4 .  

of t h e  e f f e c t  o f  he l ium on c a v i t y  d e n s i t y , a n d  F i g u r e  I*) 

. An a d d i t i o n a l  a d j u s t a b l e  parameter,  c a v i t y  d e n s i t y  N ~ , w a s  assumed t o  

(See r e f e r e n c e s  2 t o  40 f o r  a d i s c u s s i o n  
C H e  
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40 I I 
Heldpa - (FISSION) 

----- --- -- Heldpa - (FUSION) 

400 500 600 700 
TEMPERATURE ( "C )  

FigureA-2 Model p red ic t ions  of swel l ing  under 
fus ion  r eac to r  condi t ions  
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The r e s u l t s  ind ica te  t h a t  swell ing i n  fusion environments a t  

60 dpa i s  s l i g h t l y  increased f o r  a P <1/2 up to  'i! pu 550, but is less ?or 

T % 550 f o r  !? - 1/2. This i s  the  consequence of very high cavi ty  d e n s i t i e s  

( i - e . ,  7 . 5  x 

T = 500 and P = 1 / 2 )  and is  cont rary  t o  some o t h e r  model p red ic t ions  which 

have been reported.  Physical ly i t  i s  a consequence of the  combination o f  

bubbles ac t ing  as s inks  f o r  both helium and p o i n t  d e f e c t s ,  void- dislocat ion 

s ink  s t r e n t h  r a t ios , and  the  smal ler  s i z e  of voids a t  high d e n s i t i e s .  Indeed, 

i f  lower cavi ty  d e n s i t i e s  a r e  used and o t h e r  parameters adjus ted  t o  maintain 

reasonable agreement with 304 SS f a s t  r e a c t o r  d a t a ,  higher  swel l ing  a t  fus ion  

He/dpa r a t i o s  i s  maintained up t o  600" C.  

> 

voids and 7.5 x 10l6 bubbles f o r  fusion condit ions a t  

I t  should be emphasized t h a t  none of t h e  model r e s u l t s  presented 

here d i r e c t l y  account f o r  ElC evolu t ion  e f f e c t s .  Further,  co r rec t ions  f o r  

o the r  p o t e n t i a l l y  s i g n i f i c a n t  d i f f e rences  between f i s s i o n  and fus ion  environ- 

ments, v i z . ,  puls ing ,  ciwnage r a t e ,  primary r e c o i l  spec t ra  and hydrogen 

generat ion,  have not  been made i n  the  ext rapola t ions .  I n  add i t ion ,  these  

examples a r e  not  meant t o  suggest  t h a t  swel l ing  shou ld  be  t h e  only focus 

of modeling e f f o r t s .  C lea r ly ,  phase i n s t a b i l i t i e s  and helium content  and 

gra in  boundary d i s t r i b u t i o n s  a r e  c r i t i c a l  f a c t o r s  i n  high temperature 

mechanical behavior and a r e  a l s o  being s tud ied  i n  t h i s  research .  

F ina l ly ,  model prediction-experimentcomparisons a r e n o t  as simple 

a s  the  examples repor ted  previously might suggest.  F i r s t ,  a l l  of these  

ca lcu la t ions  a r e  model and parameter s e n s i t i v e .  Dif ferent  s e t s  

of mechanisms and parameters w h i c h  a l s o  f i t  cu r ren t  observat ions ( i . e . ,  

regions of M P S )  may lead  t o  d i f f e r e n t  ex t rapola ted  p red ic t ions .  O n l y  

with f u r t h e r  model development, thorough mapping of MPS,and da ta  acquis i-  

t i o n  w i l l  i t  be poss ib le  t o  p lace  phys ica l ly  j u s t i f i a b l e  and use fu l ly  

narrow bounds on predic ted  responses. Such mappings have not y e t  been 

completed. Preliminary r e s u l t s  i n d i c a t e ,  however, t h a t  simultaneously 

modeling seve ra l  micros t ruc tura l  f ea tu res  and using the  broad da ta  base 

w i l l  be he lp fu l  i n  l imi t ing  MPS regions ,  i.e., i n  reducing the  problem 

of non-uniqueness. 
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A s  noted previous ly ,  t he  experimental d a t a  is o f t e n  highly 

s c a t t e r e d .  This v a r i a b i l i t y  der ives ,  i n  p a r t ,  from experimental uncer ta in ty  

( i . e . ,  e r r o r s  i n  i r r a d i a t i o n  temperatures and f luences)  and, i n  p a r t ,  from 

f a i l u r e  t o  properly account f o r  a l l  va r i ab les  such as MCo. 

MPS maps, which a r e  r e a l l y  systematic  r ep resen ta t ions  >f model s e n s i t i v i t y ,  

can be  used t o  d iscr iminate  between t h e  fuxiiamental sources of such var ia-  

b i l i t y .  

Therefore, 

Probably more importin.t than t h e  q u a n t i t a t i v e  r e s u l t s ,  t he  

modeling :;t.udies have supported many of t h e  f ea tu res  of t h e  q u a l i t a t i v e  

model described i n  SectionA-3. 

fus ion  condit ions are the  following t e n t a t i v e  conclvsions: a )  a Strong 

and time dependent c o r r e l a t i o n  between micros t ruc ture  and microchemistry, 

l inked pr imar i ly  through e f f e c t i v e  p o i n t  de fec t  m o b i l i t i e s ,  and s ink  

structL:.re and chemistry; b )  inf luence of t h e  i n i t i a l  nucleat ior ,  micro- 

s t r u z t u r e  on subsequent growth s t ages  ( t h e r e f o r e ,  t h t r e  i s  a s t r o n g  ;ensi- 

t i v i t y  of ME t o  bubble nuclea t ion  and groiri.h k i n e t i c s ;  hznce, helium t rans-  

p o r t  mechanisms) and c )  i n x e a s e s  i n  kelium generat ion r a t e  can lead t o  

e i t h e r  increas,?d o r  decreesad swel l ing  depending on the  p a r t i c u l a r  region 

Of model MPS and set  of damage parameters--viz. dpa r a t e ,  He/dpa r a t i o ,  

temperature, and ma te r i a l  parameters.  The phys ica l  b a s i s  f o r  b )  and c )  

have been discussed elsewhere and w i l l  no t  be reviewed f u r t h e r  here [ 3 8 - 4 0 ] .  

P a r t i c u l a r l y  germane t o  ext rapola tLr9  t o  

I t  may be poss ib le  t o  draw some impl ica t ions  f o r  a l l o y  develop- 

ment e f f o r t s  from modeling ana lys i s .  Clearly a r a d i a t i o n  r e s i s t a n t  a l loy  

would i d e a l l y  promote vacancy and i n t e r s t i t i a l  recombination and maintain 

he l ium i n  s o l u t i o n  i n  the  l a t t i c e .  However, as  o f t e n  noted, S A  t rapping 

sites tend t o  be removed eventual ly  from s o l u t i o n  by concomi tan t  segre-  

ga t ion  mechanisms. While high N i  content  appears t o  improve l a t t i c e  

r e s i s t ance  t o  swell ing,  higher  helium contents  and, perhaps,  lower d u c t i l -  

i t i e s  a r e  corresponding t rade- offs .  Fur ther ,  while f i n e  helium d i s t r i b u-  

t i o n s  a r e  des i rable  f o r  minimizing swelling, non-diffusional t r anspor t  mecha- 

nisms such a s  d i s loca t ion  drag of dissolved He during stress t r a n s i e n t s ,  may 
r e s u l t  i n  higher  g r a i n  boundary helium contents  than  would 

were loca ted  i n  l a r g e r ,  l e s s  mobile c a v i t i e s .  

occur if h e l i u m  
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The formation of a high dens i ty  cavi ty  dominated microstructure 

has previously been suggested a s  a poss ib le  means of promoting i r r a d i a t i o n  

s t a b i l i t y  1391. Such cavi ty  s t r u c t u r e s  might be produced by l a s e r  o r  

shock hardening o r  by small 3Ee gas bubbles generated by the l ' t r i t ium t r i c k . "  

Figure A-3 i l l u s t r a t e s  how swell ing can be reduced i n  a cav i ty  dominated 

microstructure;  h e r e  swel l ing  a t  60 dpa f o r  fus ion  r e a c t o r  condit ions i s  

p l o t t e d  aga ins t  cavi ty  dens i ty .  The e f f e c t i v e  b i a s  f a c t o r  i s  a l s o  var ied  t o  

r e f l e c t  poss ib le  d i s l o c a t i o n  pinning and cavi ty- dis loca t ion  network e f f e c t s .  

Such a cavi ty  s t r u c t u r e ,  i f  i t  remained s t a b l e ,  would t r a p  e s s e n t i a l l y  all 

t he  helium and would r e s i s t  being t ranspor ted  t o  g r a i n  boundaries by d i s-  

loca t ions .  While c a v i t i e s  would be s i t e s  f o r  s o l u t e  segregat ion ,  reasonable 

l a t t i c e  s o l u t e  concentrat ions might be maintained by back f luxes  if l o c a l  

s o l u b i l i t y  l i m i t s  a r e  not exceeded because of the  high : ;~ i r fncc  a reas .  

One de t r imenta l  f e a t u r e  of such an a l l o y  might be a low t e n s i l e  d u c t i l i t y  

due t o  bubble strengthening- flow l o c a l i z a t i o n  mechanisms. In any event ,  

if such a suggest ion were t o  be pursued se r ious ly ,  it would be necessary 

t o  optimize bubble/cavity d e n s i t i e s  and s i z e s  considering s e v e r a l  p o t e n t i a l  

f a i l u r e  modes. 

A5 Summary and Conclusions f o r  Microstructural  Evolution 

Th i s repor t  has attempted t o  o u t l i n e  the  CCPlA approach t o  

utilizing the ava i l ab le  da ta  base t o  ex t rapo la t e  t o  condit ions not  experi-  

mentally access ib le .  The s t rongly  co r re l a t ed  nature of ME has been 

emphasized. Fur ther ,  it has been suggested t h a t  comprehensive r a t e  theory 

models r e s t i n g  on t h e  pr inc ipG mate r i a l  balances,  focussing on segregat ion  

processes,  and phenomenologically r ep resen ta t ive  of the  various i n t e r a c t i n g  

mechanisms may be a p r a c t i c a l  approach t o  t r ack ing  t h e  f a t e s  of both p o i n t  

de fec t s  and chemical cons t i tuen t s .  Whatever models a r e  u l t imate ly  developed, 

i t  w i l l  be necessary t o  l i m i t  t he  number of v iable  mechanisms and parameters; 

a sys temat ic  and e f f i c i e n t  mapping s t r a t e g y  based on comparison of composite 

model p red ic t ions  w i t h  the  broad da ta  base,  and t h e  r e s u l t s  of c a r e f u l  

mechanistic s t u d i e s  w i l l  be  required t o  accomplish t h i s  goal .  F ina l ly ,  

u l t imate  model va l ida t ion  and c a l i b r a t i o n  must be c a r r i e d  ou t  i n  a f a c i l i t y  

such as  FMIT. 
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B. Mechanical P roper t i e s ,  Mechanical Modeling - G.R.  Odette,  D. Frey 

(Universi ty of Ca l i fo rn ia ,  Santa Barbara) 

B1 Introduction 

In- service mechanical property degradat ion leading  t o  premature 

f a i l u r e s  of fus ion  f i r s t  wal l  s t r u c t u r e s  is  p o t e n t i a l l y  one of t h e  most 

se r ious  obs tac le s  t o  commercial fus ion  power. 

Alloy development and fusion design e f f o r t s  a r e  confronted by a t  

l e a s t  t h ree  major problems when at tempting t o  assess  the  e f f e c t  of in -  

se rv ice  i r r a d i a t i o n ,  including:  

1. There i s  no completely proper  mater ia ls  tes t  environment i n  

terms of appropr ia te  combinations of neutron spectrum, f l u x ,  volume, and 

t i m e  h i s t o r y  of temperature, f l u x  (41) and s t r e s s ,  which simulates  the  fus ion  

environment. 

2 .  The most proper high f l u x  t e s t  environments w i l l  have small  
3 1 4  2 i r r a d i a t i o n  volumes (<lo00 cm f o r  I$ >10 n/cm -sec and < 10 cm3 f o r  

2 > 10'~n/cm -set). 

3 .  There a re  a l a r g e  number of p o t e n t i a l  s t r u c t u r a l  f a i l u r e  modes 

ranging from creep rupture t o  ca ta s t roph ic  f r a c t u r e .  

I n  order  t o  r e l a t e  the  da ta  obtained i n  t e s t  i r r a d i a t i o n  environ- 

ments t o  condit ions i n  fusion r e a c t o r s ,  a proper c o r r e l a t i o n  methodology 

which rests on a f i rm  physica l  unders tanding of the rad ia t ion  e f f e c t s  and on 

s t r u c t u r a l  f a i l u r e  modes i s  needed. One important component of such a 

methodology i s  developing a b e t t e r  understanding of the  r e l a t i o n s h i p  between 

microstructure and p r o p e r t i e s  and simple p r o p e r t i e s  and f r a c t u r e  parameters 

(o the r  components include high energy neutron and f i s s i o n  r eac to r  d a t a  

base development, e x t r a c t i n g  use fu l  mechanical property information from 

very s m a l l  t e s t  volumes, and e s t a b l i s h i n g  the  connection between p roper t i e s /  

f r a c t u r e  parameters and design c r i t e r i a ) .  Understanding the  r e l a t i o n s h i p  

between mic ros t ruc tu reandproper t i e s  would not  only be b e n e f i c i a l  i n  

optimizing the  use of the  small  t e s t  volume i n  high energy neutron f a c i l t i e s ,  

and i n  providing a b e t t e r  b a s i s  f o r  ex t rapo la t ing  f i s s i o n  r e a c t o r  d a t a ,  bu t  

a l s o  might promote more rapid  advances i n  t he  development of i r r a d i a t i o n  

179 



r e s i s t a n t  a l loys .  A t  least th ree  general  c l a s s e s  of a n a l y t i c a l  t o o l s  can be 

used i n  such s t u d i e s ,  including micromechanical models of flow and f r a c t u r e ;  

flow, f r a c t u r e  and corresponding microstructure maps; and advanced test/ 

f a i l u r e  ana lys i s  methods, including f i n i t e  element techniques. 

