
Y 

3 4 4 5 6  0267106 8 ORNL-6430 

Microstructural Evolution in 
Fast-Neutron-Irradiated 

Austenitic Stainless Steels 

R. E. Stoller 

ATE0 BY 
MARnN MARIETTA ENERGY SYSTEMS, INC. 
FOR THE UNITED STATES 
DEPARTMENT Of ENERGY 



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

NTIS price codes-Printed Copy: A 1 7  Microfiche A01 

This report was prepared as an account of work sponsored by an agency of the 
United StatesGovernment Neither theunited StatesGovernment norany agency 
thereof, nor any of their employees. makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or  process disclosed, or 
represents that its use would not infringe privately owned rights Reference herein 
to any specific commercial product, process, or  service by trade name trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the Uriited States Government or 
any agency thereof The views and opinions of authors expressed herein do not 
necessarily state or reflect those of theuni ted States Government or any agency 
thereof 



ORNL-6430 
D i s t r i b u t i o n  
Category UC-25 

Me ta l s  and Ceramics D i v i s i o n  

MICROSTRUCTURAL EVOLUTION I N  FAST-NEUTRON-IRRADIATED 
AUSTENITIC STAINLESS STEELS 

R .  E. S t o l l e r  

Date Pub l ished:  December 1987 

Prepared f o r  t h e  
MFE - Reactor M a t e r i a l s  

AT 15 02 03 A 

Prepared by t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 
opera ted  by 

MARTIN MARIETTA ENERGY SYSTEMS. I N C .  4 

f o r  t h e  
U . S .  DEPARTMENT OF ENERGY 

under Con t rac t  DE-AC05-840R21400 





TABLE OF CONTENTS 

Page 

LISTOFFIGURES . . . . . . . . . . . . . . . . . . . . . . . .  v i i  
LISTOFTABLES . . . . . . . . . . . . . . . . . . . . . . . . .  x v i i  
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . .  x i x  
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  x x i  

CHAPTER 1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . .  1 

CHAPTER 2 

BACKGROUND AND LITERATURE SURVEY . . . . . . . . . . . . . .  5 

2.1 Generat ion o f  Pr imary  and Extended De fec ts  . . . . .  5 
2.2 E f f e c t s  o f  Transmutant Hel ium . . . . . . . . . . .  19 
2.3 T h e o r e t i c a l  Background . . . . . . . . . . . . . .  24 
2.4 Exper imenta l  Observa t ions  . . . . . . . . . . . . .  32 

2.4.1 Role o f  Hel ium . . . . . . . . . . . . . . .  33 
2.4.2 D i s l o c a t i o n  S t r u c t u r e  . . . . . . . . . . . .  37 
2.4.3 C a v i t y  S t r u c t u r e  . . . . . . . . . . . . . .  42 
2.4.4 S w e l l i n g  Behav io r  . . . . . . . . . . . . . .  46 

CHAPTER 3 

THEORETICAL MODELS . . . . . . . . . . . . . . . . . . . . .  68 

3.1 He l ium Equat ion  of S t a t e  . . . . . . . . . . . . . .  69 
3.1.1 I n t r o d u c t i o n  . . . . . . . . . . . . . . . .  69 
3 .. 1.2 C r i t i c a l  He l ium Bubble Parameters . . . . .  70 

3.1.2.1 I d e a l  Gas Resu l t s  . . . . . . . . .  71 
3.1.2.2 Resu l t s  Us ing  Hard Sphere Equat ion  

o f  S t a t e  . . . . . . . . . . . . . .  74 
3.1.3 S t a b l e  Bubble Radius Us ing  Hard Sphere 

Equat ion  o f  S t a t e  . . . . . . . . . . . . . .  82 
3.1.4 A p p l i c a t i o n  o f  A n a l y t i c a l  Approx imat ions . . 85 

3.2 Mechanisms o f  Vo id  Format ion . . . . . . . . . . .  86 
3.2.1 I n t r o d u c t i o n  . . . . . . . . . . . . . . . .  86 
3.2.2 Models o f  Vo id  Format ion . . . . . . . . . .  88 

3.2.2.1 N u c l e a t i o n  by  S t o c h a s t i c  
F l u c t u a t i o n s  . . . . . . . . . . . .  89 

3.2.2.2 N u c l e a t i o n  by  Hel ium Accumulat ion . . 93 
3.2.3 R e s u l t s  and D iscuss ion  of C a l c u l a t i o n s  . . . .  97 

3.3 Models 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  . . . . . . . .  105 

3.3.1.1 P r e c i p i t a t e  E f f e c t s  . . . . . . . .  107 
3.3.1.2 Hel ium P a r t i t i o n i n g  . . . . . . . . .  111 

3.3.1 D e s c r i p t i o n  o f  C a v i t y  E v o l u t i o n  Model . . . .  106 

iii 



Contents  ( con td . )  
Page 

CHAPTER 3 (contd . )  

3.3.1.3 

3.3.1.4 Parameter Choices and Model 

3.3.1.5 Paramet r ic  Ana lys i s :  Cav i t y  Dens i t y  

3.3.1.6 Development o f  Model-Based 

S ink  S t reng ths  and Rate Equations f o r  
P o i n t  De fec t  Concent ra t ions  . . . . . 
C a l i b r a t i o n  . . . . . . . . . . . . 
and He/dpa R a t i o  . . . . . . . . . . 
Design Equat ions . . . . . . . . . . 

Model . . . . . . . . . . . . . . . . . . . . 
3.3.2.1 Rate Equat ions w i t h  Time-Dependent 

D i s l o c a t i o n  Dens i t y  . . . . . . . . . 
3.3.2.2 C a l i b r a t i o n  o f  Comprehensive Model . 
3.3.2.3 P r e d i c t i o n s  o f  Comprehensive Model . 
3.3.2.4 S e n s i t i v i t y  o f  Comprehensive Model 

t o  Parameter V a r i a t i o n s  . . . . . . 
3.3.2.5 E x t r a p o l a t i o n  o f  Comprehensive 

Model t o  Fus ion He/dpa R a t i o  . . . . 

3.3.2 D e s c r i p t i o n  o f  Comprehensive M i c r o s t r u c t u r a l  

3 .4 Summary . . . . . . . . . . . . . . . . . . . . . . . 
CHAPTER 4 

EXPERIMENTAL . . . . . . . . . . . . . . . . . . . . . . . . . 
4 .1  I r r a d i a t i o n  Cond i t i ons  . . . . . . . . . . . . . . . . 
4.2 Specimen Prepara t i on  and Examinat ion Procedures . . . 
4.3 Exper imenta l  Resu l t s  . . . . . . . . . . . . . . . . 

4.3.1 Hel ium-Implanted and Aged MFE-I1 Con t ro l s  . . 
4.3.2 Resu l t s  o f  t h e  MFE-I1 Experiment . . . . . . 
4.3.3 Resu l t s  o f  P o s t i r r a d i a t i o n  Anneal ing 

Experiment . . . . . . . . . . . . . . . . . . 
CHAPTER 5 

SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . 

5 .1  Summary o f  T h e o r e t i c a l  Work . . . . . . . . . . . . . 
5 .2  Summary o f  Exper imenta l  R e s u l t s  . . . . . . . . . . . 
5 .3  Unresolved Issues  and Fu tu re  D i r e c t i o n s  . . . . . . . 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . 

115 

121 

135 

142 

147 

147 
160 
168 

181 

208 

211 

2 18 

2 18 
223 
227 
227 
236 

260 

273 

273 
279 
284 

288 

i v  



Con t e n t s  (contd  . ) 
Page 

APPENDIX A . COMPUTER CODE MICROEV . . . . . . . . . . . . . .  319 

A . l  L i s t i n g  o f  Computer Code MICROEV . . . . . . . . . .  320 
A.2 Sample o f  Data F i l e  f o r  MICROEV . . . . . . . . . . .  350 
A.3 P a r t i a l  Resu l t s  f rom Sample MICROEV Run . . . . . . .  351 

V 





LIST OF FIGURES 

FIGURE 

2.1. 

2.2. 

2.3. 

2.4. 

2.5. 

2.6. 

2.7. 

2.8. 

2.9. 

2.10. 

2.11 

2.12. 

2.13. 

Pr imary  r e c o i l  energy spec t ra  f o r  t h r e e  d i f f e r e n t  
neu t ron  spec t ra  on aluminum . . . . . . . . . . . . .  
Schematic d rawing  o f  two-dimensional d isp lacement  
cascade; f rom Olander.' . . . . . . . . . . . . . . .  
Comparison o f  (n,a) c ross  s e c t i o n s  f o r  severa l  
m a t e r i a l s ;  f rom K u l c i n s k i  e t  a l . 5 5  . . . . . . . . .  
Neutron energy 
i n  i r r a d i a t i o n  
t y p i c a l  DT f u s  

spec t ra  f o r  t h r e e  f i s s i o n  r e a c t o r s  used 
exper iments (HFIR, ORR, EBR-11) and a 
on spectrum a t  3 MW/m2 w a l l  l o a d i n g  . . 

Charac ter  o f  d s l o c a t i o n  s t r u c t u r e  i n  f a s t  neut ron-  
i r r a d i a t e d ,  so lu t i on -annea led  a u s t e n i t i c  s t a i n l e s s  
s t e e l ;  f rom Maziasz.@* . . . . . . . . . . . . . . .  
Temperature dependence o f  Frank f a u l t e d  l o o p  d e n s i t y  
i n  AIS1 t ype  316 s t a i n l e s s  s t e e l .  . . . . . . . . . .  
Temperature dependence o f  network d i s l o c a t i o n  d e n s i t y  i n  
f a s t  n e u t r o n - i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l .  . .  
Charac ter  o f  c a v i t i e s  formed i n  f a s t  n e u t r o n - i r r a d i a t e d ,  
so lu t i on -annea led  a u s t e n i t i c  s t a i n l e s s  s t e e l .  . . . .  
Temperature and f l u e n c e  dependence o f  t h e  v o i d  con- 
c e n t r a t i o n  i n  f a s t  n e u t r o n - i r r a d i a t e d  a u s t e n i t i c  
s t a i n l e s s  s t e e l .  . . . . . . . . . . . . . . . . . . .  
Fluence dependence o f  s w e l l i n g  o f  20% cold-worked t ype  
316 s t a i n l e s s  s t e e l  i n  t h r e e  temperature ranges. . .  
Fluence dependence o f  s w e l l i n g  a t  509 t o  562°C f o r  a l l  
U.S. heats  i n  t h e  R S - 1  experiment. . . . . . . . . .  
S w e l l i n g  r a t e  as a f u n c t i o n  o f  s w e l l i n g  f o r  t h e  
i n d i c a t e d  temperatures. . . . . . . . . . . . . . . .  
I n f l u e n c e  o f  He/dpa r a t i o  on c a v i t y  fo rma t ion  and v o i d  
s w e l l i n g  i n  a t i t a n i u m - m o d i f i e d  t ype  316 s t a i n l e s s  
s t e e l  i r r a d i a t e d  t o  70 dpa a t  625°C. . . . . . . . .  

Page 

7 

8 

12 

23 

38 

39 

4 1  

43 

44 

49 

5 1  

53 

60 

v i  i 



F i g u r e  L i s t  (contd.) 

FIGURE Page 

2.14. Comparison o f  t h e  s w e l l i n g  b e h a v i o r  o f  so lu t i on -annea led  
and 20% cold-worked DO-heat i n  t h e  HFIR and EBR-11. . .  

2.15. Cornparison o f  t h e  c a v i t y  d i s t r i b u t i o n s  observed i n  t h e  
DO-heat o f  t ype  316 s t a i n l e s s  s t e e l  a f t e r  i r r a d i a t i o n  
in t h e  E B R - I 1  and HFIR a t  500 t o  550°C . . . . . . . . .  

3.1. 

3.2. Temperature dependence o f  c r i t i c a l  number (mHe) f o r  

3.3. Temperature dependence o f  c r i t i c a l  r a d i u s  (rc) f o r  

T y p i c a l  p l o t  o f  t h e  c a v i t y  g rowth  r a t e  as a f u n c t i o n  
o f  t h e  c a v i t y  rad ius .  . . . . . . . . . . . . . . . .  
t y p i c a l  f a s t  r e a c t o r  i r r a d i a t i o n  c o n d i t i o n s .  . . . . .  
t y p i c a l  f a s t  r e a c t o r  i r r a d i a t i o n  c o n d i t i o n s .  . . . . .  

* 

* 

3.4. R a t i o  of  c r i t i c a l  bubble parameters computed w i t h  

3.5. Master  curve f o r  o b t a i n i n g  c r i t i c a l  number (mHe) 

3 . 6 .  

HSEOS t o  i d e a l  gas values. . . . . . . . . . . . . .  
* 

u s i n g  HSEOS. . . . . . . . . . . . . . . . . . . . . .  
Master curve for o b t a i n i n g  r a d i u s  number (rc) 
u s i n g  HSEOS. . . . . . . . . . . . . . . . . . . . . .  
t h e  HSEOS and a s i m i l a r  exp ress ion  u s i n g  a Van d e r  Waals 
equa t ion  o f  s t a t e .  . . . . . . . . . . . . . . . . . .  

* 

* 
3.7. Comparison o f  c r i t i c a l  number (mHe) c a l c u l a t i o n s  u s i n g  

3.8. Master  curve f o r  o b t a i n i n g  s t a b l e  bubble r a d i u s  
( r b )  u s i n g  HSEOS f rom t h e  i d e a l  gas va lue.  . . . . . .  

3.9. The r a t i o  o f  t h e  bubble r a d i u s  under i r r a d i a t i o n  t o  
t h e  e q u i l i b r i u m  bubble r a d i u s  as a f u n c t i o n  o f  t h e  
h e l i u m  con ten t  o f  t h e  bubble.  . . . . . . . . . . . .  

3.10. C h a r a c t e r i s t i c  n u c l e a t i o n  t imes  f o r  t h e  h e l i u m  
accumulat ion process ( a ) ,  s t o c h a s t i c  t h e o r y  ( b )  and 
t h e i r  r a t i o  ( c )  a t  400, 450 and 500OC. . . . . . . . .  

3.11. Pa ramet r i c  v a r i a t i o n  i n  t h e  r a t i o  o f  t h e  n u c l e a t i o n  t i m e  
b y  h e l i u m  accumulat ion t o  t h a t  by t h e  s t o c h a s t i c  t h e o r y  
a t  450°C. . . . . . . . . . . . . . . . . . . . . . . .  

62 

63 

72 

76 

76 

77 

79 

79 

8 1  

83 

84 

99 

100 

v i i i  



Figure List (contd.) 

FIGURE Page 

3.12. Dependence of the nucleation time ratio on the parameters 
in the helium partitioning model; fraction of dislocation- 
trapped helium piped to bubbles (a) and the fractional 
reduction in the dislocation sink strength 
for helium (b) . . . . . . . . . . . . . . . . . . . .  101 

3.13. Temperature dependence of the nucleation time ratio 
with parameters chosen to minimize the influence 
of helium. . . . . . . . . . . . . . . . . . . . . . . .  103 

3.14. Typical example of cavity-precipitate association. . .  110 
3.15. Typical example of helium-stabilized bubbles attached 

to dislocation segments. . . . . . . . . . . . . . . . .  113 
3.16. Comparison of RS-1 swelling data and predictions of 

cavity evolution model. . . . . . . . . . . . . . . . .  131 
3.17. Temperature dependence of effective vacancy super- 

szturation, s, and critical number of gas atoms, 
m using nominal model parameters. . . . . . . . . .  132 
Dose dependence of the effective vacancy super- 
s$turation, s, and critical number of gas atoms 

Comparison of predicted dose dependence of swelling 
f o r  E B R - 1 1 ,  HFIR and DT fusion. . . . . . . . . . . .  137 

He ’ 
3.18. 

mHe, at 500°C. . . . . . . . . . . . . . . . . . . . .  133 

3.19. 

3.20. Predicted swelling at 75 dpa for HFIR and DT fusion as 
a function of the cavity scaling exponent, p. . . . .  138 

3.21. Temperature dependence of predicted incubation dose 
and steady state swelling rate for DT fusion 
normalized to EBR-11. . . . . . . . . . . . . . . . .  140 

3.22. Dependence of the predicted swelling at 75 dpa on 
the He/dpa ratio. . . . . . . . . . . . . . . . . . .  141 

3.23. Comparison of alternate design equations for the 
swelling o f  20% cold-worked type 316 stainless steel 
in a DT fusion reactor first wall. . . . . . . . . . .  146 

i x  



F i g u r e  L i s t  (contd. )  

Page FIGURE 

3.24. F a u l t e d  l oop  number d e n s i t y  (Ne) and f a u l t e d  l o o p  
l i n e  l e n g t h  (p,) as a f u n c t i o n  o f  t h e  number o f  l o o p  
s i z e  c lasses.  . . . . . . . . . . . . . . . . . . . .  153 

3.25. Schematic drawing o f  Bardeen-Herr ing d i s l o c a t i o n  
source.62 . . . . . . . . . . . . . . . . . . . . . . .  156 

3.26. Comparison o f  p r e d i c t e d  s w e l l i n g  a t  400 (a)  and 550°C 
( b )  w i t h  dose-dependent and v a r i o u s  cons tan t  network 
d i s l o c a t i o n  d e n s i t i e s .  . . . . . . . . . . . . . . . .  164 

3.27. E f f e c t  o f  assumed network d i s l o c a t i o n  d e n s i t y  on t h e  
e f f e c t i v e  vacancy s u p e r s a t u r a t i o n  a t  400 and 550°C. . .  166 

3.28. Temperature dependence o f  model p r e d i c t i o n s  o f  
s w e l l i n g  ( a ) ,  network d i s l o c a t i o n  d e n s i t y  (b )  and 
f a u l t e d  l oop  d e n s i t y  ( c )  a t  50 and 100 dpa. . . . . . .  169 

3.29. Comparison o f  p r e d i c t e d  s w e l l i n g  and f a s t  r e a c t o r  d a t a  
a t  an i n t e r m e d i a t e  (a)  and h i g h  ( b )  f luence.  . . . . .  171 

3.30. Comparison of p r e d i c t e d  network d i s l o c a t i o n  d e n s i t y  
and f a s t  r e a c t o r  d a t a  a t  40 dpa. . . . . . . . . . . .  173 

3.31. Comparison o f  p r e d i c t e d  maximum f a u l t e d  l o o p  d e n s i t y  
and low f l u e n c e  f a s t  r e a c t o r  data.  . . . . . . . . . .  174 

3.32. I n f l u e n c e  o f  t h e  thermal  d i s l o c a t i o n  source d e n s i t y  
( S  ) on t h e  p r e d i c t e d  network d i s l o c a t i o n  d e n s i t y  (a )  
an8 v o i d  s w e l l i n g  (b)  a t  50 and 100 dpa. . . . . . . .  175 

3.33. Comparison o f  p r e d i c t e d  f a u l t e d  l oop  d e n s i t i e s  o b t a i n e d  
u s i n g  a cons tan t  f a u l t e d  l o o p / i n t e r s t i t i a l  b i a s  and 
and a size-dependent b ias .  . . . . . . . . . . . . . .  177 

3.34. Dose dependence o f  p r e d i c t e d  s w e l l i n g ,  network d i s -  
l o c a t i o n  d e n s i t y  and f a u l t e d  l o o p  d e n s i t y  a t  500°C 
f o r  20% cold-worked ( a )  and s o l u t i o n  annealed 
m a t e r i a l  ( b ) .  . . . . . . . . . . . . . . . . . . . . .  178 

3.35. I n f l u e n c e  o f  t h e  i n t e r s t i t i a l  m i g r a t i o n  energy on t h e  
p r e d i c t e d  s w e l l i n g  ( a ) ,  network d i s l o c a t i o n  d e n s i t y  (b )  
and maximum f a u l t e d  l o o p  d e n s i t y  (c ) .  . . . . . . . .  183 

X 



F i g u r e  l i s t  (contd. )  

F IGURE Page 

3.36. I n f l u e n c e  o f  t h e  d i - i n t e r s t i t i a l  b i n d i n g  energy on 
t h e  p r e d i c t e d  s w e l l i n g  (a ) ,  network d i s l o c a t i o n  d e n s i t y  
( b )  and maximum f a u l t e d  l o o p  d e n s i t y  ( c ) .  . . . . . . .  185 

3.37. I n f l u e n c e  o f  t h e  t r i - i n t e r s t i t i a l  b i n d i n g  energy 
on t h e  p r e d i c t e d  s w e l l i n g  (a ) ,  network d i s l o c a t i o n  
d e n s i t y  (b )  and maximum f a u l t e d  l o o p  d e n s i t y  (c ) .  . . .  186 

3.38. I n f l u e n c e  o f  t h e  s e l f - d i f f u s i o n  energy and vacancy 
f o r m a t i o n  energy on t h e  p r e d i c t e d  s w e l l i n g  ( a ) ,  
network d i s l o c a t i o n  d e n s i t y  (b )  and maximum f a u l t e d  
l o o p  d e n s i t y  ( c ) .  . . . . . . . . . . . . . . . . . . .  188 

3.39. I n f l u e n c e  o f  t h e  network d i s l o c a t i o n / i n t e r s t i t i a l  b i a s  
on t h e  p r e d i c t e d  s w e l l i n g  ( a ) ,  network d i s l o c a t i o n  den- 
s i t y  ( b )  and maximum f a u l t e d  l o o p  d e n s i t y  ( c ) .  . . . .  190 

b i a s  a t  500°C on t h e  e f f e c t i v e  vacancy s u p e r s a t u r a t i o n  
( a ) ,  network d i s l o c a t i o n  d e n s i t y  (b ) ,  s w e l l i n g  ( c ) ,  
f a u l t e d  l o o p  d e n s i t y  (d ) ,  and s w e l l i n g  r a t e  (e )  a t  
t h e  i n d i c a t e d  doses. . . . . . . . . . . . . . . . . .  191 

3.40. I n f l u e n c e  o f  t h e  network dislocation/interstitial 

3.41. I n f l u e n c e  o f  t h e  Frank f a u l t e d  l o o p / i n t e r s t i t i a l  b i a s  
on t h e  p r e d i c t e d  s w e l l i n g  ( a ) ,  network d i s l o c a t i o n  den- 
s i  t y  ( b ) ,  and maximum f a u l t e d  l o o p  d e n s i t y  ( c ) .  . . . .  193 

3.42. I n f l u e n c e  o f  t he  cascade e f f i c i e n c y  (11) on t h e  p r e -  
d i c t e d  s w e l l i n g  ( a ) ,  network d i s l o c a t i o n  d e n s i t y  (b ) ,  
and maximum f a u l t e d  l o o p  d e n s i t y  ( c ) .  . . . . . . . . .  195 

3.43. I n f l u e n c e  o f  t h e  s u r f a c e  f r e e  energy (y )  on t h e  p r e -  
d i c t e d  s w e l l i n g  ( a ) ,  network d i s l o c a t i o n  d e n s i t y  ( b ) ,  
and maximum f a u l t e d  l o o p  d e n s i t y  ( c ) .  . . . . . . . . .  197 

3.44. I n f l u e n c e  o f  t h e  recomb ina t ion  c o e f f i c i e n t  ( a )  on t h e  
p r e d i c t e d  s w e l l i n g  (a )  and network d i s l o c a t i o n  
d e n s i t y  (b ) .  . . . . . . . . . . . . . . . . . . . . .  198 

3.45. I n f l u e n c e  o f  t h e  f r a c t i o n  o f  s u r v i v i n g  cascade-produced 
vacancies which c o l l a p s e  t o  fo rm t r a n s i e n t  vacancy 
c l u s t e r s  (fvcl) on t h e  p r e d i c t e d  s w e l l i n g .  . . . . . .  199 

x i  



F i g u r e  l i s t  (contd.)  

FIGURE Page 

3.46. I n f l u e n c e  o f  t h e  subgra in  d iamete r  ( d  ) on t h e  p r e d i c t e d  
m i c r o s t r u c t u r e  f o r  20% cold-worked (a!b) and s o l u t i o n -  
annealed (c,d) m a t e r i a l .  . . . . . . . . . . . . . . .  201 

3.47. E f f e c t  o f  n e g l e c t i n g  t h e  m u l t i p l e  s i n k  c o r r e c t i o n  t o  
t h e  c a v i t y  s i n k  s t r e n g t h  on t h e  p r e d i c t e d  s w e l l i n g  (a )  
and network d i s l o c a t i o n  d e n s i t y  (b).  . . . . . . . . .  204 

3.48. E f f e c t  o f  i n c l u d i n g  t h e  b i a s e d  m u l t i p l e  s i n k  c o r r e c -  
t i o n s  t o  t h e  c a v i t y  s i n k  s t r e n g t h  on t h e  p r e d i c t e d  
s w e l l i n g  (a )  and t h e  network d i s l o c a t i o n  d e n s i t y  (b ) .  . 205 

3.49. E f f e c t  o f  i n c l u d i n g  t h e  b i a s e d  subgra in  s i n k  s t r e n g t h s  
on t h e  p r e d i c t e d  s w e l l i n g  (a )  and t h e  network 
d i s l o c a t i o n  d e n s i t y  (b). . . . . . . . . . . . . . .  206 

3.50. E f f e c t  o f  i n c l u d i n g  b o t h  t h e  b iased  subgra in  s i n k  
s t r e n g t h  and the  b iased  m u l t i p l e  s i n k  c o r r e c t i o n  t o  
t h e  c a v i t y  s i n k  s t r e n g t h  on t h e  p r e d i c t e d  s w e l l i n g  (a )  
and network d i s l o c a t i o n  d e n s i t y  (b ) .  . . . . . . . . .  207 

3.51. Model p r e d i c t i o n s  o f  v o i d  s w e l l i n g  ( a ) ,  network 
d i s l o c a t i o n  d e n s i t y  (b )  and peak f a u l t e d  l o o p  d e n s i t y  
( c )  for f u s i o n  c o n d i t i o n s  w i t h  p = 0.5. . . . . . . . .  209 

3.52. E f f e c t  o f  c a v i t y  d e n s i t y  on p r e d i c t e d  s w e l l i n g  f o r  
f u s i o n  c o n d i t i o n s  a t  50 (a )  and 100 dpa (b). . . . . .  210 

3.53. F r a c t i o n  o f  t o t a l  vacancies l o s t  t o  v a r i o u s  p o i n t  
d e f e c t  s i n k s  a t  100 dpa, 20% cold-worked m a t e r i a l .  . . .  212 

4.1. C ross -sec t i on  v iew o f  a s i n g l e  segment o f  t h e  f i x t u r e  
used t o  clamp TEM d i s k s  d u r i n g  h e l i u m  i m p l a n t a t i o n .  . .  221 

4.2. B lack -spo t  damage observed i n  s o l u t i o n - a n n e a l e d  P7 
a f t e r  room temperature he1 ium i m p l a n t a t i o n  t o  
-40 appm He. . . . . . . . . . . . . . . . . . . . . .  228 

4.3. Observed average bubble r a d i u s  ( a ) ,  bubble d e n s i t y  
( b ) ,  f a u l t e d  l oop  r a d i u s  ( c ) ,  and f a u l t e d  l o o p  d e n s i t y  
(d )  a f t e r  -40 appm He i m p l a n t a t i o n  and subsequent 
a n n e a l i n g  f o r  one hour  a t  t h e  i n d i c a t e d  temperature.  230 

x i  i 



F i g u r e  

FIGURE 

4.4. 

4.5. 

4.6. 

4.7. 

4.9. 

4.9. 

4.10. 

4.11. 

4.12. 

4.13. 

4.14. 

4.15. 

l i s t  (contd. )  

Page 

F a u l t e d  l oop  m i c r o s t r u c t u r e  observed i n  s o l u t i o n -  
annealed P7 a f t e r  annea l i ng  f o r  one hour  a t  600 (a,b),  
700 (c ,d) ,  and 750°C ( e , f ) .  . . . . . . . . . . . . .  
Bubble m i c r o s t r u c t u r e  observed i n  so lu t i on -annea led  P7 
a f t e r  annea l i ng  f o r  olie hour  a t  700 ( a ) ,  750 ( b ) ,  800 
( c ) ,  and 900°C (d ) .  . . . . . . . . . . . . . . . . .  
I n f l u e n c e  o f  p o s t i m p l a n t a t i o n  annea l i ng  temperature on 
t h e  observed bubble s i z e  d i s t r i b u t i o n ,  -40 appm He. . 
Bubble and f a u l t e d  l oop  m i c r o s t r u c t u r e s  observed i n  
so lu t i on -annea led  P7 a f t e r  annea l i ng  f o r  one hour  

The m i c r o s t r u c t u r e  o f  so lu t i on -annea led  P7 observed 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  350°C. 

a t  850°C; l e v e l  o f  he l i um i m p l a n t a t i o n  i s  65 appm. . .  
. . . . . . .  

The m i c r o s t r u c t u r e  o f  so lu t i on -annea led  P7 observed 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  600°C. . . . . . . .  
The m i c r o s t r u c t u r e  o f  so lu t i on -annea led  P7 observed 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  550°C w i t h  no he l i um 
p r e i  n j e c t  i on. . . . . . . . . . . . . . . . . . . . .  
Observed c a v i t y  d i s t r i b u t i o n  i n  so lu t i on -annea led  
P7 a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  550°C. . . . . . .  
The m i c r o s t r u c t u r e  o f  20% cold-worked P7 observed 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  55OOC w i t h  no 
h e l i u m  p r e i n j e c t i o n .  . . . . . . . . . . . . . . . .  
Observed c a v i t y  d i s t r i b u t i o n  i n  20% cold-worked P7 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  550°C. . . . . . . .  
Observed d i s l o c a t i o n  l oop  d i s t r i b u t i o n  i n  s o l u t i o n -  
annealed P7 a f t e r  room temperature i m p l a n t a t i o n  o f  
51 appm He and subsequent i r r a d i a t i o n  t o  4.7 dpa a t  
550°C. . . . . . . . . . . . . . . . . . . . . . . .  
T y p i c a l  d i s l o c a t i o n  l oop  d i s t r i b u t i o n  i n  s o l u t i o n -  
annealed P7 a f t e r  room temperature he l i um i m p l a n t a t i o n  
w i t h  subsequent ag ing  p r i o r  t o  i r r a d i a t i o n  t o  4.7 dpa 
a t  550°C. . . . . . . . . . . . . . . . . . . . . . .  

23 1 

232 

234 

235 

239 

240 

242 

243 

245 

246 

250 

252 

x i i i  



F i g u r e  l i s t  (contd.)  

F I GI1 R E 

4.16. 

4.17. 

4.18. 

4.19. 

4.20. 

4.21. 

4.22. 

4.23. 

Page 

Observa t i on  o f  v o i d  f o r m a L , m  near  g r a i n  boundar ies i n  
so lu t i on -annea led  P7 t h a t  was imp lan ted  w i t h  42 appm He 
and aged a t  750°C p r i o r  t o  i r r a d i a t i o n  a t  550°C. . . .  254 

D i s l o c a t i o n s  and s t a c k i n g  f a u l t  t e t r a h e d r a  observed i n  
t h e  g r a i n  i n t e r i o r  i n  so lu t i on -annea led  P7 t h a t  was 
imp lan ted  w i t h  42 appm He and aged a t  750°C p r i o r  
t o  i r r a d i a t i o n  t o  4.7 dpa a t  550°C. . . . . . . . . . .  256 

V e r i f i c a t i o n  o f  t h e  o b s e r v a t i o n  o f  s t a c k i n g  f a u l t  
t e t r a h e d r a  i n  so lu t i on -annea led  P7 t h a t  was imp lan ted  
w i t h  42 appm He and aged a t  750°C p r i o r  t o  i r r a d i a t i o n  
t o  4.7 dpa a t  550°C. . . . . . . . . . . . . . . . . .  257 

Diamond pyramid microhardness r e s u l t s  f rom p o s t -  
i r r a d i a t i o n  annea l i ng  exper iment,  one hour  i s o c h r o n a l  
a n n e a l i n g  curve (a) and i so the rma l  annea l i ng  curves a t  
750 and 900°C ( b ) .  . . . . . . . . . . . . . . . . . .  264 

Immersion d e n s i t y  r e s u l t s  f rom p o s t i r r a d i a t i o n  
a n n e a l i n g  exper iment,  one hour i s o c h r o n a l  annea l i ng  
cu rve  (a) and i so the rma l  annea l i ng  curves a t  750 
and 900°C (b ) .  . . . . . . . . . . . . . . . . . . . .  265 

R e s u l t s  a f  Meechan-Brinkman3jg a n a l y s i s  o f  p o s t -  
i r r a d i a t i o n  annea l i ng  exper iment,  microhardness d a t a  
(a )  and immersion d e n s i t y  d a t a  ( b ) .  . . . . . . . . . .  267 

P o s t i r r a d i a t i o n  annea l i ng  behav io r  o f  a u s t e n i t i c  
a l l o y  P7 i r r a d i a t e d  i n  t h e  EBR-I1 t o  12.5 dpa a t  
650°C. . . . . . . . . . . . . . . . . . . . . . . . .  269 

Scanning e l e c t r o n  micrographs o f  g r a i n  boundary 
denuded zones a f t e r  p o s t i r r a d i a t i o n  annea l i ng  o f  
a u s t e n i t i c  a l l o y  P7 f o r  one hour  a t  600°C (a,b) and 
900°C (c,d). . . . . . . . . . . . . . . . . . . . . .  270 

x i v  



F i g u r e  l i s t  (contd.) 