Preliminary r e s u l t s  of c o r r e l a t i n g  micros t ruc ture  and y i e l d  s t r e s s  ays 

i n  i r r a d i a t e d  316 s t a i n l e s s  s teel  have been presented  previously 1411. I n  

the  work repor ted  here  an empir ica l  r e l a t i o n s h i p  i s  used t o  r e l a t e  y i e l d  and 

u l t imate  stress t o  uniform elongation.  Extension of t h i s  genera l  approach 

t o  o t h e r  f r a c t u r e  modes is a l s o  discussed b r i e f l y ,  with s p e c i f i c  app l i ca t ion  

t o  plane s t r a i n  f r a c t u r e  toughness. 

B? Correlat ion of D u c t i l i t v  Parameters 

Obviously, knowledge of y i e l d  stress alone i s  n o t  s u f f i c i e n t  t o  

design engineering s t r u c t u r e s .  Therefore, an at tempt w a s  made t o  c o r r e l a t e  

changes i n  an important  d u c t i l i t y  parameter,  uniform e longat ion ,  a g a i n s t  

changes i n  t h e  y i e l d  and u l t imate  s t r eng ths  U . Such c o r r e l a t i o n s  a r e  of 

i n t e r e s t  f o r  seve ra l  reasons,  including 1) success o r  f a i l u r e  of co r re l a-  

t i o n s  may provide ind ica t ions  of f r a c t u r e  mechanisms; 2 )  it may be poss ib le  

t o  der ive  only s t r e n g t h  d a t a ,  f o r  example, i n  a n  inden ta t ion  hardness o r  

microtens i le  tes t  measurement used i n  small  volume high energy neutron 

experiments 

i n  hardness tests; however, t he  d u c t i l i t y- s t r e n g t h  c o r r e l a t i o n s  would provide 

an independent check on the  v a l i d i t y  of t h i s  a s s e r t i o n ) .  

U 

( ac tua l ly ,  it has been suggested t h a t  d u c t i l i t y  can be est imated 

We have found t h a t  uniform elongation EU of i r r a d i a t e d  and uni r ra-  

d i a t ed  s t a i n l e s s  s t e e l s  can be  roughly c o r r e l a t e d  by a simple l i n e a r  expres- 

s ion 

where C 

Figures ~ B- l a  - 5 compare p red ic t ed  uniform elongations a s  a funct ion  of 

exposure f o r  T = 400 t o  600' C. using Equation(B.l), t he  y i e l d  stress model 

= .5 is a funct ion  of the  macroscopic work hardening c o e f f i c i e n t .  
1 
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Figure B-lb. Comparison of model predictions and data 
for uniform elongation of irradiated 316 
stainless steel, T = 500. 
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Figure R-lc. Comparison of model predictions and data 
for uniform elongation of irradiated 316 
stainless steel, T = 550-600 
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described previously 1411 and an empirical  model of a = f (T,dpa) derived 

from t h e  da ta  base [441. Clear ly ,  t h e  model and experimental r e s u l t s  a r e  

i n  agreement only a t  low temperatures and moderate exposures and a t  higher  

temperatures a t  low exposures. Figure B-2 crudely maps t h e  regions where 

the  model is appl icable  as a funct ion of temperature and exposure; i n  this 

case,  however, a c t u a l  

used t o  compute E 

t h a t  t he re  i s  a sys temat ic  devia t ion  from Equation ( B . 1 )  which can be approx- 

imately expressed i n  terms of an i m p l i c i t  v a r i a t i o n  of C = f ( €  T ) .  For 

example, using least Squares f i ts  t o  the  da ta  C is .36 f o r  T > 600' C. 

and E > 0 ,  b u t  i s  only . 2  f o r  the  range 0 I E 5 .05 ;  s i m i l a r l y ,  f o r  

T < 600" C decreases from .52 f o r  E > 0 to  .38 f o r  0 5 E 5 .05.  
1 U U 

A t  high temperatures and moderate t o  high f luences the  devia t ions  

U 

and Uu d a t a ,  r a t h e r  than model ca lcu la t ions ,  were 

Closer examination of the  da ta  reveals  
Y S  

i n  Equation @ .I). 
U 

1 U t  

1 

U U 

may be due t o  an e f f e c t  of g ra in  boundary hel ium,  even i n  r e l a t i v e l y  high 

rate t e n s i l e  tests. Indeed, t h i s  i s  c o n s i s t e n t  with i n t e r p r e t a t i o n s  given 

previously [441, which i n d i c a t e  t h a t  a t  i nc reas ing  temperatures T 2 600°C. 

a t r a n s i t i o n  between t ransgranular  flow c o n t r o l l e 4  and in t e rg ranu la r  

d i f fus ion  o r  creep con t ro l l ed  f r a c t u r e  occurs;  i n  t h i s  regime, a combination 

of matr ix hardening and helium g r a i n  boundary embrittlement govern f r a c t u r e  

s t r a i n s .  While t h i s  i n t e r p r e t a t i o n  i s  probably overs impl i f ied ,  it suggests  

t h a t  the  high l e v e l s  of helium i n  fusion environments may reduce t e n s i l e  

d u c t i l i t y  even more. 

The helium mechanism i s  not ,  however, a l i k e l y  explanat ion of t h e  

behavior a t  lower temperatures and higher  f luences ,  where in t r ag ranu la r  

d u c t i l e  f r a c t u r e  i s  observed. I t  i s  o f  i n t e r e s t ,  t he re fo re ,  t o  consider  the 

micros t ruc ture  i n  t h e  various regimes g iv ing  rise t o  the  "hardness s t a t e "  

of t h e  a l loys .  Previously [41l,we observed t h a t  t h e  major component of the  

hardening s t r u c t u r e  i s  d i s loca t ions  which develop e a r l y  i n  i r r a d i a t i o n .  

I f ,  as suggested i n  the  y i e l d  s t r e s s  ca lcu la t ions ,  t he  i r r a d i a t i o n  induced 

d i s l o c a t i o n  s t r u c t u r e  behaves i n  a manner roughly equivalent  t o  a s i m i l a r  

cold-worked s t r u c t u r e  -i.e., has s i m i l a r  s t r u c t u r e  parameters - subsequent 

deformation should proceed along the  s t r e s s - s t r a i n  curve more-or-less 

normally. A t  high f luences ,  however, cav i ty  s t r u c t u r e s  develop and con t r i-  

bute  a small  b u t  s i g n i f i c a n t  f r a c t i o n  t o  t h e  s t r e n g t h .  Hence, subsequent 
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Figure B-2. 
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deformations may no longer follow the  "normal" d i s loca t ion  s t r u c t u r e  

dominated path.  I n  p a r t i c u l a r ,  severe  flow l o c a l i z a t i o n ,  and i n  t h e  l i m i t -  

ing  extreme, channel f r a c t u r e  occur under these  condit ions.  Channeling 

has t r a d i t i o n a l l y  been viewed as a consequence of shear  induced des t ruc t ion  

of d i s l o c a t i o n  obs tac le s ,  such as c a v i t i e s ,  and/or reduction i n  c ross  s l i p .  

Fur ther  support  t o  t h i s  hypothesis i s  l e n t  by the  f a c t  t h a t  316 has somewhat 

higher  d u c t i l i t y  i n  t h e  cold-worked r e l a t i v e  t o  the  so lu t ion  annealed condi- 

t i o n  a t  f luences  of 30-40 dpa, s ince  s i g n i f i c a n t  void swelling i s  lower i n  t h e  

cold-worked ma te r i a l  1461. I t  has been observed t h a t  deformation and 

d u c t i l i t y  of cold-worked 316 can be modeled by an un i r r ad ia t ed  equation-of- 

s t a t e  form up t o  f luences of 40dpa by making s m a l l  adjustments of the  hard- 

ness parameter [40] .  This may need t o  be  modified a t  higher  f luences  where 

cavi ty  s t r u c t u r e s  become important.  

W e  w i l l  no t  pursue these specula t ions  f u r t h e r  except t o  note 

that while t h e  equation- of- state  approach i s  both p r a c t i c a l l y  and funda- 

mentally appeal ing,  i ts  use w i l l  be g r e a t l y  enhanced i f  it can bemechan- 

i s t i c a l l y  i n t e r p r e t e d  i n  terms of s p e c i f i c  micros t ruc tura l  f e a t u r e s .  

B 3  Fracture Toughness 

Clear ly ,  extension of such procedures t o  o t h e r  p o t e n t i a l  f r a c t u r e  

p r o p e r t i e s  would be des i r ab le .  However, t h i s  i s  not  s traight-forward s i n c e  

t h e  micromechanical mechanism a r e  genera l ly  s i g n i f i c a n t l y  more complex 

and/or t h e r e  is  no appropr ia te  da ta  base f o r  ana lys i s .  Fur ther ,  t hese  

p roper t i e s  a r e  genera l ly  much more s e n s i t i v e  t o  tes t  d e t a i l s  and condi t ions .  

Therefore, we w i l l  d iscuss only b r i e f l y  some aspects  of applying micro- 

mechanical models t o  f r a c t u r e  toughness. We bel ieve ,  however, t h a t  improved 

creep rupture ,  crack growth, f a t igue  and creep- fa i lure  co r re l a t ions  can 

a l s o  be developed, and t h i s  w i l l  be pursued i n  fu tu re  reserach.  

I t  is not  c l e a r  t h a t  plane s t r a i n  f r a c t u r e  toughness K i s  an 
I C  

appropr ia te  measure of s t a t i c  crack propagation r e s i s t ance  f o r  t h i n  f i r s t  

wa l l  s t r u c t u r e s  (indeed, geometries a r e  l i k e l y  t o  be i n  t h e  plane o r ,  

perhaps, even an t ip l ane  s t r e s s  s t a t e  modes [481).. However, K should a t  

l e a s t  provide lower bound e f f e c t i v e  toughness l i m i t s .  
I C  
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A number of micromechanical t reatments  have been developed t o  

I n  the  
I C '  

model the  e f f e c t  of t e n s i l e  p roper t i e s  and micros t ruc ture  on K 

s imples t  form [491 

where sur face  energy t e r m  have been neglected and p e r f e c t  e l a s t i c - p l a s t i c  

behavior assumed. Here E i s  t h e  Youngs Modulus, v Poissons r a t i o ,  E a 

f r a c t u r e  s t r a i n  parameter and L a measure of t h e  e f f e c t i v e  p l a s t i c  zone 

s i z e .  

f r a c t u r e  cavi ty  nuclea t ion  sites o r ,  a l t e r n a t e l y ,  propensi ty towards in t ens ive  

shea r  deformation. The choice of a proper  d u c t i l i t y  parameter ( c r i t i c a l  

s t r a i n )  i s  no t  obvious s ince  it i s  known t o  depend on both s t r e s s  s t a t e  and 

work hardening behavior.  For convenience, i t  can be taken as  the  uniform 

elongation divided by th ree  t o  crudely account f o r  s t r e s s  s t a t e .  

mater ia ls  where f r a c t u r e  i s  dominated by shea r  i n s t a b i l i t i e s  o r  flow l o c a l i -  

za t ion ,  which is l i k e l y  i n  the  case o f  i r r a d i a t e d  s t a i n l e s s  s tee l ,  it has 

been found t h a t  I a n  

Equation (B.2) becomes [501 

f 

Local f r a c t u r e  may be pr imar i ly  governed by the  spacing of d u c t i l e  

I n  

2 n 
where n i s  the  work hardening exponent (U = ke 1 ;  hence 

and s ince  n = E and taking  c 1 ri, 1 
U 

K % E  3/2 h - 3 7  (B-4) 
I C  U Y 

Numerous o t h e r  approaches, including highly soph i s t i ca t ed  computer based 

analyses can be used t o  a t t ack  t h i s  problem; however, t he  cu r ren t  lack 

of i r r a d i a t e d  s t a i n l e s s  s t e e l  toughness da ta  suggests  t h a t  such treatments  

a r e  not  warrented a t  t h i s  time. 

Equation ( 4 )  using values based on the  y i e l d  s t r e s s  model 

the  empir ica l  d u c t i l i t y  c o r r e l a t i o n  procedure of SectionB2. 

Figure - B-3 shows K I C  ca l cu la t ed  from 

[ 4 1 1  and 

Clear ly ,  t he  
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I I I I 

MICROSTRUCTURE MODEL 
FRACTURE TOUGHNESS VERSUS DPA 
SOLUTION ANNEALED 

DPA 

F i g u r e  B-3. Model based p r e d i c t i o n  of 
f r a c t u r e  toughness  i n  i r r a d i a t e d  s ta inless  
s tee l  
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model p r e s i c t s  a s u b s t a n t i a l  reduction i n  toughness of i r r a d i a t e d  s t a i n -  

l e s s  s t e e l s .  There is l i t t l e  da ta  t o  compare with these  ca lcu la t ions .  The 

absolute values of the  toughness tend t o  be low by a f a c t o r  of 1 t o  2 

compared t o  some values which have been reported f o r  s t a i n l e s s  s t e e l  [ 5 1  - 
541. Limited da ta  on i r r a d i a t e d  (and some shock hardened s t a i n l e s s  s t e e l  

a l loys  a t  an approximately equivalent  y i e l d  s t r eng th )  i n  the  range of 

1 - 10 dpa (equivalent )  and temperatures of 250 - 650°C have indica ted  

reductions i n  toughness of 30 t o  50%. This i s  cons i s t en t  with the  t rends  

indica ted  i n  Figure - B- 3 .  I n  one case involving both me ta l lu rg ica l  d i f -  

ferences (weld versus p l a t e )  and i r r a d i a t i o n ,  a very l a r g e  reduction i n  

toughness(%5) was found [541. The ca lcu la t ions  presented here i n d i c a t e  

t h a t  the re  may be a s i g n i f i c a n t  reduction i n  toughness i n  fusion environ- 

ments. However, da ta  from s p e c i f i c a l l y  designed experiments w i l l  be needed 

t o  determine t h e  a c t u a l  ex tent  and na ture  of t h i s  problem. 

B 4 .  Summary and Conclusion 

Some i n i t i a l  s t e p s  have been taken t o  develop phys ica l ly  based 

c o r r e l a t i o n  methods f o r  ex t rapo la t ing  mechanical property da ta  t o  fus ion  

environments. The y i e l d  s t r e s s  changes i n  fas t  r e a c t o r  i r r a d i a t i o n s  can 

be c o r r e l a t e d  with observed changes i n  micros t ruc ture  using simple harden- 

i n g  models. Analysis o f  tensile d u c t i l i t y  d a t a  suggests  t h a t  i r r a d i a t i o n  

may change t h e  deformation- to- fracture pa th ;  a t  higher temperatures this 

may be  a s soc ia t ed  w i t h  g ra in  boundary helium-matrix hardening e f f e c t s  and 

a t  lower temperatures with matr ix hardening due t o  shearable  cavi ty  

s t r u c t u r e s .  A simple micromechanical model w a s  used t o  ex t rapo la t e  these  

ca lcu la t ions  t o  changes i n  plane s t r a i n  f r a c t u r e  toughness; while t h e r e  i s  

not  s u f f i c i e n t  d a t a  t o  confirm these  c a l c u l a t i o n s ,  t h e  low fluence t rends  

appear t o  be  cons i s t en t  w i t h  l imi t ed  experimental observat ions .  We conclude, 

t h e r e f o r e ,  t h a t  microstructural-micromechanical modeling s t u d i e s  w i l l  be 

useful, a t  l e a s t  when appl ied  t o  r e l a t i v e l y  simple p r o p e r t i e s .  
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C. The Flow and Fracture Maps for Unirradiated Solution Annealed 

316 StairAess Steel -- S.S. Vagarali and G.R. Odette (University of 

California, Santa Barbara.) 

c1. Introduction ~ 

Deformation and fracture in polycrystalline materials occur by 

several different mechanisms. Therefore, it is convenient to present 

these mechanisms in the form of maps in which regions for which a 

particular mechanism is dominant are delineated as a function of critical 

deformation and fracture parameters. Ashby [55,56] has described in 

detail the means of constructing such maps. The rapid acceptance of 

this procedure is evident by the development of deformation/fracture 

maps for a number of materials. The objective of the present work is to 

construct detailed flow and fracture maps for unirradiated solution 
annealed 316 stainless steel; future work will extend the maps to other 

thermomechanical treatments and irradiated conditions. Some limited 

results for stainless steel have been presented previously; [ 5 7 ]  this ' 

work extends and further refines these early efforts. 

c2. Flow Map 

The deformation mechanisms considered in the construction of 

flow maps include: a) dislocation glide; b) dislocation creep; c) 

diffusion creep. The low temperature (T<.3Tm) deformation of 316 stain- 

less steel occurs by dislocation glide which is limited by obstacles 

such as solute atoms, precipitates and other dislocations. Frost and 

Ashby [ 5 7 ]  have analysed this process for 316 stainless steel and the 

rate equation for dislocation glide is given by 

6 AF U 
E = 10 exp(- -)(l- - ) 

U 
0 

1 kT (.C.l) 

3 where AF = strength of the obstacles (". 0.5 Gb ) 

u = flow stress at 0°K. 
0 

This equation gives a value of 6.3~10-~ for normalized athermal flow 

stress (i.e. (i athermal/G). 
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D i s l o c a t i o n  c r e e p  i n  annea led  316 s t a i n l e s s  s t ee l  h a s  been 

i n v e s t i g a t e d  by s e v e r a l  workers .  [5:,-62] There  i s  c o n s i d e r a b l e  s c a t t e r  

in t h e  c r e e p  d a t a  due t o  v a r i a t i o n s  i n  p r i o r  h e a t  t r e a t m e n t  and a l l o y  

chemis t ry ,  and hence p rec i se  d e t e r m i n a t i o n  of a c t i v a t i o n  energy f o r  

creep and c r e e p  exponent i s  n o t  p o s s i b l e .  The a v a i l a b l e  c r e e p  d a t a  i n  

t h e  t empera tu re  range  from 800 t o  1173K i s  p l o t t e d  i n  F i g u r e  L'-1 i n  t h e  

form of  t empera tu re  compensated s t r a i n  ra te  v e r s u s  normal ized stress. 

The c r e e p  exponent i n c r e a s e s  from % 6.0 a t  o / G < ~ 0 - ~  t o  .1, 1 2 . 0  f o r  

o/G>Zxl0f3. The a p p a r e n t  a c t i v a t i o n  energy f o r  creep i s  .1, 450 K J  
-1 mol . The ra te  e q u a t i o n  f o r  d i s l o c a t i o n  c r e e p  i n  annea led  316 S.S.  i s  

g i v e n  by 

The symbols are d e f i n e d  i n  Table  C - 1 .  

Grain  boundarv s l i d i n g  i s  an impor tan t  mode of de fo rmat ion  d u r i n g  

high t empera tu re  c r e e p .  (Grain  boundary s l i d i n g  i s  h e l i e v e d  t o  he con- 

t r o l l e d  by l o c a l  g r a i n  de fo rmat ion  a t  r e g i o n s  of s t r e s s  c o n c e n t r a t i o n  -- 

? .g .  t r i p l e  p o i n t s ) .  Ca tes  a n d  l lorton [h3-64) have i n v e s t i g a t e d  s l i d i n g  

i n  316 S . S .  i n  t h e  t empcra tu re  range from 9 7 3  t o  1073K and f o r  O / G < l 0  . 
F i g u r e  C-2 s h o w s  a p l o t  of l o g  

t empera tu re  of  t h e i r  dat: i ,  w h i c i l  y i e l d s  t h e  fo l lowing  rate  e q u a t i o n  f o r  

sliding 

- 3  

(0/G)-3'8 c$ " v e r s u s  t h e  r e c i p r o c a l  of 
gb s 

I t  i s  t o  he no ted  t h a t  c r e e p  exponent and a c t i v a t i o n  enerqy f o r  s l i d i n g  a r e  

lower than  t h a t  f o r  d i s l o c a t i o n  c r e e p .  No s l i d i n g  d a t a  is a v a i l a b l e  i n  t h e  

h i g h  s t ress  r e g i o n  ( i  . e .  o/G:,2xl0 ) .  
- 3  

The r a t e  e q u a t i o n s  f o r  Nahnrro-Herring and Coble c reep  a r e  g iven  
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C- 2.  Grain Boundary Sl id ing  Parameter Versus Reciprocal Temperature 
f o r  316 S t a i n l e s s  S t e e l .  
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A deformat ion mechanism map f o r  a g r a i n  s i z e  of 50 i s  con- 

s t r u c t e d  u s i n g  t h e  method sugges ted  by Ashby [55] and is shown i n  F i g u r e  C - 3 .  

The pa ramete r s  used i n  c o n s t r u c t i n g  t h e  map a r e  g iven  i n  Table  C - 1 .  

s t a n t  s t r a i n - r a t e  c o n t o u r s  have been drawn. 

g r a i n  boundary s l i d i n g  d u r i n g  c r e e p  is  shown 

Con- 

The r e l a t i v e  importance  o f  

Table  C-1 

Parameters Used t o  C o n s t r u c t  Flow and F r a c t u r e  Maps 

Paramete r  Symbol __ Valui 

Atomic Volume n 1 21x10 m 

Burgers v e c t o r  b 2 . 5 8 ~ 1 0 - ~ ~  m 

Mel t ing  Temperature Tm 1810OK 

Shear  Modulus a t  300°K 

Temperature dependence o f  ) 
shear modulus 

L a t t i c e  D i f  f u s i v i t y  

-29 3 

8 . i X i P  Pa 

4 . 7 ~ 1 0 - ~  Pa ti-' 

-1 
4 . 4 ~ 1 0 - ~ e x p (  8 .32  m2) ~ e c  

28nonn 
DV 

3 . 6 ~ 1 0  -1 4 exp(-  pRy) iq3nnn m 3 Sec -1 
6DB G r a i n  boundary d i f f u s i v i  t y  

Nuc lea t ion  s t r a i n  En 0 . 1  

0.05 ) f V Volume f r a c t i o n  of 
second phase p a r t i c l e s  ) 

lnlfl - 2  
ii of  p a r t i c l e s  p e r  u n i t  ) N B  m 
a r e a  of g r a i n  boundary ) 

E f f e c t i v e  s u r f a c e  energy 
o f  f r a c t u r e  Y 10 J m-' 

194 



10-1 

10-2 

a 3 

T, K 
600 800 1000 1200 

I I I I I I I I 
{ - FRACTIONAL CONTRIBUTION OF GRAIN BOUNDARY SLIDING 

LINES OF CONSTANT CREEP RATE (s-’) 

DISLOCATION GLIDE - 

FIGURE C - 3 .  Deformation Map for Unirradiated S o l u t i o n  Annealed 316 
Stainless S t e e l .  
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i n  t h e  map by drawing c o n t o u r s  f o r  c o n s t a n t  s t r a i n  c o n t r i b u t i o n  due t o  

s l i d i n g  (5  = E / E ) .  I t  i s  e v i d e n t  t h a t  5 d e c r e a s e s  w i t h  i n c r e a s e  i n  

stress and t empera tu re .  Another n o t a b l e  f e a t u r e  i n  t h e  map is  t h a t  

d i f f u s i o n  c r e e p  becomes an impor tan t  mode o f  de fo rmat ion  a t  r e l a t i v e l y  

h i g h e r  s t r e s s e s  as compared t o  pure  m e t a l s .  Th i s  i s  due t o  s low d i s -  

l o c a t i o n  c r e e p  rates i n  t h e  a l l o y .  

gbs  

c3. F r a c t u r e  Maps 

E l e v a t e d  t empera tu re  f r a c t u r e  behav io r  of p o l y c r y s t a l l i n e  

m a t e r i a l s  may be  d i v i d e d  i n t o  two c a t e g o r i e s :  a) t r a n s g r a n u l a r  c r e e p  

f r a c t u r e :  b )  i n t e r g r a n u l a r  f r a c t u r e .  

Both t y p e s  of  f r a c t u r e  i n v o l v e  n u c l e a t i o n  and growth of  v o i d s .  

The t ime  t o  f r a c t u r e  i s  e s s e n t i a l l y  determined by t h e  t i m e  r e q u i r e d  f o r  

v o i d s  t o  grow a n d  c o a l e s c e .  

I n  t h e  t r a n s g r a n u l a r  c r e e p  f r a c t u r e  mode, v o i d s  n u c l e a t e  a t  

second phase  p a r t i c l e s  and grow by t h e  l o c a l  c r e e p  of t h e  m a t r i x .  

khbbv [56] h a s  ana lysed  t h e  f r a c t u r e  p r o c e s s  and t i m e  t o  f r a c t u r e ,  t f ,  i s  

g iven  by 

where E is t h e  n u c l e a t i o n  s t r a i n  and f = volume f r a c t i o n  of  second phase 

p a r t i c l e s .  Usua l ly  E i s  assumed t o  be a c o n s t a n t .  
n V 

n 
For i n t e r g r a n u l a r  f r a c t u r e  v o i d s  n u c l e a t e  a t  and grow i n  t h e  

p lane  of  t h e  g r a i n  boundar ies .  F a i l u r e  o c c u r s  suddenly  wi thou t  neck 

fo rmat ion .  There a r e  two d i s t i n c t  i n t e r g r a n u l a r  f r a c t u r e  mechanisms, 

i n c l u d i n g :  a )  t r i p l e  p o i n t  c r a c k i n g ;  b )  c a v i t a t i o n  f r a c t u r e .  

T r i p l e  p o i n t  c r a c k i n g  i s  i m p o r t a n t  a t  low t e m p e r a t u r e s  and high 

stresses.  C r a i n  boundary s l i d i n g  i n  p o l y c r v s t a l s  l e a d s  t o  s t r e s s  con- 

c e n t r a t i o n s  a t  t h e  g r a i n  boundary t r i p l e  j u n c t i o n s  which may o f t e n  be  

r e l i e v e d  by n u c l e a t i o n  o f  a c r a c k ;  and f o l l o w i n g  n u c l e a t i o n ,  t h e  crackin.: 

then  grows by t h e  wedging a c t i o n  o f  t l r c ,  s l i d i n g  p r o c e s s .  i ~ ! i l l i a m s  [ h 5 ]  

has a n a l y s e d  t h i s  p r o c e s s  and t h e  t i m e  t o  f r a c t u r e  i s  g iven  by 
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where -; is the efffective surface energy of fracture and d is the grain 

size. 