FIGURE Page 

5.1.  R e l a t i v e  i n f l u e n c e  o f  severa l  paramaters on t h e  
dose t o  1% s w e l l i n g  p r e d i c t e d  by  t h e  comprehensive 
model a t  400 (a) and 600°C (b)  . . . . . . . . . . .  278 

5.2. R e l a t i v e  i n f l u e n c e  o f  severa l  paramaters on t h e  peak 
s w e l l i n g  r a t e  p r e d i c t e d  by  t h e  comprehensive model 
a t  400 (a)  and 600°C (b)  . . . . . . . . . . . . . .  279 

5 .3 .  R e l a t i v e  i n f l u e n c e  o f  severa l  paramaters on t h e  
network d i s l o c a t i o n  d e n s i t y  a t  100 dpa p r e d i c t e d  by 
t h e  comprehensive model a t  400 (a) and 600°C (b)  . . 280 

5 .4 .  R e l a t i v e  i n f l u e n c e  o f  severa l  paramaters on t h e  
peak f a u l t e d  l o o p  d e n s i t y  p r e d i c t e d  by t h e  
comprehensive model a t  400 (a)  and 600°C ( b )  . . . .  281 

x v  





L I S T  OF TABLES 

TABLE Page 

2.1. Helium/dpa r a t i o  f o r  v a r i o u s  m a t e r i a l s  and 
r e a c t o r  neut ron  spec t ra  . . . . . . . . . . . . . . . . . 

2.2. F a u l t e d  l o o p  e v o l u t i o n  i n  he l ium- imp lan ted  and 
aged, so lu t i on -annea led  316 s t a i n l e s s  s t e e l  . . . . . . . 

2.3. Bubble e v o l u t i o n  i n  he l ium- imp lan ted  and aged, 
so lu t i on -annea led  316 s t a i n l e s s  s t e e l  . . . . . . . . . . 

2.4. Repor ted obse rva t i ons  o f  bimodal c a v i t y  s i z e  
d i s t r i b u t i o n s  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  . . . . . . 

2.5. Revised average and des ign  i r r a d i a t i o n  temperatures 
i n  t h e  R S - 1  exper iment  . . . . . . . . . . . . . . . . 

3.1. Polynomia l  c o e f f i c i e n t s  f o r  master  curves i n  F igu res  3.5, 
3.6, and 3.8 [see Equat ions (3.8)-(3.13)] . . . . . .  

3.2. Comparison of s w e l l i n g  parameters us ing  numer ica l  
and a n a l y t i c a l  s o l u t i o n s  . . . . . . . . . . . . . . . . 

3.3. M a t e r i a l  and i r r a d i a t i o n  parameters used i n  comparison 
of  v o i d  f o r m a t i o n  mechanisms . . . . . . . . . . . . . . 

3.4. T y p i c a l  c r i t i c a l  c l u s t e r  parameters . . . . . . . . . . 
3.5. M a t e r i a l  and i r r a d i a t i o n  parameters used i n  

c a l i b r a t i o n  o f  c a v i t y  e v o l u t i o n  model . . . . . . . . . 
3.6. V a r i a b l e  d e f i n i t i o n s  i n  comprehensive model . . . . . . . 
3.7. R e s u l t s  o f  thermal  d i s l o c a t i o n  e v o l u t i o n  model . . . . . 
3.8. Thermal d i s l o c a t i o n  e v o l u t i o n  parameters . . . . . . . . 
3.9. M a t e r i a l  and i r r a d i a t i o n  parameters used i n  

c a l i b r a t i o n  o f  comprehensive model . . . . . . . . . . . 

22 

35 

36 

47 

50 

80 

85 

96 

97 

125 

150 

158 

158 

162 

3.10. Net p o i n t  d e f e c t  a b s o r p t i o n  f r a c t i o n s  a t  
650°C and 100 dpa . . . . . . . . . . . . . . . . . . . . 213 

x v i  i 



Table L i s t  (contd. )  

TABLE Page 

4.1. Planned exper imenta l  m a t r i x  f o r  a l l o y  P7 i n  t h e  
MFE-I1 exper iment  . . . . . . . . . . . . . . . . . .  219 

4.2. Sumnary o f  bubb le  and f a u l t e d  l o o p  m i c r o s t r u c t u r e s  
observed i n  so lu t ion-annea led  P7 a f t e r  h e l i u m  
i m p l a n t a t i o n  and annea l i ng  . . . . . . . . . . . . . .  229 

4.3. Sumnary o f  m i c r o s t r u c t u r e s  observed i n  a l l o y  P7 a f t e r  
i r r a d i a t i o n  t o  4 dpa a t  550°C i n  t h e  
MFE-I1 exper iment  . . . . . . . . . . . . . . . . . . .  237 

x v i  i i 



ACKNOWLEDGMENTS 

The comple t ion  o f  t h i s  d i s s e r t a t i o n  was made p o s s i b l e  by  t h e  

ass i s tance  o f  many people. The c o n t r i b u t i o n s  o f  my d o c t o r a l  comni t tee  

P ro fesso rs  G. R. Odet te ,  G. E. Lucas and C. G. L e v i  a r e  g r a t e f u l l y  

acknowledged. My major  research  a d v i s o r ,  Dr. Odet te ,  was respon- 

s i b l e  f o r  s t i m u l a t i n g  my i n t e r e s t  i n  r a d i a t i o n  e f f e c t s  w h i l e  I was 

s t i l l  an undergraduate and h i s  gu idance and suppor t  were e s s e n t i a l  

t o  t h i s  work. Dr. Lucas p a r t i c i p a t e d  i n  many h e l p f u l  d i scuss ions  and 

p rov ided  some much needed comic r e l i e f  a t  key t imes a long  t h e  way. 

Techn ica l  suppor t  f o r  t h i s  work a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ,  

Santa Barbara, was p rov ided  by  Rober t  Lynch and Douglas K l ingensmi th .  

Dur ing  t h e  t ime  t h a t  I have been work ing  i n  t h e  De fec t  Mechanisms 

Group i n  t h e  Me ta l s  and Ceramics D i v i s i o n  a t  t h e  Oak Ridge N a t i o n a l  

Labora tory ,  I have had t h e  b e n e f i t  o f  t h e  exper ience o f  my coworkers. 

I have enjoyed many p r o d u c t i v e  d i scuss  ons w i t h  Dr. L. K. Mansur on 

t h e  t h e o r e t i c a l  aspec ts  o f  t h i s  work. D iscuss ions  w i t h  

Drs. D. F. Pedraza o f  ORNL, W. A. Cogh an o f  A r i zona  S t a t e  U n i v e r s i t y  

and A. D. B r a i l s f o r d  o f  Ford  Motor Company have a l s o  been h e l p f u l .  

D r .  P. J .  Maziasz i nves ted  a s i g n i f i c a n t  amount o f  t ime  t o  p r o v i d e  

me w i t h  some o f  my i n i t i a l  i n s t r u c t i o n  i n  t h e  use o f  t h e  t ransmis-  

s i o n  e l e c t r o n  microscope. D r s .  J .  Ben t ley ,  E. A. Ken ik ,  P. S. Sk lad  

and S. J .  Z i n k l e  p rov ided  f u r t h e r  adv i ce  and a s s i s t a n c e  with those 

aspec ts  of  t h e  work t h a t  i n v o l v e d  t ransmiss ion  e l e c t r o n  microscopy.  

x i x  



The t e c h n i c a l  suppor t  p rov ided  by  C.H.K. OuBose, A. T. F i s h e r ,  

J .  W .  Jones, H. R .  L ivesey ,  G .  C .  Marsh, N. H. Rouse and L.  J .  Turner  

a t  ORNL has been much apprec ia ted .  A spec ia l  thanks i s  due t o  

Frances Scarboro f o r  t h e  e x c e l l e n t  j o b  t h a t  she d i d  t y p i n g  and 

e d i t i n g  t h i s  d i s s e r t a t i o n .  

F i n a l l y ,  I wish  t o  acknowledge t h e  p a t i e n t  suppor t  o f  my w i f e  

Robin, o u r  f a m i l i e s  and many f r i e n d s  d u r i n g  t h e  t ime  t h a t  t h i s  work 

was i n  progress.  Wi thout  t h e i r  p raye rs  and encouragement t h i s  work 

migh t  never have been completed. 

The f i n a n c i a l  suppor t  f o r  t h i s  work was p r o v i d e d  b y  t h e  U n i t e d  

S ta tes  Department o f  Energy under: t h e  Magnet ic  Fus ion  Energy 

Technology F e l l o w s h i p  Program admin i s te red  by  Oak Ridge Assoc ia ted  

U n i v e r s i t i e s ,  c o n t r a c t  AM03-765F00034 w i t h  t h e  U n i v e r s i t y  o f  

C a l i f o r n i a  a t  Santa Barbara, and c o n t r a c t  DE-AC05-840R21400 w i t h  

t h e  M a r t i n  M a r i e t t a  Energy Systems, Inc .  

x x  



MICROSTRUCTURAL EVOLUTION I N  FAST-NEUTRON-IRRADIATED 
A U S T E N I T I C  STAINLESS STEELS 

R .  E. S t o l l e r  

ABSTRACT 

The genera l  f i e l d  o f  neut ron  i r r a d i a t i o n  e f f e c t s  i s  v e r y  
broad. The p resen t  work has focused on t h e  s p e c i f i c  problem 
o f  fas t -neut ron- induced r a d i a t i o n  damage t o  a u s t e n i t i c  
s t a i n l e s s  s t e e l s .  These s t e e l s  a r e  used as s t r u c t u r a l  m a t e r i a l s  
i n  c u r r e n t  f a s t  f i s s i o n  r e a c t o r s  and a r e  proposed f o r  use i n  
f u t u r e  fus ion  r e a c t o r s .  Two p r imary  components o f  t h e  r a d i a t i o n  
damage a r e  atomic d isp lacements ( i n  u n i t s  o f  d isp lacements p e r  
atom, o r  dpa) and t h e  genera t i on  o f  he l i um by nuc lea r  t ransniuta- 
t i o n  r e a c t i o n s .  The r a d i a t i o n  environment can be c h a r a c t e r i z e d  
by  t h e  r a t i o  o f  he l i um t o  d isp lacement  p roduc t i on ,  t h e  s o - c a l l e d  
He/dpa r a t i o .  R a d i a t i o n  damage i s  ev idenced m i c r o s c o p i c a l l y  by  
a complex 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 macroscop ica l l y  by 
d e n s i t y  changes and a l t e r e d  mechanical p r o p e r t i e s .  The purpose 
o f  t h i s  work was t o  p r o v i d e  a d d i t i o n a l  unders tand ing  about  
mechanisms t h a t  determine 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 u r r e n t  
f a s t  r e a c t o r  environments and t o  i d e n t i f y  t h e  s e n s i t i v i t y  o f  
t h i s  e v o l u t i o n  t o  changes i n  t h e  He/dpa r a t i o .  T h i s  l a t t e r  
s e n s i t i v i t y  i s  o f  i n t e r e s t  because t h e  He/dpa r a t i o  i n  a f u s i o n  
r e a c t o r  f i r s t  w a l l  w i l l  be about  30 t imes  t h a t  i n  f a s t  r e a c t o r  
f u e l  c ladd ing .  

b i n a t i o n  o f  t h e o r e t i c a l  and exper imenta l  a n a l y s i s .  The e x p e r i -  
mental  component o f  t h e  work p r i m a r i l y  i n v o l v e d  t h e  examinat ion  
by t ransmiss ion  e l e c t r o n  microscopy o f  specimens o f  a model 
a u s t e n i t i c  a l l o y  t h a t  had been i r r a d i a t e d  i n  t h e  Oak Ridge 
Research Reactor .  Some o f  these specimens had been imp lan ted  
w i t h  he l i um and subsequent ly  annealed a t  v a r i o u s  temperatures 
p r i o r  t o  i r r a d i a t i o n .  The as-implanted-and-aged m i c r o s t r u c t u r e s  
were a l s o  cha rac te r i zed .  A ma jor  aspec t  o f  t h e  t h e o r e t i c a l  work 
was t h e  development o f  a comprehensive model 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 .  T h i s  i n c l u d e d  e x p l i c i t  models f o r  t h e  e v o l u t i o n  o f  
t h e  major  extended d e f e c t s  observed i n  neut ron  i r r a d i a t e d  
s t e e l s :  c a v i t i e s ,  Frank f a u l t e d  l oops  and t h e  d i s l o c a t i o n  
network.  

The approach f o l l o w e d  i n  t h e  p resen t  work was t o  use a com- 

x x i  



The results of this study indicate that the various 
extended defects evolve in  a highly coupled manner. Both the 
theory and the experimental work indicate a significant infuence 
of helium on microstructural evolution. In particular, the 
theory predicts that near peak swelling may occur for the fusion 
He/dpa ratio due to reduced swelling incubation times. Other 
recent experimental data due to reduced swelling incubation 
times. Other recent experimental data tend to corroborate this 
prediction. A significant new experimental observation was that 
large stacking fault tetrahedra were formed in  the model austen- 
itic alloy after irradiation to 4.7 dpa at 550 and 6 0 O O C .  
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CHAPTER 1 

INTRODUCTION 

The purpose o f  t h e  work desc r ibed  he re  i s  t o  p r o v i d e  a d d i t i o n a l  

understanding about  t h e  e f f e c t s  o f  f a s t  ( i .e. ,  w i t h  g r e a t e r  than about 

0.1 MeV o f  k i n e t i c  energy) neu t ron  i r r a d i a t i o n  o f  a u s t e n i t i c  s t a i n l e s s  

s t e e l s .  T h i s  t o p i c  i s  o f  i n t e r e s t  because t h e  use o f  two o f  t h e  f o u r  

energy sources which have been i d e n t i f i e d  as o f f e r i n g  t h e  p o t e n t i a l  

f o r  an " i n d e f i n i t e l y  s u s t a i n a b l e "  energy supp ly '  - n u c l e a r  f i s s i o n  

w i t h  b reed ing  and c o n t r o l l e d  thermonuclear f u s i o n  o f  deu te r ium and 

t r i t i u m  ( D T )  - w i l l  r e s u l t  i n  t h e  p r o d u c t i o n  o f  f a s t  neutrons. 

Components i n  b o t h  f a s t  f i s s i o n  and DT f u s i o n  r e a c t o r s  w i l l  t h e r e f o r e  

be exposed t o  and damaged by  these neutrons. 

a u s t e n i t i c  s t a i n l e s s  s t e e l s  because t h e y  have a l r e a d y  been e x t e n s i v e l y  

used i n  e a r l y  f a s t  breeder  r e a c t ~ r s ~ ~ ~  and a r e  proposed f o r  use i n  

near- term f u s i o n  

T h i s  work focuses on 

The genera l  t o p i c  o f  t h i s  work i s  t h e  m i c r o s t r u c t u r a l  changes 

t h a t  occur  when a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  exposed t o  f a s t  neu- 

t rons .  T h i s  r a d i a t i o n  damage has two ma jo r  components. The f i r s t  i s  

t h e  d isp lacement  o f  t h e  c o n s t i t u e n t  atoms o f  t h e  s t e e l .  T h i s  occurs 

p r i m a r i l y  as  a r e s u l t  o f  e l a s t i c  c o l l i s i o n s  between these atoms and 

e i t h e r  t h e  neu t rons  themselves o r  o t h e r  e n e r g e t i c  d i s p l a c e d  atoms. 

The second component i s  t h e  t r a n s m u t a t i o n  o f  t h e  c o n s t i t u e n t  atoms by 

n u c l e a r  r e a c t i o n s .  The r a d i a t i o n  damage which w i l l  occur  i n  t h e  
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s t r u c t u r a l  f i rs t  w a l l  o f  a DT f u s i o n  r e a c t o r  i s  q u i t e  s i m i l a r  t o  t h a t  

which occurs i n  f a s t  r e a c t o r  f u e l  c ladd ing ;  however, t h e r e  a r e  a few 

d i f f e r e n c e s  between t h e  two environments which confound d i r e c t  com- 

pa r i sons .  The p r i n c i p a l  d i f f e r e n c e  i s  t h e  presence o f  a f l u x  peak a t  

14.1 MeV i n  t h e  f u s i o n  n e u t r o n  spectrum, w h i l e  t h e  f i s s i o n  spectrum 

has r e l a t i v e l y  few neu t rons  w i t h  ene rg ies  g r e a t e r  t han  about  2 MeV. 