Cavitation fracture occurs under conditions of very low 

stresses and high temperatures;growth of cavities occurs by vacancy 

diffusion along the grain boundaries. Ashby [5b] has analysed this type 

of fracture and time-to-fracture is given by 

where N is the number of particles/unit area of the grain boundary. B 
The fracture mechanism map €or annealed 316 S.S. is con- 

structed assuming that tire various fracture mechanisms discussed above oper- 

ate independently of each other, so that failure occurs by the process 

predicting lowest value of t The fracture map is shown in Figure C-4 

and the parameters used in the construction of the map are given in 

Table C-1. Contours for constant time-to-fracture have been drawn along 

with logarithmic values of experimentally obtained times-to-fracture 

[60 ,61 ,61 ,66] .  Good agreement is obtained between experimental and 
predicted values,particularly for  o / G < Z x l O  . At higher  stresses near 

the ductile fracture regime, the model over-estimates t A likely 

explanation for this deviation is that Equation ( B . 3 )  underestimates 

the strain contribution due to sliding at higher stresses 

(i.e., o/G>ZxlO ) .  Important features indicated by the map include: 

f '  

- 3 

f' 

-3 

1) Transgranular fracture occurs at high stresses and 

high temperatures and generally has a small time to 

fracture (tf<10 sec); 4 

2)  Triple point cracking occupies a major portion of 

map which is of interest in laboratory investiga- 

tion of creep rupture; 
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3 )  Cavitation fracture is important at very low 

stresses and involvtsvery large times-to-fracture. 

c4. Summary 

The initial mappings were based on a combination of simple 

models (i.e. Williams wedge crack mechanism) and empirical data (i.e. 

grain boundary sliding rates); they provide considerable insight about 

critical processes governing flow and fracture in unirradiated solution 

annealed 316 stainless steel. However, many details of important 

mechanisms and processes have not yet been indicated in these maps. For 

example, a number of recent papers [65,67-691 have addressed the role of 

thermal phase instabilities in deformation and fracture processes in 

stainless steels. We are reviewing this work and attempting to develop 

a more detailed model for the influence of microchemical evolution on 

flow and fracture. Clearly, this will be critical to developing under- 

standing when extending the maps to other compositions, thermomechanical 

treatments and irradiated conditions, when microchemical evolution 

processes may be significantly different. 

D. Development of Instrumented Hardness Test Techniques -- 
G. Lucas, P. Au, W. Sheckhard and G.R. Odette (University of California, 

Santa Barbara.) 

_.  
L J l .  Introduction 

The extremely limited irradiation volumes of several 

fusion test facilities (i.e. RTNS-I1 arid FMIT) necessitate developing 
methods to extract mechanical property information from small sample 

volumes. Therefore, as part of the RTNS-I1 program, techniques are 
under development to determine flow and ductility data from TEN-disc ? .  , I  :*e 

specimens. One approach has been to use indentation hardness tests 

which are instrumented such that penetrations at a single location can 

be used to derive true stress-strain flow curve data. Ulti.mately the 

tests will be extended to the microhardness regime, in which case approx- 

imately three to five tests per TEM disc (with a redundancy factor of 5) 

can be performed. Since many TEM discs (currently more than 50; ultimately, 
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more t h a n  200) c a n  be s imul taneous ly  i r r a d i a t e d  even i n  t h e  l i m i t e d  

volume of RTNS-11, s i g n i f i c a n t  amounts of d a t a  can  be g e n e r a t e d  i f  t h e s e  

e f f o r t s  a r e  s u c c e s s f u l .  

Th i s  r e p o r t  d e s c r i b e s  r e s u l t s  of t h e  i n i t i a l  phase of t h e  

development e f f o r t ;  s t r e s s - s t r a i n  d a t a  d e r i v e d  from macro- indenta t ion 

h a r d n e s s  t e s t s ,  u s i n g  two t e c h n i q u e s  t o  measure i n d e n t a t i o n  pa ramete r s ,  

a r e  compared t o  t e n s i l e  d a t a  f o r  6061 T6 A l ,  304 s t a i n l e s s  s tee l ,  ye l low 

b r a s s  and mild  s tee l .  Although t h e  d a t a  r e p o r t e d  h e r e  were g e n e r a l l y  

o b t a i n e d  from m u l t i p l e  i n d e n t a t i o n s ,  e x t e n s i o n  o f  t h e  t echn ique  t o  a 

s i n g l e  i n d e n t i o n  a p p e a r s  s t r a i g h t f o r w a r d .  Some m o d i f i c a t i o n  o f  t h e  

e x p e r i m e n t a l  p rocedures ,  however, w i l l  be  r e q u i r e d .  

a;'. Basis of t h e  Technique 

I n d e n t a t i o n  h a r d n e s s  tes ts  i n  this program have been 

performed s o l e l y  w i t h  b a l l  i n d e n t e r s .  P r e v i o u s  a n a l y s e s  [ 7 0 ]  have shown 

t h a t  t h e r e  a r e  two l i m i t i n g  regimes of  de fo rmat ion  a s s o c i a t e d  w i t h  such 

s p h e r i c a l  i n d e n t a t i o n  ha rdness  measurements. I n  t h e  f i r s t  regime t h e  

p e n e t r a t i o n  i s  made under s m a l l  l o a d s  and i s  f u l l y  e l a s t i c .  The end of 

t h i s  regime i s  c h a r a c t e r i z e d  by t h e  i n i t i a t i o n  of a s m a l l  r e g i o n  of 

p l a s t i c  f low d i r e c t l y  below t h e  i n d e n t e r  b a l l .  The second l i m i t i n g  

regime i s  c h a r a c t e r i z e d  by p e n e t r a t i o n s  formed under l a r g e  l o a d s  and the 

f o r m a t i o n  of  a f u l l y  developed p l a s t i c  zone siirroundiny, t h e  p c n e t r a t i o n  and 

i n t e r s e c t i n g  t h e  s u r f a c e  of t h e  specimen. In t h e  i .n te rmedia te ,  o r  

" t r a n s i t i o n " ,  regime between t h e s e  two l i m i t i n g  reg imes ,  t h e  p l a s t i c  

zone grows i n  s i z e  w i t h  i n c r e a s i n g  a p p l i e d  l o a d  from t h e  s m a l l  i n i t i a t e d  

r e g i o n  t o  t h e  f u l l y  developed t y p e  of zone. 

A number o f  e x p e r i m e n t a l  and a n a l y t i c a l  i n v e s t i g a t i o n s  

have demonstra ted  a r e l a t i o n s h i p  between c h a r a c t e r i s t i c s  of t h e  in-  

d e n t a t i o n  p r o c e s s  and t r u e  u n i a x i a l  f low p r o p e r t i e s  of t h e  m a t e r i a l .  

These are reviewed below. 

The c h a r a c t e r i s t i c s  of t h e  i n d e n t a t i o n  p r o c e s s  which a r e  

o f  i n t e r e s t  are a )  t h e  c h o r d a l  d iamete r  of  t h e  i n d e n t ,  d ,  and b )  t h e  

mean p r e s s u r e ,  Pm, between t h e  i n d e n t  and the i n d e n t e r  under l o a d .  

c h o r d a l  d i a m c t e r ,  d ,  can  be measured d i r e c t l y  b y  o p t i c a l  o r  p r o f i l o m e t d r  

T i i f  
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techniques. However, as w i l l  be demonstrated, it is more convenient for 

instrumented test purposes to determine d from a measurement O C  tile 

plastic indentation depth h . The relationship between d and h is P P 
given by 

d -  
hp2 + (d/2)’ + hpD 

where K = 5.47 F ( E T ’  + E:’) L 

F = applied load 

El = elastic modulus o i  indenter 

E2 = elastic modulus of specimen 

D = indenter diameter 

The mean pressure, Pm, is simply given by 

These characteristics can he related to the uniaxial flow 

properties as follows. Defining u as the true uniaxial flow stress at 

a plastic strain t, it has been shown that (70) 
E 

t 2 .20 d/D (D-3) 

and 
7 rm = 0 ( D - 4 )  

Of 
- 

where the value of 0 depends on which regime of deformation exists at 

the termination of the indentation process. It has been shown analyti- 

cally that at the onset of plastic flow (end of the first deformation 

regime) 0 = 1.1, and that for the deformation regime characterized by a 

fully-developed plastic zone 0 2 2.8. In the transition regime, it has 

been empirically determined that (70) 
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These relationships, (D-1)  - ( D - 5 ) ,  can thus be combined 

with an instrumented liardncss test to predict uniaxial flow properties 

as follows. By monitoring simultaneously F and 11 during a single 

indentation, (P ,d) data pairs can be determined from equations ( D - 1 )  - 
(D- 2) .  

data pairs) through equations (D- 3)  - ( D- 5 ) .  These (0 E) data pairs 

then provide a means of estimating the 0 (E) relation over the entire E 

regime of interest. 

P 
m 

These can be converted to true stress-strain data ( (UE,E) 

E ’  

E 

d <  ~> . Experimental Procedure 

The problem is to then measure h at various loads so that 
P 

a true stress-strain curve can he constructed. By connecting the 

indenter to a calibrated load cell on a standard compression testing 

machine, the loads during indentation can b e  monitored in a straight- 
forward manner. The indentation depth h can be measured with a pre- 

cision profilometer after indentation to a prescribed load. Alternately, 

by measuring the indenter movement through a cycle of applying and 

removing the load the plastic indentation depth can be measured as 

illustrated in Figure - D-1 .  In principle, the indentation-load cycles 

can be repeated at increasing peak loads to establish a series of 

(UE,T) data pairs for a single indentation location. 

has been somewhat difficult to establish precise values of small incre- 

ments of h (and thus E ) primarily due to current instrumentation 

limits. Therefore, the present results are limited to E . 005 ,  and 

make use of multiple indentation. Procedures used to date are described 

below. 

P 

In practice, it 

> P’ P 

P %  

Rockwell type indenters of diameters 1/16, 1/8 and 1/2 
inch, were used as the penetrators. These were attached singly to the 

load cell in the cross head of an Instron Model 1122 Mechanical Testing 

Machine. Specimens were mounted on a fixed platen stage below the cross 

head. The movable crosshead was driven at constant speed, which in turn 

drove the indenter into the specimen. Loads were monitored closely, and 

were limited in magnitude such that no visible damage appeared on the 

reverse side of the specimen. Several indentations under different 
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FIRST CYCLE - - SUBSEQUENT CYCLE(S) 

PENETRATION 

FIGURE D-1. Illustration o f  Load Versus Penetration Depth Curve. 
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loads were performed on each specimen at different positions. 

Initially, the geometry of each indentation was determined 

on a Bendix RCC-4 profilometer. Both h and d were determined directly, 

and the validity of equation (D-I) was checked. A typical profilometer 

trace is shown in Figure - D-2. 

P 

Although the profilometer gives the precise depth of 

penetration, it does not serve the primary objective of our experiment; 

namely, to obtain the stress-strain characteristics of materials from a 

single indentation. Kemoval of the specimen for profilometer studies 

disallows repeated indentation in the same spot. However, in situ 

measurement of h, would permit such repeated indentation. Consequently, 

a linear variable differential transformer (LVDT) was installed in the 

hardness apparatus to directly measure the plastic indentation depth in 

the manner schematically illustrated in Figure -. Figures D-3 - D-6 
show the initial results of these experiments for 6061-T6 A I ,  yellow 

brass mild steel and 304 stainless steel. True stress-strain data 

derived from the hardness tests via Equation (D.l) to(D.5) are compared 

to stress-strain curves obtained from tensile tests on the same ma- 

terial. Hardness data includes values derived from measurements of h 

both by post-test profilometer and -__ in situ LVDT techniques. 
P 

The agreement in the true strain range from % .005 to .05 

is quite good. The LVDT data is currently restricted to strains of 

- : .01  and displays somewhat more scatter than the profilometer measure- 

ments. This is believed to be due to the same instrumentation limits 

which inhibit performing repeated indentations on the same spot. Techni- 

que!; to overcome the.se limitations have b e e n  identified and are currently 

being implemented. Finally, it is notable that the disagreement is 

largest for the steels; particularly, in the higher strain ranges and 

for stainless steel. It is believed that this may be due, in part, to a 

stress induced martensitic phase transformation (as reflected by the 

change in slope of the true stress strain curve) which may be somewhat 

sensitive to stress state. 
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4 .  Summary and Conclusions 

‘ami. i:iitial indentation measurements 01 stress-strain 

curves have been presented. The results arc encouraging, but it is 

clear that further development of both instrumentation and data analysis 

techniques will be required to extend both the limits and precision of 

the procedure. 
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V I I I .  FUTURE WORK 

Continued efforts will be directed at improving all of the micro- 

structure models discussed previously; particular emphasis will be 

placed on facilitating physical interpretation of the results and com- 

parisons of the model predictions with experimental observations--viz. 

efficiently defining physically valid regions of MPS. 

models will still be used for scoping studies of MPS, and for designing 

and interpreting new experiments. Continued effort to implement more 

fully the components of the composite model in a computationally tractable 

manner will also be a high priority goal, with special efforts directed 

at including microchemical effects. 

The simpler 

Micromechanical models will be applied to relate basic properties 

and microstructure to failure-related properties such as fracture 

toughness, fatigue strength and crack growth resistance. Emphasis will 
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he on integrating strengthening, work hardening and flow localization 

mechanisms. In addition, models of grain boundary failure in the creep 

regime including the influence of helium, matrix hardening, stress 

relaxation and the like are being assembled. These models and the 

available data base will he used to develop microstructure - flow and 
failure maps for the entire range of temperature and stresses of in- 

terest. An assessment of the influence of extrinsic parameters such as 

stress state and stress concentrations related to macroscopic defects 

(i.e. cracks) will a l s o  be extended. Finally the modeling and analytical 

effort will consider what constitutes appropriate failure criteria and 

test procedures for fusion first wall structures. 

An experimental program currently centered around utilization of 

the RTNS-I1  facility has been recently initiated in collaboration with 

HEDL and LLL. This effort is not only aimed at designing, conducting 

and interpreting KTNS-I1 experiments, but also developing new test 

techniques for the fusion program. In particular, an effort is under 

way to develop quantitatively useful microminiaturized mechanical tests, 

with initial emphasis on instrumented hardness. 
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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  Reac to r  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 :  F. V .  N o l f i ,  Jr. 