Since t h e  (n,a) and (n,p) c r o s s  s e c t i o n s  f o r  many elements used i n  

s t r u c t u r a l  m a t e r i a l s  e x h i b i t  an energy t h r e s h o l d  between 1 and 10 M e V ,  

t ransmutant  gas p r o d u c t i o n  i n  f u s i o n  r e a c t o r  m a t e r i a l s  w i l l  exceed t h e  

va lue  o b t a i n e d  i n  f i s s i o n  r e a c t o r  i r r a d i a t i o n s  by  a f a c t o r  o f  about 10 

t o  100. The t ransmutant  h e l i u m  i s  b e l i e v e d  t o  be o f  p a r t i c u l a r  s i g n i f -  

i cance  and t h e  work d i scussed  below a t tempts  t o  d i s c e r n  t h e  i m p l i c a -  

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

e f f e c t s  d a t a  base which has been generated i n  f i s s i o n  r e a c t o r  e x p e r i -  

ments 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 .  

I n  a d d i t i o n  t o  f a s t  neutrons,  n u c l e a r  f i s s i o n  and f u s i o n  a l s o  

genera te  h i g h l y  e n e r g e t i c  charged p a r t i c l e s .  I n  t h e  fo rmer  case, t h e  

k i n e t i c  energy o f  t h e  s o - c a l l e d  f i s s i o n  f ragments c a r r y  o f f  about  80% 

of t h e  a p p r o x i m a t e l y  200 MeV o f  energy which i s  r e l e a s e d  p e r  f i s s i o n  

w h i l e  t h e  prompt neu t rons  c a r r y  o f f  o n l y  about  3%.’ The range o f  t h e  

f i s s i o n  f ragments i s  q u i t e  sma l l ,  l e s s  than 1.0 x lo-‘ m i n  t h e  u ra -  

nium ( p l u t o n i u m ) - o x i d e  f u e l ,  w h i l e  t h e  range o f  t h e  neu t rons  i s  about  

0.1 t o  1.0 m.’ S ince t h e  d iamete r  o f  a t y p i c a l  f a s t  r e a c t o r  f u e l  

p e l l e t  i s  5.0 x m, o n l y  t h e  neu t rons  s i g n i f i c a n t l y  c o n t r i b u t e  
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t o  t h e  r a d i a t i o n  damage o f  t h e  c ladd ing .  I n  t h e  case o f  a DT f u s i o n  

r e a c t i o n ,  about 17.6 MeV o f  k i n e t i c  energy i s  released. T h i s  i s  t h e  

most l i k e l y  f u s i o n  r e a c t i o n  t o  be employed i n  f i r s t  g e n e r a t i o n  f u s i o n  

r e a c t o r s  because t h e  DT r e a c t i o n  has t h e  lowest  i g n i t i o n  temperature 

o f  t h e  p l a u s i b l e  a l t e r n a t i v e s . ' , '  The p roduc ts  o f  t h i s  r e a c t i o n  a r e  

an a lpha  p a r t i c l e  and a neu t ron  which c a r r y  o f f  t h e  k i n e t i c  energy 

which 

serva 

a l p h a  

k i n e t  

s t e e l  

these 

r e s u l t s  f r o m  t h e  mass d e f e c t .  Us ing s imple mass and energy con- 

i o n ,  one can show t h a t  t h e  neu t ron  w i l l  have 14.1 MeV and t h e  

p a r t i c l e  3.5 MeV o f  k i n e t i c  energy. A n e u t r o n  w i t h  14.1 M e V  o f  

c energy has a mean f r e e  p a t h  o f  about 4.5 x l o - '  m i n  s t a i n l e s s  

l o  The r a d i a t i o n  damage which r e s u l t s  f rom t h e  s low ing  down o f  

neutrons w i l l  t h e r e f o r e  occur over  r e l a t i v e l y  l o n g  d i s t a n c e s  i n  

t h e  r e a c t o r  b l a n k e t  s t r u c t u r e .  Because o f  t h e i r  a tomic charge o f  +2, 

t h e  a lpha  p a r t i c l e s  w i t h  a peak energy o f  3.5 M e V  w i l l  l a r g e l y  l o s e  

t h e i r  k i n e t i c  energy i n  c o l l i s i o n s  w i t h i n  t h e  plasma. Those t h a t  

escape t h e  plasma w i l l  be stopped w i t h i n  about 6.0 x l o - '  m of  t h e  

s u r f a c e  o f  t h e  f i r s t  w a l l  f a c i n g  t h e  p1asrna.l1 T h i s  s u r f a c e  l o a d i n g  

may cause e r o s i o n  o f  t h e  f i r s t  w a l l  b y  s p u t t e r i n g  and b l i s t e r i n g . "  

Whi le  these processes a r e  p r o b a b l y  n o t  n e g l i g i b l e  i n  a DT f u s i o n  reac-  

t o r  w i t h  a s t a i n l e s s  s t e e l  f i r s t  w a l l ,  t hey  d o  n o t  appear t o  be 

m e e * , l ' , l b  Sur face phe- 

1 1  n o t  be f b r t h e r  con- 

l i m i t i n g  i n  d e t e r m i n i n g  t h e  f i r s t  w a l l  T i f e t  

nomena a r e  desc r ibed  e 1 s e ~ h e r - e ~ ~ ~ ~ ' ~ ~ ~  and w 

s i d e r e d  i n  t h i s  w o r k .  
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The approach o f  t h e  p r e s e n t  work was t o  coup le  exper imenta l  and 

t h e o r e t i c a l  analyses i n  o r d e r  t o  o b t a i n  a more complete d e s c r i p t i o n  o f  

t h e  f a c t o r s  wh ich  a f f e c t  m i c r o s t r u c t u r a l  e v o l u t i o n .  The exper imen ta l  

component o f  t h e  work i n c l u d e d  examina t ion  by t r a n s m i s s i o n  e l e c t r o n  

microscopy (TEM) o f  a model a u s t e n i t i c  a l l o y  which had been n e u t r o n  

i r r a d i a t e d  i n  t h e  Oak Ridge Research Reactor  ( O R R ) .  Some o f  these 

specimens had been p r e i n j e c t e d  w i t h  h e l i u m  and subsequent ly  annealed 

a t  v a r i o u s  temperatures p r i o r  t o  i r r a d i a t i o n .  One purpose o f  t h i s  

exper iment  was t o  determine t h e  e f f e c t  o f  t h e  i n i t i a l  h e l i u m  d i s t r i b u -  

t i o n  on subsequent v o l d  s w e l l i n g .  The m i c r o s t r u c t u r e s  which r e s u l t e d  

from h e l i u m  i n j e c t i o n  and a n n e a l i n g  were a l s o  c h a r a c t e r i z e d .  A majo r  

aspec t  o f  t h e  t h e o r e t i c a l  work was t h e  development and use o f  a com- 

p rehens ive  ra te - theo ry -based  model 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 .  T h i s  

model i n c l u d e s  t h e  e x p l l c l t  dose dependence o f  t h e  m a j o r  extended 

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

c a v i t i e s ,  Frank f a u l t e d  loops,  and network d i s l o c a t i o n s .  S imp le r  

models were a l s o  used t o  e x p l o r e  t h e  impor tance o f  parameters such as 

t h e  c r i t l c a l  c a v i t y  s i z e  f o r  v o i d  fo rma t ion .  
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CHAPTER 2 

BACKGROUND AND LITERATURE SURVEY 

Because o f  t h e  broad eng ineer ing  i n t e r e s t  i n  t h e  e f f e c t s  o f  f a s t  

neu t ron  i r r a d i a t i o n  on s t r u c t u r a l  m a t e r i a l s ,  a s u b s t a n t i a l  amount o f  

research  has been conducted i n  t h i s  area ove r  t h e  p a s t  t w e n t y - f i v e  

years.  I n  a d d i t i o n  t o  s tandard t e x t s  on t h i s  t o p I ~ , ~ * ~ ' * ~ ~  numerous 

i n t e r n a t i o n a l  conferences have been h e l d  t o  d i s c u s s  t h e  ongoing 

research. '*  The d e t a i l s  o f  t h e  f o r m a t i o n  and e v o l u t i o n  o f  t h e  neu t ron -  

induced r a d i a t i o n  damage m i c r o s t r u c t u r e  a r e  complex and a r e  tho rough ly  

d i scussed  i n  t h e  re fe rences  j u s t  c i t e d ;  t h e  b a s l c  concepts a r e  sum- 

mar i zed  below. T h i s  i s  f o l l o w e d  by a d i s c u s s l o n  o f  t h e  p u b l i s h e d  

l i t e r a t u r e  r e l e v a n t  t o  t h e  p r e s e n t  work.  

2.1 Genera t i on  o f  P r imary  and Extended D e f e c t s  

The process o f  r a d i a t i o n  damage begins w i t h  t h e  impingement o f  a 

h l g h  energy p a r t i c l e  such as a neu t ron  on t h e  c r y s t a l l i n e  l a t t i c e .  I f  

a n e u t r o n  w i t h  energy En undergoes an e l a s t l c  c o l l l s i o n  w i t h  a s t a -  

t l o n a r y  nuc leus o f  mass A, t he  k i n e t i c  energy, E t ,  Mhich can be t r a n s -  

f e r r e d  t o  t h e  nuc leus has a maximum va lue  o f  4AEnI(A+l) ' .  

s c a t t e r i n g  Is i s o t r o p i c ,  t h e  average energy t r a n s f e r  w i l l  be one h a l f  

o f  t h e  m a ~ i m u m . ~ * ~ ~  

ment energy, t h e  atom i s  d i s p l a c e d  f rom i t s  l a t t i c e  s i t e  dnd i s  

r e f e r r e d  t o  as a p r i m a r y  knock-on atom (PKA). The d isp lacement  energy 

I f  t h e  

I f  E t  exceeds a va lue  Ed, c a l l e d  t h e  d i s p l a c e -  
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i s  a s t r o n g  f u n c t i o n  o f  c r y s t a l l o g r a p h i c  d i r e c t i o n ;  hence an e f f e c t i v e  

va lue  must be used f o r  any one m a t e r i a l . z o ~ z l  Fo r  example, t h e  d i s -  

p lacement energy i n  t h e  <110> d i r e c t i o n  o f  s t a i n l e s s  s t e e l  has been 

measured t o  be about  18 eV ( r e f .  2 2 ) .  However, t h e  e f f e c t i v e  v a l u e  

which I s  recomended f o r  t h i s  m a t e r i a l  i s  40 eV ( r e f .  23).  Us ing t h i s  

e f f e c t i v e  va lue  o f  Ed f o r  s t a i n l e s s  s t e e l  and assumlng maximum energy 

t r a n s f e r ,  t h e  minimum neu t ron  energy r e q u i r e d  t o  d i s p l a c e  an atom i n  

t h i s  m a t e r i a l  I s  about 580 eV. S ince b o t h  f i s s i o n  and f u s i o n  r e a c t o r  

n e u t r o n  energy spec t ra  i n c l u d e  neu t rons  w i t h  energy i n  excess o f  

1 MeV, b o t h  t ypes  o f  f a c i l i t i e s  a r e  capable o f  p roduc ing  PKAs w i t h  a 

b road  energy spectrum. The d e t a i l s  o f  t h e  PKA spectrum w i l l  v a r y  w i t h  

t h e  n e u t r o n  spectrum" as shown I n  F i g u r e  2.1. 

I n  c o l l i s i o n s  w i t h  1 MeV neutrons,  t h e  average energy t r a n s f e r  t o  

a PKA i n  s t a i n l e s s  s t e e l  i s  about  69 keV. S ince Et>>Ed, t h e  PKA w i l l  

r e c o i l  w i t h  s i g n i f i c a n t  k i n e t i c  energy and be capable o f  d i s p l a c i n g  

a d d i t i o n a l  l a t t i c e  atoms. I n  e l a s t i c  c o l l i s i o n s  between such n e a r l y  

equal  mass atoms, any energy up t o  (Et-Ed) may be t r a n s f e r r e d  t o  what 

i s  termed a secondary knock-on atom. These secondary knock-ons can 

i n  t u r n  y i e l d  t h i r d  and h i g h e r  g e n e r a t i o n  knock-ons u n t i l  t h e  l a s t  

g e n e r a t i o n  i s  produced w i t h  ene rg ies  l e s s  than Ed. A t  t h i s  p o i n t  t h e  

k i n e t i c  energy o f  t h e  o r i g i n a l  neu t ron  has been conver ted  t o  many PKAs 

(and h i g h e r  o r d e r  knock-ons),  each o f  which have i n  t u r n  produced a 

number o f  d i s p l a c e d  atoms i n  a r e g i o n  known as a d i sp lacemen t  cascade. 

These d i s p l a c e d  atoms w i l l  occupy the  l a t t i c e  i n t e r s t i c e s  and a r e  
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INITIAL PRIMARY RECOIL ENERGY l ev$  

Specific Total Energy Deposited In Alumlnum by Neutron 
React Ions (After T A Go b r~e l ,  ORNL I 

c a l l e d  i . n t e r s t i t i a l s  w h i l e  t h e i r  vacant  l a t t i c e  s i t e s  a r e  c a l l e d  

vacancies.  An i n t e r s t i t i a l / v a c a n c y  p a i r  t hus  c r e a t e d  i s  r e f e r r e d  t o  

a s  a F renke l  p a i r .  The geometry o f  a two-dimensional  d isp lacement  

cascade i s  shown s c h e m a t i c a l l y  i n  F i g a r e  2.2 ( r e f .  7 ) .  

The t o t a l  n e u t r o n  f l u e n c e  (m-’  sec-’) does n o t  p r o v i d e  an appro- 

p r i a t e  measure o f  a m a t e r i a l ’ s  accumulated r a d i a t i o n  damage, i n  p a r t  

because o f  t h e  energy  dependence o f  t h e  d isp lacement  c r o s s  sec t i ons .  
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F i g u r e  2.2. Schematic drawing o f  two-dimensional  d isp lacement  
cascade; f rom Olander,  r e f .  7. 

One o f  t h e  e a r l y  a t tempts  t o  c o r r e l a t e  d a t a  f rom r e a c t o r s  w i t h  d i f -  

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

f l u e n c e  i n  which o n l y  neutrons w i t h  an energy g r e a t e r  t han  some minimum 

were counted. I n i t i a l l y ,  t h i s  minimum energy was 1.0 MeV and l a t e r  

0.1 MeV. T h i s  approach was success fu l  t o  some degree, b u t  i t  p r e -  

vented t h e  c o r r e l a t i o n  o f  d a t a  f rom charged p a r t i c l e  i r r a d i a t i o n s .  

A more r e c e n t  exposure parameter f o r  t h e  amount o f  r a d i a t i o n  

damage which has been accumulated i s  t h e  number o f  a tomic  d i s p l a c e -  

ments t h a t  have been generated p e r  l a t t i c e  atom s i t e  (dpa).  

o f  d isp lacements i s  n o t  a d i r e c t  measure o f  t h e  r e s i d u a l  r a d i a t i o n  

The number 
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damage because t h i s  damage i s  t h e  r e s u l t  o f  a number o f  i n t e r a c t i n g  

processes. However, many o f  these processes a r e  i n i t i a t e d  by atomic 

d isp lacements so t h a t  dpa can be viewed as an exposure u n i t  w i t h  a 

reasonable p h y s i c a l  b a s i s  f o r  comparing t h e  damage p o t e n t i a l  o f  b o t h  

r e a c t o r s  w i t h  d i f f e r e n t  neu t ron  energy s p e c t r a  and d i f f e r e n t  charged 

p a r t i c l e  i r r a d i c t i o n  e n v i r o n m e n t s . 7 ~ z c - z 7  

Var lous  models o f  t h e  d isp lacement  p r o d u c t i o n  process have been 

proposed. The s i m p l e s t  I s  t h a t  o f  K i n c h i n  and Pease.'* T h e i r  model 

assumed b i n a r y  e l a s t i c  c o l l i s i o n s  between ha rd  sphere atoms, used a 

s t e p  f u n c t i o n  d isp lacement  p r o b a b i l i t y  which was equal t o  0 f o r  a l a t -  

t i c e  atom which r e c e i v e d  l e s s  than Ed f rom a c o l l f s i o n  and 1 f o r  atoms 

whfch r e c e i v e d  g r e a t e r  t han  Ed, and accounted f o r  t h e  e f f e c t  o f  non- 

d i s p l a c i v e  energy l osses  between r e c o i l  atoms and e l e c t r o n s  th rough  

t h e  use o f  an upper c u t o f f  energy. These assumptions have been 

r e l a x e d  by  subsequent workers,  n o t a b l y  L indhard  e t  a l . "  Fo r  h i g h  

energy P K A s ,  most c a l c u l a t i o n s  suppor t  an exp ress ion  f o r  t h e  number o f  

d isp lacements produced by a PKA w i t h  energy E t ,  u (Et )  as: 

v ( E t )  = 0.8 T ( E t )  / 2 Ed. 

The s o - c a l l e d  damage energy,  T ( E t ) ,  i n  Equat ion (2.1) can be es t tma ted  

from L i n d h a r d ' s  t h e ~ r y " ~ ~ '  and accounts f o r  n o n d i s p l a c i v e  e l e c t r o n i c  

energy l osses  a t  h i g h  PKA energ ies.  The most comnonly used procedure 

f o r  c a l c u l a t i n g  t h e  damage energy was proposed by N o r g e t t ,  Robinson 

and Torrens (NRT) .z3 ,2 r , z6  For  example, u s i n g  t h e  69 keV PKA energy 



computed above and t a k i n g  Ed = 40 eV ( r e f .  2 3 ) ,  T = 4 5  keV and v ( E t )  

= 450 dpa NRT. 

The geometry o f  t h e  d isp lacement  cascade has a s i g n i f i c a n t  i n f l u -  

ence on t h e  number o f  PO n t  d e f e c t s  (vacancies and i n t e r s t i t i a l s )  

which s u r v i v e  t h e  i n i t l a  event  and hence c o n t r i b u t e  t o  i n c r e a s i n g  t h e  

c o n c e n t r a t i o n  o f  these d e f e c t s  above t h e i r  thermal e q u i l i b r i u m  values. 

E a r l y  researchers  env i s ioned  t h e  cascade as h a v i n g  a vacancy r i c h  

c e n t r a l  r e g i o n  surrounded by  an i n t e r s t i t l a l  r i c h  s h e l l  s i m i l a r  t o  

t h e  one shown I n  F i g u r e  2.2 ( r e f .  7 ) .  Subsequent computer c a l c u l a -  

t i o n s J O v J 1  and exper imenta l  w o r k J 2 , J J  have g e n e r a l l y  con f i rmed  t h i s  

p i c t u r e .  The s e p a r a t i o n  o f  these two o p p o s i t e  d e f e c t  t ypes  i n h i b i t s  

t h e l r  mutual  a n n l h i l a t l o n  ( recomb lna t ion ) .  Recombinat ion o f  F renke l  

p a i r s  d u r i n g  what i s  termed in t racascade  a n n e a l i n g  would,  i n  t h e  l i m  

o f  100% e f f i c i e n c y ,  l a r g e l y  e l i m i n a t e  r a d i a t i o n  damage. T h i s  therma 

rearrangement o f  t h e  cascade occurs I n  t h r e e  steps. The f i r s t  s t e p  

occu rs  w i t h i n  about 1 x lo-" sec f o l l o w i n g  cascade p r o d u c t i o n  and 

t 

e l l m l n a t e s  F renke l  p a i r s  which a r e  w i t h l n  a f e w  a tomic  jump d i s t a n c e s  

o f  one another .  Dur ing  t h e  n e x t  -1 x lo- '  sec, d i f f u s i o n  o f  m o b i l e  

i n t e r s t i t i a l s  t o  vacancies r e s u l t s  i n  u n c o r r e l a t e d  recombinat ion.  The 

l o c a l  cascade geometry con t inues  t o  evo lve  ove r  somewhat l o n g e r  t i m e s  

a s  b o t h  Vacancies and i n t e r s t i t i a l s  c l u s t e r  and some o f  these c l u s t e r s  

i n  t u r n  d i s s o l v e .  These c l u s t e r s  a l s o  a c t  as recomb ina t ion  s i t e s .  A 

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

cascade a n n e a l i n g  and c l u s t e r i n g  processes as f r e e  d e f e c t s . 7 , 2 3 , 2 '  
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These f r e e  d e f e c t s  f a l s e  t h e  b u l k  c o n c e n t r a t i o n  o f  vacancles and 

i n t e r s t i t i a l s  above t h e i r  thermal e q u i l i b r i u m  values. 

The smal l  d e f e c t  c l u s t e r s  which remaln as t h e  r e s i d u e  o f  t h e  d i s -  

placement cascade can p r o v i d e  n u c l e i  f o r  t h e  f o r m a t i o n  and growth o f  

t h e  extended d e f e c t s  d i scussed  below. A d d i t i o n a l  c l u s t e r s  a r e  formed 

when t h e  d l f f u s l o n  o f  t h e  f r e e  d e f e c t s  leads t o  encounters  between 

d e f e c t s  o f  t h e  same type. Depending upon whether they  a r e  comprised 

o f  vacancies o r  I n t e r s t i t i a l s ,  these c l u s t e r s  may have v a r i o u s  mor- 

pho log les ,  m i c r o v o i d s ,  smal l  p l a t e l e t s  ( d i s l o c a t i o n  l oops )  o r  s t a c k i n g  

f a u l t  T h e o r e t l c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  

s t a b l e  d e f e c t  t y p e  i s  a f u n c t i o n  o f  t he  m a t e r i a l  and t h e  number o f  

p o i n t  d e f e c t s  i n  t h e  c luster .Js-b l  Such c a l c u l a t i o n s  have had only 

l i m i t e d  success a t  p r e d i c t l n g  t h e  vacancy-type d e f e c t  t h a t  I s  observed 

e x p e r i m e n t a l l y .  T h i s  may I n  p a r t  be due t o  u n c e r t a i n t i e s  about  key 

parameters such a s  t h e  s t a c k i n g  f a u l t  energy and t h e  s u r f a c e  f r e e  

e n e ~ g y . ~ ~ - ~ '  I n  a u s t e n i t i c  s t a l n l e s s  s t e e l s ,  quenchlng s t u d i e s  have 

revea led  p r i m a r i l y  vacancy loops and v o i d s . b 2  One s tudy  r e p o r t e d  a 

few l a r g e  s t a c k i n g  f a u l t  te t rahedra. 'J  Low d e n s i t i e s  o f  s t a c k i n g  

f a u l t  t e t r a h e d r a  have a l s o  been formed by p l a s t i c  d e f o r m a t i o n b b ~ b s  and 

by  low temperature e l e c t r o n "  o r  n i c k e l  i o n b 7  i r r a d i a t i o n .  There have 

been no r e p o r t s  o f  s t a c k i n g  f a u l t  t e t r a h e d r a  i n  s t a i n l e s s  s t e e l s  t h a t  

have been n e u t r o n  i r r a d i a t e d  a t  e l e v a t e d  temperatures.  I n  the  case o f  

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

and observed t o  be a two-dimensional  p l a t e i e t . J ' - ' l ~ c '  
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In addition to point defect and cluster production by atomic dis- 

placements, neutron irradiation also produces both solid and gaseous 

t r a n ~ m u t a n t s . ~ ~ - ~ ~  Solid transmutants have been postulated to influ- 

ence the microstructural evolution of stainless steel by varying the 

fraction of minor alloying elements, notably manganese and ~ a n a d i u m . ~ ~ , ~ ~  

However, transmutant gases are generally considered to be more impor- 

tant.48,s4 As stated above, in both fusion and fast reactor irradia- 

tion environments, the principal transmutant gases produced are 

hydrogen and helium. 

dependent on the neutron energy spectrum since the relevant cross sec- 

tions exhibit an energy threshold55 as shown in Figure 2.3. Helium is 

The generation rate of these gases i s  strongly 
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thought  

i c a l  l y  

t o  be o f  g r e a t e r  importance than hydrogen s i n c e  h e l i u m  i s  

n e r t  and e s s e n t i a l l y  i n s o l u b l e  i n   metal^.^',^^ Hydrogen 

chem- 

S 

g e n e r a l l y  agreed t o  be a f a s t  d i f f u s i n g  species and so i s  u n l i k e l y  t o  

remain f r e e  i n  the  me ta l  l a t t i c e . L 8  There a r e  da ta  t h a t  i n d i c a t e  t h a t  

hydrogen can a f f e c t  t h e  I r r a d i a t i o n  response o f  some m a t e r i a l s .  

B u l l e n  e t  al." have r e p o r t e d  t h a t  hydrogen i n j e c t i o n  p r i o r  t o  14-MeV 

n i c k e l  i o n  i r r a d i a t i o n  o f  h i g h  p u r i t y  n i c k e l  r e s u l t s  i n  i nc reased  

s w e l l i n g ,  and Jonesoo has i n d i c a t e d  t h a t  hydrogen e m b r i t t l e m e n t  may 

inc rease  c rack  g rowth  r a t e s  i n  f e r r i t i c  s t e e l s .  However, Packan and 

F a r r e l l  have i n v e s t i g a t e d  t h e  e f f e c t  o f  hydrogen on v o i d  s w e l l i n g  i n  

an a u s t e n i t i c  s t a i n l e s s  s t e e l  under n i c k e l  i o n  i r r a d i a t i o n  and found 

t h a t  i t  had no s i g n i f i c a n t  impact." Since t h e  focus o f  t h i s  work i s  

a u s t e n i t i c  S t a i n l e s s  s t e e l ,  no f u r t h e r  d i s c u s s i o n  o f  hydrogen e f f e c t s  

w i l l  be inc luded.  The r o l e  o f  h e l i u m  w i l l  be d iscussed i n  some d e t a i l  

be 1 ow. 

A l though s t a i n l e s s  s t e e l  i s  a c r y s t a l l i n e  m a t e r i a l ,  i t s  s t r u c t u r e  

1 s  n o r m a l l y  h i g h l y  defected.  The most common d e f e c t s  a r e  a thermal 

e q u i l i b r l u m  c o n c e n t r a t i o n  of  vacancies,  l i n e  d i s l o c a t i o n s  and g r a i n  

houndar ies.a2- '2  These d e f e c t s  determine t o  a l a r g e  degree t h e  e n g i -  

n e e r l n g  p r o p e r t i e s  o f  t h e  m a t e r l d l . ' * - 6 L  Extended d e f e c t s  In f a s t  

n e u t r o n  i r r a d i a t e d  s t a i n l e s s  s t e e l  i n c l u d e  n o t  o n l y  these,  b u t  a l s o  

Frank f a u l t e d  l oops  and ~ a v i t i e s . ~ , l *  Wi th  t h e  e x c e p t i o n  o f  t h e  g r a i n  

boundar ies,  these extended d e f e c t s  can a l l  be thought  o f  a s  r e s u l t i n g  

f rom the  agg lomera t i on  o f  i n d i v i d u a l  p o i n t  d e f e c t s  which have s u r v i v e d  
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i n t e r e s t  he re  a r e  t h e  d i s l o c a t i o n s  and t h e  

t h e  d i s l o c a t i o n  m i c r o s t r u c t u r e  under i r r a d  

l o s s  o f  network d f s l o c a t i o n  l i n e  l e n g t h  by 

o r  mutual  a n n i h i l a t i o n  o f  d i s l o c a t i o n  d i p o  

t h e  a n n e a l i n g  o f  d isp lacement  cascades. Second phase p a r t i c l e s  i n  

complex a l l o y s  can a l s o  be regarded as d e f e c t  s t r u c t u r e s .  I n  t h e  

absence o f  I r r a d i a t i o n ,  t h e i r  f o r m a t i o n  and e v o l u t i o n  a r e  governed 

by  s o l u b i l i t y  l i m i t s  and s o l u t e  d i f f u s i v i t i e s . 0 8  However, n e u t r o n  

i r r a d i a t i o n  p laces  t h e  m a t e r i a l  i n  a n o n e q u i l i b r i u m  s t a t e  i n  which 

c e r t a i n  phases t h a t  a r e  n o r m a l l y  observed t h e r m a l l y  may be e i t h e r  

enhanced o r  d l m i n i s h e d  and o t h e r  phases may appear .ga,67,sa 

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

b r i e f l y  d iscussed below; however, p r e c i p i t a t i o n  as such w i l l  n o t  be 

d i scussed  here. 

The 

The two components o f  t h e  I r r a d i a t e d  m i c r o s t r u c t u r e  o f  most 

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

a t i o n  i s  determined by  t h e  

c l lmb /g l !de  t o  f r e e  su r faces  

es and t h e  rep len i shmen t  o f  

o c a t i o n  l o o p  

p o i n t  d e f e c t s  

ved a t  an 

edge d i s l o c a t i o n  a t  equal  f a t e s ,  no n e t  c l i m b  would occur.  However, 

I t  i s  w e l l  accepted t h a t  d i s l o c a t i o n s  p r e f e r e n t i a l l y  absorb i n t e r s t l -  

t i a l s  because o f  t h e  i n t e r a c t i o n  o f  t h e i r  r e s p e c t i v e  s t r a i n  f i e l d s , "  

l e a d i n g  t o  a g r e a t e r  d i s l o c a t i o n  s i n k  s t r e n g t h  f o r  i n t e r s t i t i a l s  than 

f o r  vacancies.  T h i s  p r e f e r e n c e  i s  r e f e r r e d  t o  as t h e  d i s l o c a t i o n /  

i n t e r s t i t i a l  b ias .  The b i a s  can most s imp ly  be d e f i n e d  as  t h e  r a t i o  

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

t h e  network d i s l o c a t i o n s  by  c l i m b  sources and f a u l t e d  d i s  

growth and u n f a u l t i n g .  These processes r e q u i r e  a f l u x  o f  

t o  s u s t a i n  them. I f  b o t h  vacancies and i n t e r s t i t i a l s  art- 
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r a t e  of  vacancies a t  a d i s l o c a t i o n .  

s t r u c t u r e  may a l s o  be b i a s e d  toward e i t h e r  p o i n t  d e f e c t  type; t h e  

t o t a l  system b i a s  i s  t h e  parameter o f  most i n t e r e ~ t . ' ~ ' ~ *  I n  a d d i -  

t i o n ,  c a l c u l a t i o n s  o f  t h e  dislocation/lnterstitial b i a s  have shown a 

dependence on t h e  t o t a l  system s i n k  s t r e n g t h  as w e l l  as t h e  r a t i o  o f  

t h e  d i s l o c a t i o n  s i n k  s t r e n g t h  t o  t h e  t o t a l  system s i n k  s t reng th . " * "  

E s t  imates' 9 " - '  o f  t h e  b i a s  i n  t h e  l i t e r a t u r e  range between about 1 

and 100%. 

Other  components o f  t h e  m i c r o -  

D i s l o c a t i o n  l oops  a r e  formed by  t h e  condensat ion o f  vacancies o r  

i n t e r s t i t i a l s  I n t o  r o u g h l y  c i r c u l a r  d i s k s  on o r  between c l o s e  packed 

p lanes ,  r e s p e c t i v e l y  1e.g.. (111) p lanes  i n  face  cen te red  c u b i c  austen- 

i t e ] .  The edge d i s l o c a t i o n  thus  formed encloses a s t a c k i n g  f a u l t  and 

these f a u l t e d  loops a r e  c a l l e d  Frank 1oops.7* 'J  These loops  may grow 

o r  s h r i n k  by absorb ing  o r  e m i t t i n g  p o i n t  d e f e c t s  o f  t h e  a p p r o p r l a t e  

type. S ince t h e  d i s l o c a t i o n  has a n e t  b i a s  f o r  i n t e r s t i t i a l s ,  o n l y  

t h e  i n t e r s t i t i a l  t ype  loops have a reasonable p r o b a b i l i t y  o f  growing 

v e r y  l a rge .  Because o f  t h e  s t a c k i n g  f a u l t ,  Frank l oops  a r e  n o t  mobi le .  