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  de te rm ine  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 i sp lacement  damage and r a t e s ,  and 

tempera tu re .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .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 

The morphology o f  C-phase p l a t e l e t s  wh ich fo rm d u r i n g  i r r a d i a t i o n  

o f  T i - 6  w t .  % AI-4 w t .  7: V has been examined by  TEM. The c r y s t a l l o -  
g r a p h i c  o r i e n t a t i o n  o f  t h e  p r e c i p i t a t e s  obeys t h e  Burgers  o r i e n t a t i o n  
r e l a t i o n ,  f o r  wh ich  t h e r e  a r e  s i x  e q u i v a l e n t  o r i e n t a t i o n s .  P r e c i p i t a t e s  

o f  one v a r i a n t  were i s o l a t e d  and found  t o  l i e  n e a r l y  p a r a l l e l  t o  one- 

7 1 5 0 ) .  ano the r ;  t h e  h a b i t  p l a n e  was n e a r  

I n  o r d e r  t o  improve q u a n t i t a t  

ANL Dua l- Ion  I r r a d i a t i o n  F a c i l i t y ,  

3 ve c o n t r o l  o f  He i n j e c t i o n  i n  t h e  

exper iments  have been per formed t o  

c h a r a c t e r i z e  t h e  degraded 3He beam a t  t h e  normal sample p o s i t i o n  i n  t h e  

t a r g e t  chamber. Exper iments  were per formed as a f u n c t i o n  of  Ni- degrader  

f o i l  t h i c k n e s s  and i n c i d e n t  i on- energy .  P l o t s  o f  energy c e n t r o i d s  a r e  

presented.  

216 



Sdinples o f  V-15Cr-5Ti, Type 316 s t a i n l e s s  s t e e l ,  Fe-20Ni-15Cr, and 

CE-3177 ( 9  C r  F e r r i t i c  S t e e l  o b t a i n e d  f rom Combustion E n g i n e e r i n g )  have 
been d u a l - i o n  i r r a d i a t e d ,  and a l s o  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 .  

Temperature, dose and h e l i u m  i n j e c t i o n  r a t e  i n v e s t i g a t i o n s  w i l l  be pe r-  

formed on t h e  V-15Cr-5Ti. The 316 s t a i n l e s s  s t e e l  and Fe-ZOili-15Cr 

i r r a d i a t i o n s  were f o r  s t u d i e s  o f  h e l i u m  i n j e c t i o n  r a t e  and dose i n  t h e  

h i g h  dose range ( u p  t o  100 dpa). I n  CE-3177, t h e  dose dependence w i l l  
be s t u d i e d .  

V. ACCOMPLISHMENTS AND STATUS 

M i c r o s t r u c t u r e  o f  I r r a d i a t e d  Fus ion Reac to r  F i r s t - w a l l  M a t e r i a l s  - 
G. Ay rau l  t ( M L )  

A. P r e c i p i t a t e  Morphology i n  I r r a d i a t e d  T i - 6 4  

+ 
We p r e v i o u s l y  r e p o r t e d  1 ’2  t h a t  heavy- ion (2.6 MeV V ) i r r a d i a t i o n  

o f  T i- 64  caused p r o f u s e  p r e c i p i t a t i o n  o f  B-phase (BCC) p l a t e l e t s  i n  

t h e  u-phase (HCP) m a t r i x ,  and t h a t  t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  

o f  t h e  p r e c i p i t a t e  obeyed t h e  Burgers  r e l a t i o n :  

S i x  d i f f e r e n t  o r i e n t a t i o n s  a r e  a l l o w e d  by ( Z ) ,  and each can be i n i d i v i d -  

u a l l y  i d e n t i f i e d  i n  TEM b y  t h e  o r i e n t a t i o n  o f  i t s  d i f f r a c t i o n  p a t t e r n  

r e l a t i v e  t o  t h a t  o f  t h e  p a r e n t  c r y s t a l .  S i n c e  a TEM image i s  a 2-dimen- 

s i o n a l  p r o j e c t i o n ,  i t  i s  necessary  t o  know t h e  p r e c i p i t a t e  h a b i t  p l a n e  

b e f o r e  r e l i a b l e  q u a n t i t a t i v e  i n f o r m a t i o n  (e.g. s i z e  d i s t r i b u t i o n  o r  

volume f r a c t i o n )  can be e x t r a c t e d  f r o m  t h e  micrographs;  d e t e r m i n a t i o n  

o f  t h e  h a b i t  p l a n e  o f  :he & p l a t e l e t s  i s  r e p o r t e d  here .  

F i g u r e  1 shows a sample i r r a d i a t e d  t o  6 dpa, a t  635OC and 5 x 

dpa-s-’ ,  t i l t e d  abou t  t h e  [OOOl] d i r e c t i o n  u n t i l  t h e  image w i d t h  of a 
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prede te rm ined  s e t  o f  p r e c i p i t a t e s  went th rough  a minimum. 

a normal near  ( l l ? O ) ,  was f i r s t  t i l t e d  5' away f r o m  (1120) where (017)  

B-planes i n  o n l y  one o f  t h e  s i x  p r e c i p i t a t e  o r i e n t a t i o n s  were d i f f r a c t -  

i n g ;  a d a r k  f i e l d  micrograph,  F i g .  l a ,  i d e n t i f i e d  t h a t  s e t  o f  p r e -  

c i p i t a t e s .  

minimum image w i d t h  was observed, F i g .  I d ,  and a lmos t  a l l  t h e  p r e c i -  

p i t a t e s  were found  t o  l i e  w i t h i n  k 5 O  o f  t h e  [ O O O l ]  d i r e c t i o n  (one o f  

o n l y  two observed v i o l a t i o n s  o f  t h i s  i s  marked D i n  F i g .  I d ) .  

h a b i t  p l a n e  i s  near  ( 7 2 5 0 ) ~ ~  and, th rough  t h e  Burgers  r e l a t i o n ,  near  

(877)B .  
f o r  two o f  t h e  s i x  v a r i a n t s  a l l o w e d  by  t h e  Burgers  r e l a t i o n  t o g e t h e r  

w i t h  t h e  h a b i t  p l a n e  (which i s  normal t o  t h e  p lane  o f  t h e  paper)  f o r  each 

o f  these  v a r i a n t s .  F i g .  2b i s  seen t o  be a m i r r o r  image o f  F i g .  2a 

t h r o u g h  t h e  (11%) p lane .  

The f o i l ,  w i t h  

A f t e r  a t o t a l  t i l t  o f  44' f rom (1170) abou t  [ O O O l ] ,  a 

Thus t h e  

The o r i e n t a t i o n  r e l a t i o n  i s  shown s c h e m a t i c a l l y  i n  F i g .  2 

3 B. Energy A n a l y s i s  o f  Degraded He Beams 

I n  t h e  ANL Dua l- Ion  I r r a d i a t i o n  F a c i l i t y 3 ,  a monoenerget ic  h e l i u m  

beam i s  energy degraded t o  reduce t h e  range and t o  spread t h e  He d i s t r i -  

b u t i o n  t h r o u g h o u t  t h e  heavy- ion damaged r e g i o n .  Fo r  t h e  l a r g e  energy 

r e d u c t i o n s  o f  . ~ 7 5 2  ( i . e .  f r o m  %0.900 MeV t o  ,i10.225 i leV) wh ich  a r e  used, 

e a r l y  a t t e m p t s  a t  t h e o r e t i c a l  c h a r a c t e r i z a t i o n  o f  t h e  degraded beam 

p roved  u n r e l i a b l e .  To remove t h i s  q u a n t i t a t i v e  u n c e r t a i n t y ,  exper iments  

were per formed t o  measure t h e  degraded energy spect rum and t h e  e f f e c t i v e  

t r a n s m i s s i o n  c o e f f i c i e n t  ( o r  c o n v e r s e l y ,  t h e  r e d u c t i o n  i n  i o n  c u r r e n t  

d e n s i t y  due t o  s c a t t e r i n g  t h r o u g h  ang les  l a r g e  enough t o  p r e v e n t  t h e  

h e l i u m  f rom r e a c h i n g  i r r a d i a t e d  samples, v i z . ,  %So i n  o u r  d u a l - i o n  
i r r a d i a t i o n s ) .  

1. Exper imen ta l  Procedure 

As shown i t 1  F i g .  3, t h e  N i  degrader  f o i l  was p l a c e d  a t  

(0.04 cm 1, and a carbon t h i n - f i l m  ( 6 1 g - c m - 2 )  a t  a p e r t u r e  2 a p e r t u r e  d 
d2(0.08 cm 3 : .  I ,  dl and d2 a r e  a t  t h e  normal degrader  f o i l  and sample 
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p o s i . i o l i s ,  r e s p e c t i v e l y ,  and separa ted  by 5.4 cm. The i n t e n s i t y  versus 

energy spect rum a t  dil was computed f rom a r e l a t e d  spect rum recorded  a t  

J3 u s i n g  s t a n d a r d  formulas f o r  R u t h e r f o r d  s c a t t e r i n g .  

were reco rded  w i t h  t h e  degrader  removed f o r  c a l i b r a t i o n  o f  energy and 

i n t e n s i t y  ( t h u s  e l i m i n a t i n g  t h e  carbon film t h i c k n e s s  f r o m  i n t e n s i t y  

c a l c u l a t i o n s ) .  I t  shou ld  be n o t e d  he re  t h a t  t h e  seeming ly  unnecessary 

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

reduce t h e  beam i n t e n s i t y  f rom t h e  h i g h  v a l u e  needed f o r  a u t o m a t i c  

a c c e l e r a t o r  and beam t r a n s p o r t  c o n t r o l ,  t o  t h e  low v a l u e  r e q u i r e d  f o r  

meas uremen t. 

Di rec t- beam s p e c t r a  

2. Energy C e n t r o i d  

Beam-energylfoil-thickness combinat ions were chosen t o  span 

t h e  degraded energy range used i n  o u r  d u a l - i o n  i r r a d i a t i o n s .  

energy c e n t r o i d s ,  o b t a i n e d  f r o m  Gaussian f i t s  t o  i n t e n s i t y  versus energy 

s p e c t r a ,  a r e  p resen ted  i n  F i g .  4 f o r  two h i g h l y  u n i f o r m  e l e c t r o f o r m e d  N i  

f o i l s  o b t a i n e d  f rom Chromium C o r p o r a t i o n  o f  America. The a n g l e  'i, F i g .  

3a, o f  each f o i l  w i t h  r e s p e c t  t o  t h e  beam was v a r i e d  t o  p r o v i d e  a range 

o f  e f f e c t i v e  f o i l  t h i c k n e s s e s .  From these p l o t s ,  t h e  c o r r e c t  beam energy 

f o r  a g i v e n  i m p l a n t  dep th  and degrader  f o i l  t h i c k n e s s  can be chosen 

d i r e c t l y  . 

Degraded 

Values o f  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  and s t a n d a r d  dev ia-  

t i o n  o f  t h e  degraded energy have n o t  y e t  been ob ta ined .  

t h e  i n t e n s i t y  versus energy spec t ra ,  a p p a r e n t l y  due t o  s l i t  s c a t t e r i n g  a t  

t h e  carbon f o i l ,  r e q u i r e s  a more s o p h i s t i c a t e d  a n a l y s i s  o f  t h e  d a t a  t o  ex- 

t r a c t  t h i s  i n f o r m a t i o n .  T h i s  a n a l y s i s  i s  i n  p rog ress .  

Background i n  

C. Dua l- Ion  I r r a d i a t i o n  o f  V-15Cr-5Ti 

A scop ing  r e f r a c t o r y  a l l o y  f o r  MFR a p p l i c a t i o n s  i s  V- lSCr-5Ti ,  

which e x h i b i t s  good r a d i a t i o n  response, c reep s t r e n g t h ,  and i s  imore 

f a b r i c a b l e  than b i n a r y  V - C r  a l l o y s .  Coiiiparison o f  i r r a d i a t i o n  response 
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i n  V - C r  and V-Cr-Ti a l l o y s  w i l l  enab le  d e t e r m i n a t i o n  o f  t h e  e f f e c t s  o f  

C r  versus T i  so t h a t  a l l o y  m o d i f i c a t i o n s  f o r  optimum performance can be 

made. 

have been i r r a d i a t e d  under  e s s e n t i a l l y  s i m i l a r  c o n d i t i o n s  t o  those  i n  a 

As a c o n t i n u a t i o n  o f  e f f o r t  t oward  t h i s  end, samples o f  V-15Cr-5Ti 

p r e v i o u s  ANL s t u d y  o f  V-15Cr. 435 

A dose dependence s t u d y  and a tempera tu re  dependence s t u d y  were 

c a r r i e d  o u t  on specimens annealed a t  1200°C i n  UIiV f o r  2 hours .  I n  t h e  

dose dependence s tudy ,  samples were d u a l - i o n  i r r a d i a t e d  w i t h  2.6 MeV V 

and 0.83 MeV degraded 3Het a t  650°C t o  doses o f  5-60 dpa a t  3 : l  He:dpa, 

and t o  doses o f  5-30 dpa a t  1O:l and 50: l  He:dpa. Fo r  compara t i ve  

purposes, a d d i t i o n a l  samples were p r e i n j e c t e d  a t  room tempera tu re  w i t h  
3 t 1 0  appm He, and were s i n g l e - i o n  i r r a d i a t e d  w i t h  2.6 MeV V a t  t h e  same 

tempera tu re  and doses as above. I n  t h e  tempera tu re  dependence s t u d y ,  

t h e  h e l i u m  i n j e c t i o n  r a t e  and dose were h e l d  c o n s t a n t  a t ,  r e s p e c t i v e l y ,  

25 dpa and 1 O : l  appm He:dpa, and t h e  i r r a d i a t i o n  temperatures  were 450, 

500, 550, and 60OoC. 

were s i n g l e - i o n  i r r a d i a t e d  under  i d e n t i c a l  t empera tu re  and dose cond i -  

t i ons. 

t 

As i t 1  t h e  dose dependence s t u d y ,  p r e i n j e c t e d  sanp les  

D. H i g h  Dose I r r a d i a t i o n  o f  Type 316 SS and Fe-ZONi-l5Cr 

I n  p r e v i o u s  i r r a d i a t i o n s  o f  Type 316 S S  and Fe-20Ni-15Cr i n  t h e  ANL 

D u a l - I o n  I r r a d i a t i o n  F a c i l i t y ,  t h e  maximuni dose was 25 dpa, a l i m i t  s e t  

by  a p r a c t i c a l  i r r a d i a t i o n  t i m e  o f  2.3 hours  a t  3 x dpa-s  . I n  

o r d e r  t o  i d e n t i f y  any changes i n  s w e l l i n g  r a t e  o r  i r r a d i a t i o n  m ic ro-  

s t r u c t u r e  p e c u l i a r  t o  h i g h  doses, t h e  dose range has been extended t o  100 

dpa f o r  a l i m i t e d  s e t  o f  samples. The Type 316 s t a i n l e s s  s t e e l  (MFE 
Ht.-15893) was i n i t i a l l y  501: c o l d  worked, t h e n  annealed a t  1O5O0C f o r  1 

h o u r  and aged 10 hours  a t  80OoC. 