However, t h e  s t a c k i n g  f a u l t  can be removed by shear ing  t h e  c r y s t a l  

above o r  below t h e  f a u l t e d  reg ion.  T h i s  i s  accompl ished by t h e  

n u c l e a t i o n  and movement o f  a Schockley p a r t i a l  d i s l o c a t i o n  ac ross  the  

1 0 0 p . ' ~  The Burgers v e c t o r  o f  t h e  Frank l oop  i s  1/3<111> and t h a t  o f  

t h e  Schockley p a r t i a l  i s  1/6<211> l e a d i n g  t o  a Burgers v e c t o r  o f  

1/2<011> f o r  t h e  u n f a u l t e d  loop. The energy necessary t o  n u c l e a t e  t h e  

p a r t i a l  d i s l o c a t i o n  can be p r o v i d e d  t h e r m a l l y  above about  550 t o  600°C 

o r  m e c h a n i c a l l y  due t o  t h e  i n t e r a c t i o n  o f  t h e  s t r a i n  f i e l d s  o f  t h e  
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f a u l t e d  l oop  and an a d j a c e n t  d i s l o ~ a t i o n . ' ~ ~ ' '  T h i s  u n f a u l t e d  or p e r -  

f e c t  l o o p  i s  m o b i l e  and can b o t h  c l i m b  and g l i d e  t o  e v e n t u a l l y  become 

p a r t  o f  t h e  d i s l o c a t i o n  network.  S ince mechanisms e x i s t  which can b o t h  

supp ly  and remove network d i s l o c a t i o n s  and f a u l t e d  l oops ,  quas l - s teady  

s t a t e  d i s l o c a t i o n  m i c r o s t r u c t u r e s  a r e  observed a f t e r  an i n i t i a l  t r a n -  

~ i e n t . ~ ' , ~ ~  The d u r a t i o n  o f  t h e  t r a n s i e n t  and t h e  s teady s t a t e  d i s -  

l o c a t i o n  d e n s i t y  a r e  temperature dependent." The r e l a t i v e  f r a c t i o n  

o f  t h e  t o t a l  d l s l o c a t f o n  d e n s l t y  which i s  comprised o f  f a u l t e d  and 

u n f a u l t e d  loops i s  a l s o  determfned by t h e  i r r a d i a t i o n  t e m p e r a t ~ r e . ~ '  

The e v o l u t i o n  o f  t h e  c a v i t y  m i c r o s t r u c t u r e  beg ins  w i t h  t h e  f o r -  

m a t i o n  o f  smal l  vacancy c l u s t e r s .  As discussed above, these vacancy 

c l u s t e r s  can e x h i b i t  seve ra l  morphologies a t  smal l  s i zes .  The phenom- 

enon o f  v o i d  s w e l l i n g  i n  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  i n d i c a t e s  t h a t  a t  

some p o l n t  t h e  c a v i t y  becomes t h e  p r e f e r r e d  d e f e c t  ( i n  f a c t ,  t h e r e  was 

a r e c e n t  r e p o r t  o f  c a v i t i e s  b e l n g  n u c l e a t e d  on t h e  co rne rs  o f  s t a c k i n g  

f a u l t  t e t r a h e d r a " ) .  The c a v i t i e s  grow by  abso rb ing  vacancies ( i n t e r -  

s t i t i a l  emiss ion i s  g e n e r a l l y  n e g l i g i b l e )  and s h r i n k  by  vacancy 

emiss ion and I n t e r s t t t l a l  a b s o r p t l o n .  F o r  smal l  c a v i t l e s  t h e  domfnant 

process 1 s  thermodynamical ly  determined t o  be vacancy e r n i s ~ i o n . ~ ' ~ ' ~  

S t a t i s t i c a l  f l u c t u a t i o n s  can s t i l l  produce l a r g e  vacancy c l u s t e r s  

s i n c e  hav ing  vacancy c l u s t e r s  o f  s i z e  ( n )  and m o b i l e  vacancies i m p l i e s  

a ncn-zero p r o b a b i l i t y  o f  hav ing  ( f e w e r )  c l u s t e r s  o f  s i z e  ( n + l )  which 

can i n  t u r n  y i e l d  c l u s t e r s  o f  s i z e  (n+2) and so  on. H o w e v e r ,  homoge- 

neous n u c l e a t i o n  r a t e s  a r e  computed t o  be seve ra l  o r d e r s  o f  magnitude 
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t o o  smal l  t o  e x p l a i n  t h e  observed c a v i t y  d e n ~ i t i e s . ~ ' - ' ~  Hence, 

heterogeneous n u c l e a t i o n  a t  p r e - e x i s t i n g  i n t e r n a l  su r faces  and i n t e r -  

f aces  o r  as a r e s u l t  o f  s o l u t e  seg rega t ion  t o  c a v i t y  su r faces  i s  

invoked t o  e x p l a i n  t h e  exper imenta l  results.ll-*C C a v i t y  n u c l e a t i o n  

i s  a l s o  b e l i e v e d  t o  be a i d e d  by r e s i d u a l  gases'' (e.g., N, and 0,) i n  

t h e  m a t e r i a l  f rom t h e  m e l t  and by  t ransmutant  gases produced under 

i r r a d i a t i ~ n . ~ ~ * ~ ~  F o r  example, t h e  f a c t  t h a t  h e l i u m  i s  produced I n  

s t a i n l e s s  s t e e l  by  (n ,a)  r e a c t i o n s  has a l r e a d y  been mentioned. 

Because h e l i u m  i s  i n s o l u b l e  i n  t h e  a tomic  l a t t i c e ,  i t  i s  l i k e l y  t o  

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

c l u s t e r s  w i t h  o t h e r  h e l l u m  atoms o r  vacancies.  Small c l u s t e r s  o f  

vacancies and h e l i u m  atoms a r e  s t a b l e  bubble n u c l e i  and would p r o v i d e  

p r e f e r r e d  s l t e s  f o r  n u c l e a t l o n  o f  l a r g e r  c a v i t i e s .  T h e o r e t i c a l  ca l cu -  

l a t l o n s  i n d i c a t e  t h a t  smal l  c l u s t e r s  w i t h  app rox lma te l y  equal numbers 

o f  vacancies and h e l l u m  atoms should be h i g h l y  s t a b l e "  and t h a t  t h e  

divacancy-monohelium complex may be p a r t i c u l a r l y  s tab le. "  However, 

even when gas -ass i s ted  heterogeneous n u c l e a t i o n  i s  considered,  a 

n u c l e a t i o n  b a r r i e r  remains which must be overcome t o  y i e l d  c a v i t i e s  

which a r e  s t a b l e  a g a i n s t  vacancy emission. 

I n  t h l s  c o n t e x t  t h e  terms bubble and v o i d  can be d e f i n e d  f o r  t he  

A c a v i t y  which i s  p r i m a r i l y  s t a b i l i z e d  purposes o f  t h e  p resen t  work. 

by i t s  gas con ten t  i s  termed a bubble. The gas p ressu re  i n  a bubble 

o f  r a d i u s  r b  a t  temperature T i s  a s i g n i f i c a n t  f r a c t i o n  o f  t he  equ i -  

l i b r i u m  va lue  o f  2Y/rb,  where y i s  t h e  f r e e  s u r f a c e  energy. A c a v i t y  
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which  i s  p r i m a r i l y  an agg lomera t ion  o f  vacancies has P<<2Y/rb and i s  

c a l l e d  a vo id .  Exper imen ta l l y ,  v o i d s  a r e  g e n e r a l l y  d i s t i n g u i s h e d  f rom 

bubb les  by  t h e  f a c t  t h a t  vo ids  tend  t o  be l a r g e r  and a r e  f r e q u e n t l y  

f a c e t e d  w h i l e  bubbles tend t o  be s p h e r i c a l .  The s i z e  o f  s p h e r i c a l  

c a v i t i e s  i n  t h e  g r a i n  boundar ies can be used as a measure o f  t h e  max i -  

mum bubb le  size." Voids a r e  u n s t a b l e  i n  t h e  absence o f  i r r a d i a t i o n  

and w i l l  d isappear  o r  s h r i n k  back t o  t h e  a p p r o p r i a t e  bubb le  s i z e  i n  a 

p o s t i r r a d i a t i o n  anneal w h i l e  bubbles w i l l  p e r s i s t  due t o  t h e i r  gas 

conten t .  Bubbles produced i n  f a s t - r e a c t o r  i r r a d i a t i o n s  tend  t o  be 

sma l l ,  r < 2.5 nm ( r e f s .  48,90), w h i l e  v o i d  r a d i i  may range up t o  

seve ra l  hundred nanometers o r  m o r e . 4 a ~ 7 8 ~ a 1 ~ a 2  These concepts w l l l  be 

d iscussed i n  g r e a t e r  d e t a i l  I n  Chapter  3. 

The t i m e  dependence o f  t h e  c a v i t y  m i c r o s t r u c t u r e  tends t o  e x h i b i t  

t h r e e  f a i r l y  d i s t i n c t  regions." There i s  an i n i t i a l  p e r i o d  asso- 

c i a t e d  w i t h  t h e  f o r m a t i o n  o f  a s u b c r i t i c a l  c a v i t y  (bubb le)  p o p u l a t i o n .  

Dur ing  t h i s  p e r i o d  l i t t l e  o r  no d e n s i t y  change as a r e s u l t  o f  t h e  

c a v i t i e s  i s  observed and t h e  c a v i t i e s  may remain I n v i s i b l e  under t r a n s -  

m i s s i o n  e l e c t r o n  mlcroscopy (TEM) examinat ion  ( i . e . *  r b  5 0.5 nrn). 

Next  t h e r e  i s  a t r a n s i e n t  which i s  a r e s u l t  o f  some o f  t h e  s u b c r i t i c a l  

bubb les  reach ing  t h e  c r i t i c a l  r a d i u s  and beg inn ing  t o  grow as vo ids .  

A t  t h l s  p o l n t  t h e  c a v i t i e s  a r e  v i s i b l e  under TEM and t h e  r e d u c t  

d e n s i t y  due t o  t h e  v o i d  volume i s  measurable b u t  g e n e r a l l y  l e s s  

f i n a l l y  a regime o f  "s teady  s t a t e "  s w e l l i n g  i s  reached a s  those 

wh ich  have p r e v i o u s l y  nuc lea ted  grow r a p i d l y  by  vacancy a b s o r p t  

on i n  

than 1%. 

vo ids  

on. 
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I n  some cases t h e  h i g h  c a v i t y  s i n k  s t r e n g t h  o b t a i n e d  i n  t h e  steady 

s t a t e  regime can suppress t h e  e f f e c t i v e  vacancy s u p e r s a t u r a t i o n  t o  a 

s u f f i c i e n t  degree t o  p r e v e n t  f u r t h e r  v o i d  n u c l e a t i o n .  T h i s  regime i s  

c h a r a c t e r i z e d  by  h i g h  s w e l l i n g  ( va lues  o f  g r e a t e r  than 30% have been 

measured i n  f a s t - r e a c t o r - i r r a d i a t e d  AIS1 316 s t a i n l e s s  s tee l " , * ' )  and 

f r e q u e n t l y  by a bi-modal 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  smal l  s u b c r i t i -  

c a l  bubbles and l a r g e  ~ o l d s . ' * ~ ~ ~ ~ ~ *  

F i n a l l y ,  i t  should be no ted  t h a t  t h e  d i s c u s s i o n  o f  t h e  e v o l u t i o n  

o f  t h e  i n d i v i d u a l  components o f  t h e  i r r a d i a t e d  m i c r o s t r u c t u r e  i s  some- 

what a r t i f i c i a l .  I n  r e a l i t y ,  t h e  response o f  each component i s  h i g h l y  

coupled t o  t h e  o t h e r s  th rough  t h e  c o m p e t i t i o n  f o r  p o i n t  d e f e c t s  and 

t h e  i n f l u e n c e  o f  t h e  t o t a l  system s i n k  s t rength."  The f a c t  t h a t  d i s -  

l o c a t i o n s  p r e f e r e n t i a l l y  absorb i n t e r s t l t i a l s ,  l e a d i n g  t o  an excess o f  

vacancies t o  d r i v e  v o i d  growth,  i s  j u s t  one example o f  t h i s  coup l i ng .  

2.2 E f f e c t s  o f  Transmutant Hel ium 

The r o l e  o f  t ransmutan t  h e l i u m  i n  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  

o f  i r r a d i a t e d  m a t e r i a l s  has been t h e  s u b j e c t  o f  some d e b a t e . Y ' ~ ' s ~ ' e  

From t h e  t ime  t h a t  Cawthorne and F u l t o n  f i r s t  observed v o i d  

s w e l l l n g , e 7 , ' o  h e l i u m  has been assumed by many workers t o  p l a y  a key 

r o l e  i n  a s s i s t i n g  v o i d  nucleation.s'~7'~'7~a'~100 Recent 

 reviewer^",'^,",^^^ have d iscussed t h e  r e s u l t s  o f  b o t h  neu t ron  and 

charged p a r t i c l e  ( w i t h  h e l i u m  e i t h e r  p r e i n j e c t e d  o r  s imu l taneous ly  

i n j e c t e d  w i t h  t h e  damage p roduc ing  i o n s )  i r r a d i a t i o n  exper iments i n  
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whlch t h e  t o t a l  c a v i t y  d e n s i t y  appears t o  i n c r e a s e  w i t h  h e l l u m  con ten t .  

I n  some cases t h e  dependence o f  t h e  c a v i t y  d e n s l t y  on t h e  h e l i u m  con- 

c e n t r a t i o n  c o u l d  c r u d e l y  be d e s c r i b e d  by a s lmp le  power P r e -  

I n j e c t e d  h e l i u m  a l s o  appears t o  Inc rease  t h e  d e n s l t y  o f  smal l  d l s l o c a -  

t l o n  l oops  a t  low doses and I n  some cases t h e  network d i s l o c a t i o n  

d e n s l t y  a t  h i g h e r  

t h e  g rowth  o f  i n t e r s t i t i a l  loops a t  low doses d u r i n g  charged p a r t l c l e  

i r r a d l a t l ~ n . ~ ~  T h i s  extends t h e  t i m e  a t  which these loops  u n f a u l t  and 

become p a r t  o f  t h e  d i s l o c a t l o n  network. 

Hel ium has a l s o  been r e p o r t e d  t o  r e t a r d  

The e f f e c t  o f  h e l i u m  on c a v i t y  d e n s i t y  has g e n e r a l l y  r e c e i v e d  t h e  

most a t t e n t i o n  because o f  I t s  p o t e n t i a l  consequences on v o i d  s w e l l i n g .  

Odet te  and FreI1O2 and l a t e r  Odet te  and Langley'O' I n v e s t i g a t e d  the  

e f f e c t  o f  v a r y l n g  h e l i u m  g e n e r a t l o n  r a t e s  on bubble and v o i d  d e n s i t i e s .  

They found t h a t  t h e  bubble d e n s l t y  was a s t r o n g  f u n c t i o n  o f  t h e  h e l i u m  

g e n e r a t l o n  r a t e  and t h a t  h l g h  bubble d e n s i t l e s  c o u l d  l e a d  t o  a sup- 

p r e s s i o n  o f  v o i d  s w e l l i n g .  They suggested t h a t  m e t a l l u r g i c a l  t r e a t -  

ments whlch promoted a h i g h  bubble d e n s i t y  c o u l d  be used t o  l i m i t  

s ~ e l l i n g . ~ ~ ~ ~ ~ ~ ~  Singh and ForemanlOb have a l s o  I n v e s t i g a t e d  t h e  

I n f l u e n c e  o f  h e l i u m  on v o i d  f o r m a t i o n  and found s i m i l a r  r e s u l t s .  They 

n o t e  t h a t  t h e i r  c a v i t y  d e n s i t y  i s  r o u g h l y  p r o p o r t l o n a l  t o  t h e  square 

r o o t  o f  t h e  h e l i u m  g e n e r a t l o n  r a t e  as ment ioned above .s *~ lo '  The 

exper iments which have i n v e s t i g a t e d  these e f f e c t s  w i l l  be d i scussed  

f u r t h e r  below. 

The i n f l u e n c e  o f  h e l i u m  on p r e c i p i t a t i o n  i n  complex a l l o y s  i s  

more s u b t l e .  P r e c i p i t a t i o n  and phase decomposi t ion a r e  l a r g e l y  
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governed by  s o l u t e  atom m i g r a t l o n  and segregat ion.  Var lous s o l u t e s  

(e.g., N i ,  C r ,  Mo and S i  i n  s t a i n l e s s  s t e e l )  may d i f f u s e  w i t h  t h e  

r a d l a t i o n  induced p o i n t  d e f e c t  f l u x e s  t o  e x i s t i n g  s i n k s  a t  d l f f e r e n t  

r a t e s  l e a d i n g  t o  l o c a l  c o n c e n t r a t l o n  or d e p l e t l a n  o f  t h e  so lu te .  When 

t h e  l o c a l  s o l u t e  c o n c e n t r a t i o n  exceeds a s o l u b i l i t y  l i m i t ,  a phase 

change occurs.  I n  s p i t e  o f  t h e  f a c t  t h a t  h e l i u m  i s  a c h e m i c a l l y  i n e r t  

gas, I t  can have v a r i o u s  d l r e c t  and I n d i r e c t  e f f e c t s  on p r e c i p i t a t i o n .  

Fo r  example, i f  h e l i u m  inc reases  t h e  t o t a l  system s i n k  s t r e n g t h  by 

i n c r e a s i n g  t h e  c a v i t y  and /o r  l oop  d e n s i t y  i t  should a l s o  reduce t h e  

amount o f  r a d i a t i o n  induced s o l u t e  seg rega t ion  t a k i n g  p l a c e  by d i s -  

t r i b u t i n g  t h e  a v a i l a b l e  s o l u t e s  t o  more s inks .  T h i s  should l e a d  t o  a 

f l n e r  d l s p e r s l o n  o f  second phase p a r t l c l e s  and perhaps a l ower  p r e c l p -  

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

s l s t e n t  w l t h  these s lmp le  a r g ~ m e n t s , ~ ~ * ~ ~ ~  t h e  d e t a l l s  o f  t h e  e f f e c t  

a 

Whi le  some observa t l ons  a r e  g e n e r a l l y  con- 

o f  h e l i u m  on p r e c l p l t a t i o n  a r e  more comp l i ca ted  and c o n t i n u e  t o  be 

m a t t e r  o f  some ~ ~ s c u s s ~ o ~ . ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

A key parameter t o  cons ide r  i n  t h e  a t tempt  t o  e x t r a p o l a t e  swe 

i n g  d a t a  f rom f i s s i o n  t o  f u s i o n  c o n d i t i o n s  i s  t h e  r a t i o  o f  transmu 

h e l i u m  generated t o  d isp lacements p e r  atom produced (He/dpa r a t i o )  

t h e  m a t e r i a l .  The He/dpa r a t i o  i s  a f u n c t i o n  o f  b o t h  t h e  m a t e r l a l  

1 -  

an 

i n  

s e l e c t e d  and t h e  n e u t r o n  f l u x  spectrum t o  which i t  i s  exposed as shown 

i n  Table 2 . 1 . b * * 5 K  I n  Table 2.1, HFIR r e f e r s  t o  t h e  High F l u x  I s o t o p e  

Reactor  and ORR r e f e r s  t o  t h e  Oak Ridge Research Reactor ,  b o t h  o f  whlch 

have a mixed ( i .e . ,  thermal and f a s t  neu t ron )  spectrum. The former o f  
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Table 2.1. Hel ium/dpa r a t i o  f o r  v a r i o u s  m a t e r i a l s  
and r e a c t o r  n e u t r o n  s p e c t r a  

Type 316 
S t a i n l e s s  S t e e l  Molybdenum Vanad i um 

EBR- I I 0.385 5.94 x 10" 5.7 x lo-3 

-- -- ORR 1 e 0-10. 3a 

HFIR 0 2-60.8' 0.119 9.38 x lo-' 

Fusion Reactor  14.5 
( 3  MW/m2) 

5.77 4.86 

aNon l inea r  due t o  b u i l d u p  o f  ' * N i ;  i n d i c a t e d  va lues a t  s t a r t u p  
and a f t e r  one year .  

these two r e a c t o r s  I s  o f  i n t e r e s t  t o  t h e  f u s l o n  m a t e r i a l s  program 

s i n c e  t h e  f a s t  component o f  t h e  n e u t r o n  spectrum produces d isp lacement  

damage a t  n e a r - f u s i o n  va lues ,  -1 x lo-' dpa/sec, w h i l e  t h e  thermal 

component produces s i g n i f i c a n t  q u a n t i t i e s  o f  h e l i u m  i n  n i c k e l - b e a r i n g  

a l l o y s  by a two-step r e a c t i o n :  

" N i  (n.Y) '*Ni  (n,a)"Fe . (2.2) 

T h i s  Heldpa r a t i o  i s  n o n l i n e a r  i n  t i m e  due t o  t h e  b u i l d u p  o f  s * N i ,  

b e g i n n i n g  a t  <1 appm He/dpa and s a t u r a t i n g  a t  -80 appm He/dpa i n  a 

t y p i c a l  s t a i n l e s s  s t e e l .  The ORR a l s o  produces s i g n i f i c a n t  l e v e l s  o f  

h e l i u m  b u t  a t  a lower  dose r a t e .  A comparison o f  t h e  n e u t r o n  s p e c t r a  

o b t a i n e d  i n  t h e  Exper imenta l  Breeder R e a c t o r - I 1  (EBR-11), HFIR, ORR 

and a t y p i c a l  DT f u s i o n  reactor-' '  i s  shown i n  F i g u r e  2 . 4 .  Re levan t  

n e u t r o n  energy ranges a r e  noted. A l though  t h e  a n t i c i p a t e d  va lue  o f  

t h e  He/dpa r a t i o  i n  an a u s t e n i t i c  s t a i n l e s s  s t e e l  f u s i o n  r e a c t o r  f i r s t  
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F i g u r e  2.4. Neutron energy s p e c t r a  f o r  t h r e e  f i s s i o n  r e a c t o r s  
used i n  i r r a d i a t i o n  exper iments (HFIR, ORR, EBR-11)  and a t y p i c a l  DT 
f u s i o n  spectrum a t  3 MW/m2 w a l l  loading. '*  

w a l l  i s  b racke ted  by t h e  va lues o f  t h i s  parameter i n  t h e  E B R - I 1  and 

HFIR, t h e  a b i l i t y  t o  i n t e r p o l a t e  between d a t a  s e t s  generated i n  these 

two f i s s i o n  r e a c t o r s  i s  compl icated by t h e  f a c t  t h a t  b o t h  t h e o r e t i c a l  

and exper imen ta l  ev idence i n d i c a t e  t h a t  c a v i t y  s w e l l i n g  i s  n o t  a mono- 

t o n i c  f u n c t i o n  o f  t h e  He/dpa r a t i o . s ' , 1 0 7 , 1 0 8  

I n  genera l ,  t h e  i n f l u e n c e  o f  h e l i u m  can be sumnarized as t e n d i n g  

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

t h e  i n c u b a t i o n  and t r a n s i t i o n  regimes; i n c r e a s i n g  b o t h  t h e  c a v i t y  and 

d i s l o c a t i o n  l o o p  d e n s i t i e s  w h i l e  enhancing and r e f i n i n g  p r e c i p i t a t i o n .  
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Since h e l i u m  i s  a c r i t i c a l  f a c t o r  i n  de te rm in ing  t h e  s c a l e  o f  t h e  

m i c r o s t r u c t u r e ,  i t s  i n d i r e c t  e f f e c t s  may a l s o  be observed i n  t h e  h i g h  

dose o r  steady s t a t e  regime as w e l l .  

2.3 T h e o r e t i c a l  Background 

T h l s  s e c t i o n  p resen ts  a sumnary o f  p r e v i o u s  theOFetlCa1 work t h a t  

p r o v i d e s  t h e  background f o r  t h e  models d iscussed i n  Chapter 3. 

key concepts have a l r e a d y  been mentioned: 

b i a s e d  s i n k  f o r  i n t e r s t i t i a l s ,  l e a d i n g  t o  an e f f e c t i v e  vacancy super-  

s a t u r a t i o n ,  (2 )  t h e  importance o f  t ransmutant  h e l i u m  I n  p romot ing  

bubb le  f o r m a t i o n  and (3 )  t h e  e x i s t e n c e  o f  a c r i t i c a l  c a v i t y  (bubb le )  

s i z e  f o r  v o i d  fo rma t ion .  A l though t h e i r  i n t e r e s t  was I n  f l s s i o n a b l e  

r a t h e r  than  s t r u c t u r a l  m a t e r i a l s ,  Greenwood e t  a l . ' * '  suggested two o f  

these concepts i n  1959. They proposed t h a t  t h e  f o r m a t i o n  and g rowth  

o f  bubbles i n  n u c l e a r  f u e l  were due t o  t h e  d i f f u s l o n  and agg lomera t i on  

o f  f i s s i o n  gas atoms and vacancies. They proposed t h a t  d i s l o c a t i o n s  

may absorb i n t e r s t i t i a l s  "more r e a d i l y "  than vacancies,  l e a v i n g  an 

excess o f  vacancies t o  d r i v e  c a v i t y  growth. The converse was a l s o  

suggested - namely, t h a t  smal l  gas bubbles n u c l e a t i n g  on d i s l o c a t i o n s  

may r e q u i r e  excess vacancies w i t h  the  corresponding i n t e r s t i t i a l s  l e f t  

t o  d r i v e  d i s l o c a t i o n  T h l s  l a t t e r  mechanism has r e c e n t l y  

been proposed t o  e x p l a i n  the  growth o f  Frank f a u l t e d  i n t e r s t i t i a l  

l oops  under thermal annea l i ng  f o l l o w i n g  he l i um i n j e c t i o n . ' '  F i n a l l y ,  

Greenwood e t  a l .  a l s o  i n d i c a t e d  t h a t  t h e  bubble d e n s i t y  should be 

s t r o n g l y  dependent upon t h e  f i s s i o n  gas g e n e r a t i o n  r a t e .  They assumed 

Three 

(1) t h e  presence o f  a 
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t h a t  a c l u s t e r  c o n t a i n i n g  two gas atoms and two vacancies would be a 

s t a b l e  nuc leus and, u s i n g  a s imp le  k i n e t i c  model, showed t h a t  t he  

bubble d e n s i t y  should be p r o p o r t  onal  t o  t h e  square r o o t  o f  t h e  gas 

g e n e r a t i o n  r a t e . l o '  

observed e x p e r i m e n t a l l y . s b ~ l O b  

T h i s  approx mate dependence has o f t e n  been 

The s o - c a l l e d  chemical  r e a c t i o n  r a t e  t h e o r y  has been h e a v i l y  

used i n  t h e  development o f  t h e  t h e o r y  o f  r a d i a t i o n  e f f e c t s .  

researchers i n  t h i s  area i n c l u d e  Harkness and L i , l 1 0  B r a i l s f o r d  and 

B u l l o u g h l l '  and Wiedersich. l l '  T h i s  i n i t i a l  work focused on d e r i v i n g  

t h e  a p p r o p r i a t e  s i n k  s t r e n g t h s  f o r  t h e  extended d e f e c t s  i n  the  m i c r o -  

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

i n  t h e  theo ry .  B r a l l s f o r d  and Bu l l ough  and t h e i r  coworkers have con- 

t i n u e d  t o  c o n t r i b u t e  t o  t h i s  work as t h e  t h e o r y  has been d e v e l -  

oped97C, l l J - l 16  a l o n g  w i t h  Mansur, Wo l fe r ,  Coghlan, Yoo, Heald,  N i c h o l s  

E a r l y  

The c u r r e n t  s t a t u s  o f  t h e  t h e o r y  o f  s i n k  and G ~ ~ e l e . 7 0 - 7 J , l I 7 - l Z J  

s t r e n g t h s  has been w e l l  p resen ted  i n  a r e c e n t  rev iew  by t h a t  t i t l e , 1 1 s  

and Mansur has w r i t t e n  o v e r a l l  rev iews o f  t h e  t h e o r y  o f  r a d i a t i o n  

e f f e c t . s . z 1 * 7 b  

The use o f  t h e  r a t e  t h e o r y  w i l l  be e x t e n s i v e l y  d e s c r i b e d  i n  

Chapter 3; a f e w  key p o i n t s  w i l l  be i l l u s t r a t e d  here. The e f f e c t i v e  

medium approach o f  B r a l l s f o r d  and B u l l o u g h 1 1 1 * 1 1 6  i s  adopted. I n  

t h i s  approach t h e  s p a t i a l  d e t a i l s  o f  p o i n t  d e f e c t  p r o d u c t i o n  (cascades) 

and t h e  m i c r o s t r u c t u r e  ( c a v i t i e s ,  d i s l o c a t i o n s ,  g r a i n  boundar ies . * =  ) 

a r e  averaged o u t  and rep laced  w i t h  an e f f e c t i v e  homogeneous medium. 
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The p r o p e r t i e s  o f  t h e  medium a r e  chosen t o  conserve t h e  g e n e r a t i o n  o f  

p o i n t  d e f e c t s  and t h e i r  l o s s  t o  t h e  v a r i o u s  s inks .  The c o n s e r v a t i o n  

equa t ions  f o r  vacancies and i n t e r s t i t l a l s  a re :  

( 2 . 3 )  

The subscr 

vacancies,  

denoted by  

t i o n  r a t e ,  

whose s i n k  

J 

p t s  i and v i n  Equat ion (2.3) denote i n t e r s t i t i a l s  and 

r e s p e c t i v e l y .  T h e i r  c o n c e n t r a t i o n s  ( p e r  u n i t  atom) a r e  

t h e  Ci ,v  and t h e i r  d f f f u s i v i t i e s  by  t h e  Di,v.  

GI,,, i n c l u d e s  thermal em iss ion  f rom t h e  extended d e f e c t s  

The genera- 

The recomb ina t ion  coe f -  s t r e n g t h s  a r e  denoted by  Si,v. .I 

f l c l e n t ,  a ,  m a t h e m a t i c a l l y  couples t h e  vacancy and i n t e r s t i t i a l  

equa t ions  so t h a t  t hey  must be so l ved  s imul taneously .  

The a p p r o p r i a t e  s i n k  s t r e n g t h s  for t h e  extended d e f e c t s  i n  t h e  

e f f e c t i v e  medium a r e  o b t a i n e d  by s o l v i n g  a d i s c r e t e  d i f f u s i o n  

I t  i s  convenient  t o  c o n s i d e r  these s i n k  s t r e n g t h s  

as hav ing  t h r e e  t e r m s . z 1 * 7 S  The f i r s t  i s  a geometr ic  t e r m  wh ich  

I n c l u d e s  t h e  a p p r o p r i a t e  dimensions o f  t h e  s i n k  (e.g., t h e  amount o f  

d i s l o c a t i o n  l i n e  l e n g t h  p e r  u n i t  volume). The second t e r m  i s  a s i n k  

c a p t u r e  e f f i c i e n c y  or  b i a s .  A s imp le  d e f i n i t i o n  o f  t h i s  t e r m  was 

g l v e n  above f o r  t h e  dislocation/interstitial b i a s .  A more genera l  

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

o f  e i t h e r  t ype  t o  a g i v e n  s i n k  t o  t h a t  which would be o b t a i n e d  i f  t h e  

s i n k  caused no s t r a i n  f i e l d  I n  t h e  l a t t i c e  t h a t  gave r i s e  t o  l o n g  

range i n t e r a c t i o n s  w i t h  t h e  d e f e c t  and i f  t h e  s i n k  were a p e r f e c t  
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absorber  o f  t h a t  d e f e c t .  

c o r r e c t i o n  f a c t o r  and I t  accounts f o r  t h e  c o r r e l a t e d  l o s s  o f  p o i n t  

d e f e c t s  when more than  one s i n k  i s  p resen t .  T h i s  c o r r e c t i o n  is neces- 

sa ry  because t h e  t o t a l  s i n k  s t r e n g t h  i n  a m u l t i p l e  s i n k  system i s  

g r e a t e r  tha9 t h e  sum o f  t h e i r  i n d i v i d u a l  e f fec t i ve -med ium s i n k  

s t reng ths .  

The t h i r d  term i s  c a l l e d  t h e  m u l t i p l e  s i n k  

A s imp le  example o f  an extended d e f e c t  s l n k  s t r e n g t h  is t he  s tan -  

da rd  resu l t ,  f o r  a s t r a i g h t  segment o f  d l s l o c a t i o n  n e t w ~ r k : ~ ~ ~ ~ ~ ' '  

In Equa t ion  ( 2 . 4 )  Pn is t h e  network d i s l o c a t i o n  d e n s i t y  (m/m') and the  

c a p t u r e  e f f i c i e n c y  i s :  

where ro i s  e s s e n t i a l l y  a d l f f u s i o n  l e n g t h  f o r  

1 ( 2 . 5 )  

the p o i n t  d e f e c t  i n  the  

medium and r:l'J i s  t h e  d i s l o c a t l o n  cap tu re  r a d i u s  f o r  i n t e r s t i t i a l s  o r  

vacancies. The p r e f e r e n t i a l  a t t r a c t i o n  o r  b i a s  o f  d i s l o c a t i o n s  f o r  

i n t e r s t i t i a l s  follows f r om t h e  f a c t  t h a t  r: i s  computed t o  be 

g r e a t e r  than r i  due t o  t h e  i n t e r s t i t f a l ' s  l o n g  range s t r a i n  f i e l d . "  

The d i f f u s i o n  l e n g t h  i n  Equat ion (2 .5 )  i s  s imp ly  the  mean d i s l o c a t i o n  

spacing, (ITQn)-', I n  t h e  absence o f  t he  m u l t i p l e  s i n k  s t r e n g t h  c o r r e c -  

t i o n  and takes on a more complex f o n  when t h i s  e f f e c t  i s  i nc luded .11*  

F i n a l l y ,  t he  s i n k  s t r e n g t h s  may take  a l t e r n a t e  forms i n  two 

l i m i t i n g  cases. These cases a r e  d i f f u s i o n - c o n t r o l l e d  and r e a c t i o n -  
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r a t e - c o n t r o l l e d   kinetic^.^,^^,^' The former case i s  o b t a i n e d  when 

t h e  t r a n s f e r  v e l o c i t y  i n t o  t h e  s i n k  ( t h e  l a s t  d e f e c t  jump) occurs a t  

t h e  same r a t e  a s  d i f f u s i o n  i n  t h e  m a t r i x ,  v t  - (D i , v ) /b ,  where b I s  an 

a p p r o p r i a t e  l a t t i c e  dimension. I n  t h i s  case t h e  d i f f u s i o n  d i s t a n c e  i n  

t h e  m a t r i x  determines the  p o i n t  d e f e c t  c u r r e n t  i n t o  t h e  s i n k .  The 

l a t t e r  case, a l s o  known as s u r f a c e - l l m i t e d  k i n e t i c s ,  occu rs  when t h e  

s i n k  I s  a poor  absorber  and t h e  l a s t  jump ( o r  jumps) occu rs  a t  a much 

lower  r a t e  than m a t r i x  d i f f u s i o n .  Fo r  a s imp le  d i s t r i b u t i o n  o f  Nc 

s p h e r i c a l  c a v i t i e s  o f  r a d i u s  rc, these two cases y i e l d  t h e  f o l l o w i n g  

s i n k  s t r e n g t h s  ( t o  l owes t  ~ r d e r ) : ~ , ' ~ ~  

S C  

and 

s C  

Manstir has desc r  

l i m i t e d  k i n e t i c s  

Al though t h e  corn 

= 4r r rcNc ( d l f f u s i o n - l l m l t e d )  , (2.6) 