Id. G. Johnston)  was s o l u t i o n  annealed and quenched i n  he l ium.  Both  

a l l o y s  were d u a l - i o n  i r r a d i a t e d  t o  doses o f  40-100 dpa w i t h  3.0 I4eV 
N i t  and 3.83 MeV degraded 3Het a t  7OO0C and 4 x l f 3  dpa.s- ' ,  and He:dpa 

r a t i o s  o f  1 5 : l  and 5 0 : l  appm:dpa. Fo r  zomparat ive  purposes,  a second s e t  

-1 

The Fe-20Ni-15Cr a l l o y  ( s u p p l i e d  by 



t 
o f  samples was p r e - i n j e c t e d  w i t h  1 5  appm 3He and i r r a d i a t e d  w i t h  li i 

i o n s  a l o n e  t o  t h e  same doses a t  t h e  same dose- ra te  and temvera tu re .  

E. D u a l - I o n  I r r a d i a t i o n  o f  CE-3177 __ 

The low s w e l l i n g  o f  f e r r i t i c  s t a i n l e s s  s t e e l s  compared t o  a u s t e n i t i c s  
makes them p o t e n t i a l l y  a t t r a c t i v e  f o r  MFR a o p l i c a t i o n s ,  b u t  l i t t l e  i s  

p r e s e n t l y  known about  t he  e f f e c t  o f  s imul taneous h e l i u m  p r o d u c t i o n  on 

i r r a d i a t i o n  m i c r o s t r u c t u r e  i n  t h e s e  a l l o y s .  I n  a " f i r s t  e f f o r t "  a t  

i s o l a t i n g  t h e  i n f l u e n c e  o f  he l ium,  samples o f  CC-3177 have been s i n g l e  

and d u a l - i o n  i r r a d i a t e d .  S i n g l e - i o n  samples were room- temperature 

p r e i n j e c t e d  w i t h  15 appm He and  i r r a d i a t e d  w i t h  3.0 MeV iii . D u a l - i o n  

samples were i r r a d i a t e d  w i t h  3.0 MeV N i  and 0.83 MeV degraded tie a t  a 

he l i un i  i n j e c t i o n  r a t e  o f  15 : l  apprn He:dpa. Fo r  b o t h  s e t s  o f  samples, t h e  

doses were 5 , l O  and 25 dpa and t n e  i r r a d i a t i o n  tempera tu re  500°C, which 

i s  expec ted  t o  be near  peak s w e l l i n g  tempera tu re  f o r  t h e  dose r a t e  used, 

3 t 

+ t 

x dpa .s - l .  TEM examina t ion  o f  t h e s e  samples i s  i n  p rog ress .  
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a 

c 

Figure 1. P r e c i p i t a t e s  i n  Ti64 i r r a d i a t e d  w i t h  V+ ions t o  6 dpa a t  
63OoC. a )  T i l t e d  5' from (1120) about [OOOl]; dark f i e l d  
from an (017) p r e c i p i t a t e  r e f l e c t i o n .  b) T i l t e d  5' from 
(1120) about  [OOOl], b r i g h t  f i e ld ,  g = (0002). c )  T i l t e d  
33' from (1120) about [ClOOl], g = (0002). d )  T i l t e d  44' 
from (1120) about  [OOOl], g = (0002). 
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Figure  2. C rys ta l l og raph ic  o r i e n t a t i o n  and h a b i t  p lane o f  B-phase (BCC) 

p l a t e l e t s  i n  a-phase (HCP) Ti64. 

o r i e n t a t i o n s  a l lowed by t h e  Burgers o r i e n t a t i o n  r e l a t i o n ,  

and have m i r r o r  symnetry through t h e  (1120) plane. 

a) and b )  show two o f  s i x  
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(a )  

F i g u r e  3. C o n f i g u r a t i o n  f o r  energy a n a l y s i s  o f  degraded 3Het beam; 

degrader  f o i l  a t  a p e r t u r e  d , carbon t h i n - f i l m  a t  a p e r t u r e  
1 d , d e t e c t o r  a t  a p e r t u r e  d . 

2 3 
a )  s i d e  v iew b )  t o p  v iew. 

2 2 5  



0 4 5 :  

0 ' 3 ,  

Figure 4. Centroid of the  i n t e n s i t y  versus degraded energy spectrum f o r  
3He+ on Ni f o i l s  a )  0.684 mg . cm-* f o i l ,  

1.016 mg * cm-* f o i l ,  a = 0' t o  40'. 
= 0' t o  45' b )  
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I .  

I 1  

PROGRAM 

T i t l e :  Radiation Ef fec t s  t o  Reactor Mater ia l s  
Principal  Inves t iga to r :  G .  L .  Kulcinski and P .  Wilkes 
A f f i l i a t i o n :  Universi ty of Wisconsin 

OBJECTIVE 

To develop a fundamental understanding of the formation of voids ,  

loops and p r e c i p i t a t e s  i n  heavy ion and  e l ec t ron  i r r a d i a t e d  metals a n d  
a l l o y s .  

111. R E L E V A N T  OAFS PROGRAM TASK/SUBTASK 

1 I . C . b  E f fec t s  of Damage Rate and Cascade S t ruc tu re  o n  
Microstructure 

IV. SUMMARY 

This paper r epor t s  on an inves t iga t ion  i n t o  swell ing and phase i n -  
s t a b i l i t y  i n  the  binary Mo-Zr system under 1 4  MeV C u  ion i r r a d i a t i o n  a s  
compared with s imi l a r  i r r a d i a t i o n  of pure Mo. The 9.1 a t . %  Zr a l l o y  used 
conta ins  p a r t i c l e s  o f  y(Mo,Zr) i n  a s a tu ra t ed  Mo-rich mat r ix .  The over- 
sized Zr atoms slow down o r  e l iminate  void nucleat ion i n  t h e  temperature 
range 70O-90O0C, where voids form rapid ly  in pure Mo. 
700°C, voids a r e  suppressed up t o  7 dpa, a t  800°C they form only a f t e r  an 
incubation dose of 6 dpa and even a t  900°C, nucleat ion continues a t  6 dpa. 
However, the  growth of voids once nucleated i s  more rap id  than i n  Mo. 
Dislocat ion loops nucleate  and grow continuously in t h e  a l l o y  and only a t  
900°C and 6 dpa does a d i s loca t ion  network form and i n h i b i t  f u r t h e r  nucle- 
a t i o n .  Although t h e  a l l o y  was aged t o  equil ibr ium before i r r a d i a t i o n ,  
many small addi t ional  p r e c i p i t a t e s  of Mo2Zr formed a t  the  gra in  boundaries,  
e s p e c i a l l y  d u r i n g  i r r a d i a t i o n  a t  900°C. These e f f e c t s  a r e  understandable 
i n  terms of vacancy-solute binding f o r  t h e  oversized Zr atoms and t h i s  

I n  the  a l l o y  a t  
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explanation is detailed. 

V .  ACCOMPLISHMENTS AND STATUS 

A. Void Swelling and Phase Instability in Heavy Ion Irradiated Mo-Zr 
Alloy - K-Y. Liou, P. Wilkes, G .  L .  Kulcinski, and J .  H. Billen ( U .  Wisc.) 

1. Introduction 

Radiation damage in molybdenum and its commercial alloy, TZM, 
has been widely because of the interest in these materials for 
use in fusion reactors. Void swelling in TZM produced by heavy-ion or 
neutron irradiation is lower than that in pure molybdenum. This study was 
aimed at elucidating the effect o f  zirconium, one of the major solutes in 
TZM. A Mo-9.1 at.% Zr alloy was chosen and the damage microstructure pro- 
duced by 14 MeV copper ion irradiation was studied. The effect of the 
oversized Zr solute on the nucleation and growth of voids was studied 
around the threshold temperature for void formation (700.1.900"C). The 
preirradiation annealing and heavy-ion bombardment were carried out in the 
two-phase [y(Mo,Zr) and molybdenum solid solution] 
the phase boundary so that any effects of irradiation on phase stability 
could be investigated in the same experiment. 

region but close to 

2. Experimental Procedure 

A Mo-9.1 at.% alloy was prepared by arc melting MARZ grade 
materials and homogenized at 1650°C for 30h under high (1.3 x 
vacuum. 
ting and electropolishing. Finally, the alloy was equilibrated at the 
chosen irradiation temperature for 4 0  hours under vacuum. The latter two 
annealing stages lay in the two-phase [Mo-rich solid solution + y(Mo,Zr)] 
region of the phase diagram. 

Pa) 
The samples were then outgassed thoroughly at 1050°C after cut- 

Typical pre-irradiation microstructures contained 



y- prec ip i t a t e s  (-1 p m  d i ame te r ) ,  uniformly d i s t r i b u t e d  i n  a homogeneous 
matrix of Mo-rich s o l i d  so lu t ion .  
small enough t h a t  a l a rge  region o f  matrix (No-7.5 a t . %  Zr between 700°C 
and 900°C) was a v a i l a b l e  t o  observe damage s t r u c t u r e  produced by i r r a d i a -  
t i o n .  The y-phase (Mo,Zr) p a r t i c l e s  were not t r anspa ren t  t o  the  e l ec t ron  
beam, s ince  they were not polished by t h e  pol ishing s o l u t i o n .  The phase 
diagram(4) ind ica t e s  t h a t  the  matr ix contained 7.5 a t . %  Zr. 
t ion  was v e r i f i e d  u s i n g  X-ray microanalysis  w i t h  reasonable q u a n t i t a t i v e  
agreement. 

The number dens i ty  of ? - p r e c i p i t a t e s  i s  

This composi- 

The specimens were i r r a d i a t e d  w i t h  1 4  MeV copper ions w i t h  a 
damage r a t e  a t  1 pm from the  i r r a d i a t e d  su r face ,  where the damage s t r u c t u r e  
was analyzed, i n  the  range 5-8 x 10-4 dpa/sec. 

3 .  Results  

Void Formation. Void swelling data  in  the a l l o y  a r e  shown i n  
No voids were observed i n  samples i r r a d i a t e d  a t  700°C u p  Figures 1 and 2 .  

t o  7 dpa. 
void swell ing was reduced compared t o  Mo. 

l i ng  a t  low doses ($4 dpa) a t  850°C and 900"C, b u t  high void growth r a t e s  
were observed, r e s u l t i n g  in l a r g e r  swelling than pure Mo a t  higher doses. 
I n  pure M o , ' ~ )  voids were observed a t  a l l  temperatures from 700°C t o  
100O0C, and the  incubation dose f o r  void nuclea t ion ,  i f  i t  e x i s t e d ,  was 

very small .  
while the  void g r o w t h  r a t e s  became r e l a t i v e l y  h i g h .  

necessary t o  observe voids were est imated t o  be 1 . 5  dpa a t  900"C, 3 dpa a t  
850°C, and 6 dpa a t  800'C. Void formation i n  t h e  a l l o y  was suppressed a l -  
together  a t  700°C. 

A t  800°C, voids were observed only a t  7 dpa and  above, while 
Zr add i t ions  a l s o  reduced swel- 

In  the a l l o y ,  however, void nucleat ion became d i f f i c u l t ,  
The incubat ion doses 

Dislocat ion S t r u c t u r e .  The addi t ion  o f  Zr t o  Mo was found t o  
promote d i s loca t ion  loop  formation. A high dens i ty  of d i s loca t ion  loops of 

(-1 x 1 0 I G  ~ m - ~ )  was formed i n  t h e  a l l o y  in the  e a r l y  s t ages  of i r r a d i a t i o n .  
A t  700°C and 800"C, small loop growth r a t e s  were observed, except f o r  a few 
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DOSE ( d p a )  

FIGURE 1 .  I r r a d i a t i o n  Swelling o f  the  Mo-7.5% Zr Matrix a t  800, 850 and 
900°C. The swell ing of  pure molybdenum a t  900°C ( 6 )  i s  included 
f o r  comparison (dashed 1 i n e ) .  

loops which in t e r sec t ed  t o  form network d i s l o c a t i o n s  a t  higher doses.  
cause new loops s t i l l  nucleated as  dose increased ,  t h e  loop dens i ty  r e-  
mained approximately cons tant  ( 1 ~ 2  x 10 l6  a t  700°C and 8OO0C, and 
the  v a r i a t i o n s  i n  the  average loop s i z e  were within experimental e r r o r  
(q = 55 i a t  700'C; = 90 i a t  800'C). A t  850°C and 90O"C, however, 
l a r g e  loop g r o w t h  r a t e s  were observed. A t  900°C and 2 dpa, the  average 
loop diamter ,  q, was 1 1 2  A , and the  number d e n s i t y ,  N L '  

Be- 

0 

was 8 x 10 l5  c ~ n - ~ ;  
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1 T 

Microstructural  Development i n  M a -  8.5 % Z r  
I r rad ia ted  With 14 MeV Cu Ions At 850°C 

0.1 d p a  4 dpa 12 dpa 

FIGURE 3. M i c r o s t r u c t u r a l  Development o f  t h e  M a t r i x  D u r i n g  I r r a d i a t i o n  a t  
850°C. a )  0.1 dpa, b )  4 dpa, c )  12 dpa. 

Irradiation Induced Precipitation of Y (MoeZr) at the 
Grain Boundary in Cu Irradiated Mo-8.5%Zr at W O 0 C  to 6 dpa 

FIGURE 4 

Bright Field Dark Field 

G r a i n  Boundary P r e c i p i t a t i o n  of y (Mo2Zr), a )  B r i g h t  F i e l d ,  and 
b) Dark F i e l d ,  Us ing  a P r e c i p i t a t e  R e f l e c t i o n .  
Boundary Has Moved D u r i n g  I r r a d i a t i o n ,  Causing E l o n g a t i o n  o f  t h e  
P r e c i p i t a t e s .  

Note  t h a t  t h e  

232 



aiiiount o f  p r e c i p i t a t e  i n c r e a s e d  w i t h  tempera tu re  and dose. 

p r e - e x i s t i n g  y - p r e c i p i t a t e s  was observed.  

No change i n  t h e  

4 .  D i s c u s s i o n  

The e f f e c t i v e  a tomic  volume o f  Z r ( 5 )  i s  26 p e r c e n t  l a r g e r  t h a n  

Mo i n  t h e  M o- r i c h  s o l i d  s o l u t i o n .  

atoms i s  expected f r o m  s t r a i n  f i e l d  c o n s i d e r a t i o n s .  It i s  t h e r e f o r e  temp- 

t i n g  t o  a s c r i b e  t h e  i n c u b a t i o n  p e r i o d  f o r  v o i d s  t o  i n c r e a s e d  i n t e r s t i t i a l -  

vacancy r e c o m b i n a t i o n .  However, t h e  i n c r e a s e d  t o t a l  s w e l l i n g  a t  h i g h  dose 

f o r  t h e  a l l o y  o v e r  pu re  Mo a t  850°C and 900°C i n d i c a t e s  t h a t  t h i s  i s  n o t  

t h e  case.  

B i n d i n g  between t h e  vacanc ies  and Z r  

I t  i s  more l i k e l y  t h a t  t h e  Z r  i s  g e t t e r i n g  a necessary  i m p u r i t y  

f o r  easy v o i d  f o r m a t i o n  ( p r o b a b l y  oxygen) ,  so d e l a y i n g  v o i d  n u c l e a t i o n .  The 

enhanced v o i d  g rowth  r a t e  compared t o  p u r e  Mo i s  p r o b a b l y  due t o  t h e  h i g h e r  

d i s l o c a t i o n  d e n s i t y ,  wh ich  p r o v i d e s  a l a r g e r  b i a s e d  s i n k  s t r e n g t h  f o r  t h e  

p o i n t  d e f e c t s .  

The enhanced l o o p  n u c l e a t i o n  when Z r  i s  added t o  t h e  BCC Mo 

s o l u t i o n  i s  p r o b a b l y  due t o  a r e d u c t i o n  i n  t h e  s t a c k i n g  f a u l t  energy ,  s i n c e  

f a u l t e d  l o o p s  were observed.  Loop n u c l e a t i o n  becomes e a s i e r  when t h e  

s t a c k i n g  f a u l t  energy i s  reduced b u t  l o o p  g l i d e  becomes d i f f i c u l t .  ( 7 )  T h i s  ~ 

e x p l a i n s  t h e  absence o f  l o o p  " r a f t i n g "  wh ich  i s  observed i n  p u r e  Mo. ( 7 )  

The f o r m a t i o n  o f  y-phase p a r t i c l e s  on t h e  g r a i n  boundar ies ,  

wh ich  a r e  s i n k s  f o r  p o i n t  d e f e c t s ,  may be e x p l a i n e d  b y  r a d i a t i o n - i n d u c e d  

s o l u t e  s e g r e g a t i o n  i f  a l a r g e  b i n d i n g  energy  between t h e  vacancy and t h e  
o v e r s i z e d  Z r  atom i s  assumed. ( 8 )  

Since  t h e  a l l o y  was p r e v i o u s l y  e q u i l i b r a t e d  i n  t h e  two-phase 

r e g i o n ,  t hese  new p r e c i p i t a t e  p a r t i c l e s  i m p l y  Z r  en r i chmen t  o f  t h e  g r a i n  

boundary d u r i n g  i r r a d i a t i o n .  

e i t h e r  t h e  vacancy o r  t h e  i n t e r s t i t i a l  f l u x  w i t h  a s o l u t e  f l u x .  The s i z e  

T h i s  c o u l d  be produced b y  a c o u p l i n g  o f  
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of Zr suggests  t h a t  a vacancy coupling i s  more l i k e l y .  

5.  Conclusions 

The add i t i on  of 7 .5  a t . %  Zr t o  Mo ( t h e  sa tu ra t ed  s o l i d  so lu-  
t i on )causes  t he  following changes i n  r ad i a t ion  damage micros t ruc ture .  

1 )  An incubat ion period was requi red  f o r  v o i d  nuc lea t ion  ( 1 . 5  
dpa a t  90O"C, 6 dpa a t  800°C). 
p u r i t y  which s t a b i l i z e s  voids .  Total swell ing i s  increased a t  higher temp- 
e r a t u r e s  and doses in  the a l l o y  due to  t he  higher d i s l o c a t i o n  loop dens i ty .  

This may be due to  Zr g e t t e r i n g  a gas i m -  

2 )  Dislocat ion loop formation was promoted e a r l y  in the i r r a -  
d i a t i o n .  Analysis of the l a r g e r  loops shows t h a t  they a r e  f a u l t e d  (Q = 

1 / 2  <110>) ,  so t h a t  Zr c l e a r l y  reduces the s tacking  f a u l t  energy and hence 

eases loop nuclea t ion .  Unlike pure Mo, t h e  loops b e i n g  f a u l t e d  a r e  n o t  
a b l e  t o  g l i d e .  

3) Solu te- defec t  f l u x  coupling e f f e c t s  were observed in  the 

form of incoherent  p r e c i p i t a t i o n  of  y(Mo,Zr) a t  t he  g ra in  boundaries.  
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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,  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 t .  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  t h e  mechanism o f  h e l i u m  

b u b b l e  en largement  d u r i n g  p l a s t i c  de fo rmat ion  o f  he1 ium imp lan ted  316 

s t a i n l e s s  s t e e l .  

I I I .  RELEVANT OAFS PROGRAM TASK/SUBTASK 

Subtask l l . C . 8 . l  He l ium I n j e c t i o n  Exper iments  

l l . C . 2 . l  H e l i u m  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 

HVEM t e n s i l e  samples o f  316 s t a i n l e s s  s t e e l  were i r r a d i a t e d  by 80 keV 

h e l i u m  ions t o  produce a p o p u l a t i o n  o f  bubb les  o f  v a r i o u s  s i z e s  and number 

d e n s i t y .  The samples were t e n s i l e  t e s t e d  a t  e l e v a t e d  temperature ,  600' C ,  

o v e r  a range o f  s t r a i n  r a t e s .  The bubb le  enlargement b e h a v i o r  was viewed 

i n  terms o f  a d i s l o c a t i o n  mechanism wh ich  i s  a the rma l .  I t  was shown t h a t  

p l a s t i c  d e f o r m a t i o n  was necessary fo r  t h e  bubb le  enlargement t o  o c c u r  

d u r i n g  c r a c k  p r o p a g a t i o n .  B r i t t l e  c racks  propagate  w i t h o u t  an a s s o c i a t e d  

bubb le  en largement  and w i t h o u t  accompanying p l a s t i c  de fo rmat ion .  D u c t i l e  

c r a c k  p r o p a g a t i o n  occurs  w i t h  commensurate p l a s t i c  de fo rmat ion  and bubb le  

enlargement.  These r e s u l t s  a r e  r e l a t e d  t o  o t h e r  work on d i s l o c a t i o n  
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dragg ing  o f  smal l  bubbles and t o  o t h e r  work on vacancy p r o d u c t i o n  p e r  u n i t  

s t r a i n .  

p l a s t i c  deformat ion,  however data  tend  t o  f a v o r  t h e  vacancy p r o d u c t i o n  

mechanism or a p l a s t i c  de fo rmat ion  mechanism o f  m ic roc rack  f o r m a t i o n  under 

t h e  a c t i o n  of  m u l t i p l e  s l i p  systems. 

Both mechanisms may be r e s p o n s i b l e  for  bubble  enlargement d u r i n g  

V. ACCOMPLISHMENTS AND STATUS 

I n - S i t u  HVEM T e n s i l e  Tests  o f  Hel ium I r r a d i a t e d  316 S t a i n l e s s  S tee l  

J. I. Bennetch, J. A. Hor ton  and W .  A. Jesser  ( U .  V i r g i n i a )  

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

Hel ium e m b r i t t l e m e n t  i s  regarded as t h e  d u c t i l i t y  loss accompanying 

t h e  presence o f  h e l i u m  i n  a m a t e r i a l .  The f r a c t u r e  mode a s s o c i a t e d  w i t h  

t h i s  e m b r i t t l e m e n t  i s  t y p i c a l l y  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 .  The 

c u r r e n t  b e l i e f  as t o  t h e  r o l e  o f  h e l i u m  i n  t h i s  process i s  t h a t  i t  p ro-  

motes a r e l a t i v e  s t r e n g t h e n i n g  w i t h i n  g r a i n s  and a weakening o f  t h e  g r a i n  

Matsumoto e t  a d 3 )  t e n s i l e  t e s t e d  h e l i u m  imp lan ted  316 bounda r i es . 
s t a i n l e s s  s t e e l  a t  700° C and found t h a t  when t h e  s t r a i n  r a t e  i s  increased 

( 1 -3 )  

from IO- 4 sec - l  t o  I O - 1  sec- I ,  t h e  f r a c t u r e  mode changes fo rm i n t e r g r a n-  

u l a r  t o  t r a n s g r a n u l a r .  They concluded t h a t  h e l i u m  bubbles move t o  t h e  

g r a i n  boundar ies  d u r i n g  the t e n s i l e  t e s t ,  presumably a s s i s t e d  by d i s l o c a-  

t i o n  dragg ing.  (4)  I n  t h e  p r e v i o u s  r e p o r t ,  t h e  p r e s e n t  au thors  i n v e s t i -  

gated t h e  f r a c t u r e  b e h a v i o r  o f  316 s t a i n l e s s  s t e e l  h e l i u m  i r r a d i a t e d  t o  

ve ry  h i g h  doses (2- 3  x IO1* an-*) .  A t  600° C t h e  f a i l u r e  o c c u r r e d  by a 

m i x t u r e  o f  i n t e r g r a n u l a r  and t r a n s g r a n u l a r  f r a c t u r e  w h i l e  a t  ambient 

237 



temperature  t h e  f r a c t u r e  was t r a n s g r a n u l a r  o n l y .  (5) 

r a t e  and e l e v a t e d  temperature  a i d  i n  a l l o w i n g  t h e  p l a s t i c  de fo rmat ion  

a s s i s t e d  mechanisms of h e l i u m  e m b r i t t l e m e n t  t o  opera te .  I n  t h i s  r e p o r t ,  

t h e  c o n t i n u i n g  s tudy  o f  h e l i u m  e m b r i t t l e m e n t  i s  expanded by c o n s i d e r i n g  

t e s t s  a t  lower  s t r a i n  r a t e s  than  those employed e a r l i e r .  

C l e a r l y  a low s t r a i n  

2. Exper imenta l  Detai  Is 

A l l  t e n s i l e  samples, annealed 316 s t a i n l e s s  s t e e l ,  were 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  2 x I O l 5  cm-’sec-l o f  80 keV He’ i ons  a t  a temper- 

a t u r e  o f  about 600’ C t o  a f l u e n c e  o f  about 3 x 10l8 cm-’ t o  p r o v i d e  a 

h i g h  d e n s i t y  of l a r g e  h e l i u m  bubbles (=I40 nm d iamete r ,  7 x 10’3 cm-3). 

Dur ing  i r r a d i a t i o n ,  con t inuous  o b s e r v a t i o n s  o f  t h e  specimen were per formed 

v i a  a TV r e c o r d i n g  system. 

t i o n .  L o c a l i z e d  s t r a i n  r a t e s  were o b t a i n e d  f rom measurements o f  l e n g t h  

changes shown on t h e  dynamic record ing .  

ob ta ined .  T h i s  l o c a l i z e d  s t r a i n  r a t e  i s  l e s s  than t h a t  co r respond ing  t o  

T e n s i l e  t e s t i n g  was a t  600’ C d u r i n g  i r r a d i a -  

Values o f  9 x 10-%ec-l were 

t h e  10-4sec- l  macroscopic s t r a i n  r a t e  employed e a r l i e r .  ( 5 )  

3. Resu l t s  and D iscuss ion  

I t  has been observed t h a t  c r a c k  p r o p a g a t i o n  th rough  bubble  and/or  

v o i d  c o n t a i n i n g  s t a i n l e s s  s t e e l  can e n l a r g e  t h e  c a v i t i e s .  T h i s  r e s u l t  i s  

o f  i n t e r e s t  as i t  suggests a p o s s i b l e  mechanism f o r  h e l i u m  bubble  en la rge-  

ment i n  h e l i u m  e m b r i t t l e d  m a t e r i a l s .  I n  t h e  p r e s e n t  r e p o r t  t h e  e x p e r i -  

mental ev idence i s  viewed w i t h  t h e  a im o f  d e t e r m i n i n g  t h e  bubb le  e n l a r g e-  

ment mechanism. There a r e  a t  l e a s t  t h r e e  p o s s i b i l i t i e s ,  any one o f  which 
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could be dominant over the  others depending upon the p r e v a i l i n g  s t ress  and 

deformation cond i t ions  as we l l  as specimen temperature. The th ree  mech- 

anisms considered here are:  I )  the  dragging o f  small bubbles by moving 

d i s loca t i ons  w i t h  the r e s u l t  t h a t  the  small mobi le  bubbles coalesce w i t h  

o the r  bubbles t o  produce an enlarged bubble(4) ,  

ca t ions  through the dragging o f  jogs and c o l l e c t i o n  o f  vacancies t o  the  

d i s l o c a t i o n  l i n e  can prov ide  vacancies f o r  absorpt ion by the  bubble when 

the d i s l o c a t i o n  reaches the bubble, 3)  the  t r i a x i a l  s t ress  d i s t r i b u t i o n  

near the crack t i p  can cause microcrack format ion through t h e  cooperat ive 

a c t i o n  o f  many d i s loca t i ons  moving on several a c t i v e  s l i p  systems. A l l  

o f  the above mechanisms invoke d i s l o c a t i o n  motion and hence are not  e a s i l y  

separated from each other .  

which may be associated w i t h  the mechanisms. 

dragging by d is loca t ions ,  one might expect t h a t  thermal a c t i v a t i o n  would 

enhance the process and promote bubble enlargement a t  e leva ted tempera- 

tu res .  (6 )  The temperature dependence o f  mechanism 3, microcrack forma- 

t i on ,  would be n e g l i g i b l e  and t h a t  o f  the  d i s l o c a t i o n  generated vacancy 

absorpt ion would be expected t o  be on l y  m i l d l y  temperature dependent when 

the  a c t i o n  o f  the  d i s l o c a t i o n s  i n  moving the  vacancies t o  the  bubble i s  

domi nan t . 

2 )  t h e  motion o f  d i s l o -  

There a r e  some d i s t i n g u i s h i n g  tendencies 

I n  the  case o f  bubble 

I n  the  case o f  hel ium i r r a d i a t e d  samples, bubble enlargement was 

found to  occur a t  600° C as w e l l  as a t  ambient tmperature and hence the  

bubble enlargement mechanism i s  e s s e n t i a l l y  athermal i n  nature. Ruedl 

and observe t h a t  i n  hel ium implanted aluminum t e n s i l e  t es ted  a t  

room temperature bubble alignment and enlargement occurs i n  a manner which 
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exc ludes  b u b b l e  d ragg ing  by d i s l o c a t i o n s  and f a v o r s  a b s o r p t i o n  o f  vacan- 

c i e s  generated by p l a s t i c  de fo rmat ion .  In  t h e i r  exper iments t h e  bubbles 

were sma l l ,  1- 5  nm i n  diameter,  and inc reased  i n  volume by a f a c t o r  o f  8 

near  t h e  c r a c k  f l a n k s  l e a d i n g  t o  a vacancy p r o d u c t i o n ,  Cv, p e r  u n i t  s t r a i n ,  

E, o f  CV/c = IO-?. 

athermal  n a t u r e  o f  t h e  bubb le  enlargement mechanism. A s i m i l a r  en la rge-  

ment f a c t o r  was observed i n  t h e  p resen t  s tudy  o f  neu t ron  i r r a d i a t e d  304 

s t a i n l e s s  s t e e l  t e n s i l e  t e s t e d  a t  600° C .  The i n i t i a l  c a v i t y  s i z e  and 

d e n s i t y  was 30 nm and 1 x IOl4 cm-3 wh ich  corresponds t o  0.15 % s w e l l i n g .  

A f t e r  t h e  c r a c k  propagated through t h e  g r a i n ,  t h e  bubble  s i z e  inc reased  

t o  60 nm th rough  a r e g i o n  e x t e n d i n g  200 nm f rom t h e  c r a c k  f l a n k s  which 

cor responds to  a c a v i t y  volume f r a c t i o n  o f  1 . 1  %. The p l a s t i c  s t r a i n  

a s s o c i a t e d  w i t h  t h i s  d u c t i l e  c r a c k  p r o p a g a t i o n  i s  o f  t h e  o r d e r  o f  magni- 

tude  o f  u n i t y  which corresponds t o  a vacancy p r o d u c t i o n  p e r  u n i t  s t r a i n  o f  

C V / €  = 10-2. 

room temperature,  may be a r e s u l t  o f  t h e  h i g h e r  t e s t  temperature  f o r  t h e  

s t a i n l e s s  s t e e l .  I t  may be s i g n i f i c a n t  t h a t  t h e  shape o f  t h e  c a v i t i e s  

b e f o r e  and a f t e r  enlargement was u n a l t e r e d  by t h e  enlargement mechanism. 

From t h e  above exper imen ta l  observa t ions  i t  seems t h a t  bubble  a b s o r p t i o n  

o f  vacanc ies generated d u r i n g  p l a s t i c  de fo rmat ion  i s  a p o s s i b l e  mechanism 

which may p l a y  a r o l e  i n  h e l i u m  e m b r i t t l e m e n t .  

These exper iments  a r e  c o n s i s t e n t  w i t h  t h e  e s s e n t i a l l y  

That t h i s  number i s  h i g h e r  than  t h a t  f o r  aluminum t e s t e d  a t  

There i s  an a d d i t i o n a l  exper imen ta l  o b s e r v a t i o n  on h e l i u m  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  wh ich  does n o t  f i t  t h e  above sugges t ion  t h a t  d i s l o c a-  

t i o n  generated vacanc ies may be r e s p o n s i b l e  f o r  bubble  enlargement a t  t h e  

c r a c k  f l a n k s .  I n  t h i s  case a h i g h  dose ( 3  x IOt8 cm-2) h e l i u m  i r r a d i a t i o n  
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a t  80 keV produced a bubb le  s i z e  and d e n s i t y  o f  2100 nm a t  3 x 1013 cm-3. 

Dur ing a 6000 C t e n s i l e  t e s t ,  a c r a c k  produced s e v e r a l  hundred percen t  

s t r a i n  and a bubb le  volume enlargement by a f a c t o r  8. 

caused a d i s t o r t i o n  o f  t h e  bubble  shape and hence t h e  bubble  enlargement 

i s  l i k e l y  a r e s u l t  o f  t h e  t h i r d  mechanism wh ich  r e l i e s  on m u l t i p l e  a c t i v e  

s l i p  systems and c o o p e r a t i v e  d i s l o c a t i o n  m t i o n .  

t i o n  mechanism i s  assumed a p p l i c a b l e  t o  t h i s  case, t h e  vacancy p r o d u c t i o n  

p e r  u n i t  s t r a i n  i s  a lmost  an o r d e r  o f  magnitude h i g h e r  than t h a t  f o r  t h e  

case o f  neu t ron  produced c a v i t i e s  d i scussed  above, namely C V / €  2 8 x lo-'. 

Wh i le  i t  i s  i n t e r e s t i n g  t h a t  t h e  bubble  enlargement f a c t o r  i s  8 i n  a l l  

t h r e e  cases ment ioned above, no s i g n i f i c a n c e  has been a t t r i b u t e d  t o  t h i s  

number which a p p l i e s  t o  t h e  case o f  smal l  bubbles as w e l l  as t h a t  o f  l a r g e  

bubbles.  

However, t h e  c r a c k  

I f  t h e  vacancy absorp-  

A r e s u l t  r e l a t e d  t o  t h e  above s e t  o f  p o s t u l a t e d  mechanisms i s  t h a t  

o b t a i n e d  from v ideo  r e c o r d i n g s  o f  i n - s i t u  h e l i u m  i r r a d i a t i o n  o f  a 316 

s t a i n l e s s  s t e e l  sample which showed s e p a r a t i o n  between a c i r c u l a r  s u r f a c e  

r e g i o n  and t h e  u n d e r l y i n g  m a t e r i a l .  T h i s  e f f e c t i v e l y  corresponds t o  a 

c r a c k  p ropaga t ion  p a r a l l e l  t o  t h e  f i l m  p lane  and normal t o  t h e  v i e w i n g  

d i r e c t i o n .  

showed t h a t  bubb le  enlargement by  a f a c t o r  o f  1.6 o c c u r r e d  w i t h i n  l e s s  

than O.'l se t .  (8) 

for t h i s  case y i e l d s  CV/c = 9 x 

t h e  case o f  c r a c k  p r o p a g a t i o n  under a t e n s i l e  s t r e s s .  

decreased d u r i n g  t h e  s e p a r a t i o n  even t  o n l y  by  20% which shows t h a t  coa les-  

cence i s  n o t  a s i g n i f i c a n t  f a c t o r .  The d i s t a n c e  o f  i n t e r a c t i o n  o f  t h e  

The event  took p l a c e  a t  600° C d u r i n g  h e l i u m  i r r a d i a t i o n  and 

A c a l c u l a t i o n  o f  t h e  vacancy p r o d u c t i o n  p e r  u n i t  s t r a i n  

which i s  a number s i m i l a r  t o  t h a t  for  

The bubble  d e n s i t y  
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c rack  f l a n k  i n  t h i s  s u r f a c e  s e p a r a t i o n  i s  rough ly  100 nm which would 

r e q u i r e  vacancy d i f f u s i v i t i e s  g r e a t e r  than IO-” cm2 s e c - l  i n  o r d e r  t o  

account for  t h e  above process v i a  a thermal d i f f u s i o n  mechanism. Such 

d i f f u s i o n  would be a s s i s t e d  by t h e  c o n c u r r e n t  i r r a d i a t i o n  which took p l a c e  

a t  a f l u x  o f  2 x 1015cm-2sec-1. 

d i f f u s i o n  i s  r e s p o n s i b l e  for  t h e  bubble  enlargement a t  6000 C i n  t h i s  case 

because t h e  bubblesnearby,  w i t h i n  a d i s t a n c e  o f  500 nm o f  t h e  e n l a r g i n g  

bubbles, remained s u b s t a n t i a l l y  u n a l t e r e d  d u r i n g  t h e  same t i m e  t h a t  t h e  

n e i g h b o r i n g  bubbles e n l a r g e d  a b r u p t l y  i n  d iamete r  by a f a c t o r  o f  1 .6 .  O f  

course,  bubble  enlargement occurs  s l o w l y  d u r i n g  i r r a d i a t i o n  and a l s o  may 

occur s l o w l y  d u r i n g  long  t e r m  a n n e a l i n g  i n  t h e  absence of a p p l i e d  s t r e s s ,  

however these processes a r e  s u f f i c i e n t l y  s low compared t o  t h e  above d i s -  

cussed r a t e  o f  bubble  enlargement t h a t  they  can be ignored  as a s i g n i f i -  

c a n t l y  c o n t r i b u t i n g  f a c t o r .  F u r t h e r ,  a b r u p t  bubb le  enlargement w i t h  c r a c k  

p ropaga t ion  has been observed i n  neu t ron  i r r a d i a t e d  samples and h e l i u m  

i r r a d i a t e d  samples t e n s i l e  t e s t e d  i n  t h e  absence o f  i r r a d i a t i o n  and hence 

t h e  e f f e c t  does n o t  r e l y  on t h e  presence o f  i r r a d i a t i o n  d u r i n g  p l a s t i c  

deformat ion.  

Even so, i t  i s  u n l i k e l y  t h a t  thermal 

Bubble enlargement a s s o c i a t e d  w i t h  p l a s t i c  de fo rmat ion  occurs  a t  

ambient temperature  as w e l l  as a t  e l e v a t e d  temperature  and hence cannot 

be d i r e c t l y  r e s p o n s i b l e  f o r  t h e  i n t e r g r a n u l a r  f r a c t u r e  a s s o c i a t e d  w i t h  

h e l i u m  e m b r i t t l e m e n t  which occurs  o n l y  a t  e l e v a t e d  temperatures.  I n  t h e  

p resen t  s e t  o f  exper iments  conducted a t  l o w  s t r a i n  r a t e ,  i t  has been 

observed t h a t  a c r a c k  may propagate a t  6000 C t h rough  a g r a i n  c o n t a i n i n g  

h e l i u m  bubbles o f  a s i z e  and d e n s i t y  (-140 nm, 7 x 1013 cm-3) and n o t  
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enlarge the bubbles adjacent t o  the crack flanks. 

made during i r r ad ia t i on  a t  a helium f l u x  o f  2 x 1015 cm-*~ec-~ .  

case b r i t t l e  crack propagation without noticeable p l a s t i c  deformation 

occurred. This resu l t  emphasizes the necessity f o r  p l a s t i c  deformation i n  

the bubble enlargement process associated w i th  crack propagation. 

b r i t t l e  crack and bubble population around the crack are shown i n  the 

micrograph o f  f i gu re  1. The crack d i rec t ion  does not correspond t o  a low 

index d i rec t ion  

This observation was 

In t h i s  

The 

and hence the crack plane i s  not a l o w  index plane. 

From the above experimental evidence and evaluation it i s  c lear  t ha t  

the rap id  bubble enlargement mechanism i s  d i r e c t l y  related to  the presence 

o f  p l a s t i c  deformation i n  the form o f  d is locat ion motion. Calculations 

show that  bubble absorption o f  vacancies produced during p l a s t i c  deforma- 

t i o n  i s  a reasonable mechanism when bubble s ize i s  small (-50 nm) but that  

it i s  less l i k e l y  to account f o r  the bubble enlargement mechanism i n  the 

case o f  large bubbles (>IO0 nm). 
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7 F 

Figure 1 HVEM micrograph o f  316 s ta in less  s tee l  i r r a d i a t e d  a t  600° C by 
80 keV hel ium o f  f l u x  2 x 1015 cm-2sec-1 t o  a f luence o f  3 x 1018 
cm-2. 
cm-3 corresponding to  9.5 % swel l ing.  
propagated w i thout  s i g n i f i c a n t  p l a s t i c  deformation o r  bubble enlarge-  
ment along the  crack f lanks.  

Average bubble diameter and densi ty  a re  140 nm and 7 x 10’3 
Note the b r i t t l e  crack which 
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V I I .  FUTURE WORK 

S i m i l a r  exper iments  fo r  low bubble  d iamete rs  and l o w  s t r a i n  r a t e s  a r e  

planned as w e l l  as f u r t h e r  t e n s i l e  t e s t s  o f  n e u t r o n  i r r a d i a t e d  samples a t  

l o w  s w e l l i n g  and l o w  t e s t  temperature .  
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