4nr:Nc 

b 
- - -  ( r e a c t i o n - l i m i t e d )  , 

(2.7)  

bed the  i n f l u e n c e  o f  r e a c t l o n -  versus d l f f u s i o n -  

on t h e  p r e d i c t e d  dose dependence o f  ~ w e l l i n g . ~ "  

a r i s o n  w i t h  s w e l l i n g  da ta  i s  n o t  c o n c l u s i v e ,  most 

workers have used d i f f u s i o n - l i m i t e d  kine ti^^.^^^^^^'^^^*^^^^^^^^-^^^ 

Excep t ions  i n c l u d e  Yo0 and S t i e g l e r ' s  a n a l y s i s  o f  f a u l t e d  l oop  g rowth  

i n  n i c k e l  under h i g h  v o l t a g e  e l e c t r o n  microscope (HVEM)  i r r a d i a t i o n  

which i n d i c a t e d  t h a t  t he  k i n e t i c s  were r e a c t i o n  l i m i t e d . l z 7  

T y p i c a l l y ,  quas i - s teady  s t a t e  s o l u t i o n s  t o  the p o i n t  d e f e c t  

equa t ions  a r e  ob ta ined  by f i r s t  s e t t i n g  t h e  t i m e  d e r i v a t i v e s  i n  
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Equa t ion  (2.3) t o  zero.  T h i s  i m p l i c i t l y  assumes t h a t  t h e  p o i n t  d e f e c t  

c o n c e n t r a t i o n s  respond t o  changes i n  t h e  s i n k  s t r e n g t h s  much more 

q u i c k l y  than  t h e  s i n k  s t r e n g t h s  change. C a l c u l a t i o n s  o f  t h e  c h a r a c t e r -  

i s t i c  r e l a x a t i o n  t imes f o r  t h e  p o i n t  d e f e c t  c o n c e n t r a t i o n s  t o  reach 

s teady s t a t e  i n d i c a t e  t h a t  t h i s  i s  a v a l i d  a s s u m p t i ~ n , ~ '  A numer ica l  

s o l u t i o n  f o r  Equa t ion  (2.3)  by Y O O ' ~ ~  I s  a l s o  a v a i l a b l e .  Other  

i m p l i c i t  assumptions i n  t h e  f o r m u l a t i o n  o f  Equa t ion  (2.3) a r e  t h a t  o n l y  

t h e  monodefects a r e  m o b i l e  and t h a t  a s i n g l e  e f f e c t i v e  d i f f u s i o n  c o e f -  

f i c i e n t  i s  adequate t o  d e s c r i b e  t h e  m o b i l i t y  o f  these d e f e c t s .  The 

work o f  Johnsonbo i n d i c a t e s  t h a t  n e g l e c t i n g  t h e  m o b i l i t y  o f  smal l  

i n t e r s t  t i a l  c l u s t e r s  shou ld  n o t  have a s i g n i f i c a n t  e f f e c t  on t h e  con-  

c e n t r a t  ons o f  t h e  monodefects. On t h e  o t h e r  hand, Yoo12' i n d i c a t e s  

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

some m a t e r i a l s .  Mansur7' has suggested t h a t  t h i s  assumption shou ld  be 

c a r e f u l l y  examined. Regarding t h e  second assumption, Mansur and 

Y O O ~ ~ '  have developed a methodology f o r  computing e f f e c t i v e  d i f f u s i o n  

c o e f f i c i e n t s  which takes  i n t o  account t h e  p o i n t  d e f e c t  t r a p p i n g  by 

so lu tes .  

f a c t o r s  f o r  m u l t i p l e  t r a p s  and v a r y i n g  t r a p  d i s t r i b u t i o n s .  

The use o f  t h i s  method p e r m l t s  t h e  c a l c u l a t i o n  o f  c o r r e c t i o n  

Once t h e  p o i n t  d e f e c t  c o n c e n t r a t i o n s  have been c a l c u l a t e d ,  t he  

e v o l u t i o n  o f  t h e  extended d e f e c t s  can be determined. To once n g a i v  

use a s p h e r i c a l  c a v i t y  as an example, t h e  r a d i a l  growth v e l o c i t y  i f  

one assumes d i f f u s i o n - l i m i t e d  k i n e t i c s  i s : 7 , 2 1 , 1 1 5  
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where Ci i s  t h e  vacancy c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i t h  t h e  c a v i t y  

s u r f a c e  a t  rc. Equat ions s i m i l a r  t o  Equa t ion  (2.8) can be w r i t t e n  f o r  

t h e  v a r i o u s  extended d e f e c t s  and t h e  equa t ions  i n t e g r a t e d  t o  y i e l d  t h e  

t i m e  o r  dose dependence o f  a macroscopic parameter such as v o i d  

s w e l l i n g .  The t i m e  s tep  i n  such an i n t e g r a t i o n  i s  l i m i t e d  by  t h e  

quas i - s teady  s t a t e  assumption d i scussed  i o  r e f e r e n c e  t o  Equa t ion  (2.3).  

Numerous workers have compared t h e  p r e d i c t i o n s  o f  t h e o r e t i c a l  

models based on the  r a t e  t h e o r y  w i t h  exper imeo ta l  data.  The r e s u l t s  

have g e n e r a l l y  been reasonably  good. The ma jo r  caveat i n  t h i s  l a s t  

s ta tement  i s  a r e c o g n i t i o n  o f  t h e  f a c t  t h a t  many o f  t h e  p h y s i c a l  param- 

e t e r s  which a r e  r e q u i r e d  i n  t h e  r a t e  t h e o r y  a r e  n o t  w e l l  known, p a r t i c -  

u l a r l y  f o r  a l l o y s .  Hence the  comnon approach i s  t o  t r y  t o  o b t a i n  good 

agreement between t h e o r y  and exper iment  w h i l e  m a i n t a i n i n g  parameter 

va lues w i t h i n  " reasonable"  l i m i t s . 1 0 ' , 1 2 ' - 1 2 '  Key  parameters d h i c h  

e x h i b i t  some range o f  va lues I n  t h e  l i t e r a t u r e  i n c l u d e  the  d i s l o c a t i o n /  

i n t e r s t i t i a l  b i a s ,  t h e  s e l f - d l f f u s l o n  energy and t h e  m a t r i x  s u r f a c e  

f r e e  energy. The i n f l u e n c e  o f  these parameters w i l l  be d i scussed  

i n  d e t a i l  i n  Chapter 3. 

T y p i c a l  examples o f  the use o f  t h e  r a t e  t h e o r y  i n c l u d e  t h e  work 

by  Ode t te  and c ~ - w o r k e r s ' 0 2 ~ ' o J ~ 1 0 ~ ~ 1 ' o  t o  determfne t h e  i n f l u e n c e  o f  

h e l i u m  on v o i d  s w e l l i n g ,  B r a i l s f o r d  and Bul loughl"  i n v e s t i g a t i n g  t h e  

e f f e c t  o f  s t r e s s  on s w e l l i n g  and Mansur and Coghlan"' on t h e  mechapisms 

by which h e l i u m  a l t e r s  t h e  i r r a d i a t i o n  response o f  a m a t e r i a l .  Mayer, 

Brown and G O ~ e l l e ' ~ ~  have r e p o r t e d  on t h e i r  work on n u c l e a t i o n  and 

growth o f  v o i d s  i o  a r e c e n t  s e r i e s  o f  papers. Ghoniern e t  a l . t 3 3 - t 3 B  
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have looked e x t e n s i v e l y  a t  t h e  e a r l y  stages of  p o i n t  d e f e c t  c l u s t e r l n g ,  

a l s o  i n c l u d i n g  t h e  i n f l u e n c e  o f  hel ium. Wehner and Wol fer l ”  have 

a l s o  d e s c r i b e d  t h e  e v o l u t i o n  o f  t h e  vacancy c l u s t e r  p o p u l a t i o n  which 

p r o v i d e s  t h e  r i u c l e i  f o r  subsequent v o i d  fo rma t ion .  Hayns1”,’’* has 

p u b l i s h e d  a model i n  which a h i e r a r c h y  o f  r a t e  equa t ions  i s  used t o  

compute t h e  homogeneous n u c l e a t i o n  o f  b o t h  v o i d s  and i n t e r s t i t i a l  loops. 

Wi th  t h e  e x c e p t t o n  of Hayns,13*,1bo t h e  work ment ioned above has 

been p r i m a r i l y  concerned w i t h  t h e  c a v i t y  component o f  t h e  i r r a d i a t i o n -  

produced m i c r o s t r u c t u r e .  The r a t e  t h e o r y  has a l s o  seen more l i m l t e d  

use as a t o o l  f o r  p r e d i c t i n g  d l s l o c a t i o n  e v o l u t i o n .  P o w e l l 1 b 1  

d e s c r i b e d  a model f o r  t h e  s imultaneous e v o l u t l o n  o f  f a u l t e d  loops and 

c a v i t i e s .  The n u c l e a t i o n  o f  these d e f e c t s  was c a l c u l a t e d  u s i n g  the  

c l a s s i c a l  n u c l e a t i o n  t h e o r y l b 2  and t h e  r a t e  t h e o r y  was used t o  d e s c r i b e  

t h e i r  growth. A c o n s t a n t  network d i s l o c a t i o n  d e n s i t y  was used I n  t h l s  

a n a l y s i s .  More r e c e n t l y ,  Wo l fe r  and co-workerslz‘~lba h ave developed 

a phenomenological model o f  network d i s l o c a t i o n  e v o l u t i o n  t o  e x p l a i n  

t h e  e x p e r i m e n t a l l y  observed s a t u r a t i o n  network d i s l o c a t i o n  d e n s i t y .  

T h i s  model has been l i n k e d  w i t h  a r a t e  t h e o r y  d e s c r i p t i o n  o f  v o i d  

growth and they  have exp lo red  t h e  d i f f e r e n c e s  between a u s t e n i t i c  and 

f e r r i t i c  s t e e l s . l Z ‘  

Two ma jo r  shortcomings o f  t h e  e f f e c t i v e  medium, r a t e  t h e o r y  

approach i n c  

f e a t u r e s  and 

genera t  ion. 

s t u d y i n g  r a d  

ude the  s p a t i a l  ave rag ing  o f  d i s c r e t e  m i c r o s t r u c t u r a l  

b o t h  t h e  temporal and s p a t i a l  ave rag ing  o f  p o i n t  d e f e c t  

The a b i l i t y  t o  use  t he  r a t e  theo ry  as a t o o l  f o r  

a t i o n  e f f e c t s  does n o t  appear t o  be compromised by these 
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approx imat ions.  The p r e s e n t  work w i l l  i n  f a c t  demonstrate t h e  

potency o f  t h e  r a t e  t h e o r y  i n  t h i s  regard.  Nonetheless.  t h e r e  a r e  

examples o f  phenomena which a r e  d i s c r e t e  i n  t l m e  o r  space which can- 

n o t  t hen  be accounted f o r  i n  t h e  s imple theory.  An example o f  such a 

h e t e r o g e n e i t y  is t h e  comnonly observed r e g i o n s  near  g r a i n  boundar ies 

which a r e  denuded o f  loops o r  c a v i t i e s . l " ~ l ' *  

con t i nuous  p o i n t  d e f e c t  g e n e r a t i o n  was r e l a x e d  i n  work b y  B r a i l s f o r d ,  

Mansur and Coghlan1"*1'7 i n t h e i r  cascade d i f f u s i o n  theo ry .  T h i s  

work i n d i c a t e d  t h a t  t h e r e  w e r e  a l l m i t e d  number o f  examples i n  which 

t h e  d i s c r e t e  n a t u r e  o f  p o i n t  d e f e c t  p r o d u c t i o n  was s i g n i f i c a n t ;  one 

o f  those was cascade-induced l r r a d l a t i o n  creep. These a u t h o r s  found 

t h a t  t h e  conven t iona l  r a t e  t h e o r y  approach was a l l m i t l n g  case o f  

t h e i r  a n a l y s i s  and concluded t h a t  i t  was g e n e r a l l y  q u i t e  a c c ~ r a t e . " ~  

The assumption o f  

2.4 Exper imenta l  Observat ions 

A f e w  genera l  t rends  i n  t h e  behav io r  of  extended d e f e c t s  under 

l r r a d i a t l o n  w e r e  g i v e n  i n  Sec t i ons  2.1 and 2.2. T h i s  s e c t i o n  i s  a 

sumnary o f  t h e  exper imenta l  obse rva t i ons  which have been r e p o r t e d  f o r  

i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  The s e c t i o n  focuses on the  

c a v i t y  and d f s l o c a t i o n  components o f  t he  i r r a d i a t e d  m i c r o s t r u c t u r e .  

Recent p ~ b l i ~ a t i ~ n ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  have d lscussed t h e  presence 

and e v o l u t i o n  o f  second phase p r e c i p i t a t e s  i n  these m a t e r i a l s  i n  

g r e a t  d e t a i l .  The i n f l u e n c e  o f  he l i um i n  moderat ing t h e  f o r m a t i o n  o f  

r a d l a t i o n - i n d u c e d  phases has r e c e i v e d  p a r t i c u l a r  a t t e n t i o n  i n  two 

reviews.bt. lol  Whi le t h e  f o r m a t i o n  o f  second phases can i n f l u e n c e  



33 

t h e  r e s t  o f  t h e  m i c r o s t r u c t u r e  (e.g., b y  a l t e r i n g  d i f f u s i v i t i e s  due 

t o  s o l u t e  d e p l e t i o n 1 2 a , 1 s 8 $ 1 @ '  ) ,  no f u r t h e r  d i s c u s s i o n  o f  p r e c i p i t a -  

t i o n  as such i s  i nc luded .  Maziasz has t h o r o u g h l y  reviewed t h e  r a d i a -  

t i o n  e f f e c t s  l i t e r a t u r e  f o r  so lu t i on -annea led  s t a i n l e s s  s t e e l  i n  a 

r e c e n t  repo r t . "  Reference t o  h i s  work w i l l  be made as a p p r o p r i a t e .  

E a r l y  work by  Bloom and S t i e g l e r , l c o  Brager  and S t raa l sund7 '  and 

Eyre1'' p r o v i d e s  a good o v e r a l l  v iew o f  t h e  e f f e c t s  o f  f a s t  n e u t r o n  

i r r a d i a t i o n  on t h e  m i c r o s t r u c t u r e  o f  A I S 1  t y p e  316 S t a i n l e s s  s t e e l .  

Odette" has sumnarized and d iscussed I n  d e t a i l  t h e  observed d a t a  

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

Other  h e l p f u l  rev iews o f  t h e  f a i r l y  l a r g e  amount o f  v o i d  s w e l l i n g  da ta  

i n c l u d e  those by  Garne r1c2  and Maziasz.lcJ 

2.4.1 Role o f  Hel ium 

Because o f  t h e  i n t e r e s t  i n  t h e  r o l e  t h a t  h e l i u m  p l a y s  i 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 ,  seve ra l  s t u d i e s  have been made o f  t h e  a n n e a l i n g  

behav io r  o f  specimens whlch had been imp lan ted  w i t h  hel ium. T h i s  

work t y p i c a l l y  i n v o l v e s  t h e  use o f  h i g h  energy a lpha  p a r t i c l e  beams 

from a c y c l o t r o n .  The beam energy i s  chosen so t h a t  t h e  end o f  t he  

range i s  n e a r l y  t h e  f u l l  t h i c k n e s s  o f  t h e  specimen and t h e  beam energy 

i s  degraded i n  a c y c l i c  f a s h i o n  t o  o b t a i n  a u n i f o r m  d i s t r i b u t i o n  o f  

h e l i u m  throughout  t h e  specimen.16b-1s' I m p l a n t a t i o n  t o  a l e v e l  o f  10 

t o  100 appm He generates about  lo- '  t o  lo- '  dpa ( r e f .  157).  The work 

o f  most re levance  t o  t h e  p r e s e n t  s tudy  i s  t h a t  by Mazey and F r a n c i s , ' " s  
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Mazey and N e l s o n , l S 7  Smidt and P l e p e r , l s 8  Rothaut  and Schroeder l ' '  

and Maziasz.b8 T h e i r  work i n v o l v e d  p r i m a r i l y  " c o l d "  ( i .e. ,  about  

room temperature)  h e l i u m  i m p l a n t a t i o n  o f  s o l u t i o n - a n n e a l e d  316 

s t a i n l e s s  s t e e l  t o  l e v e l s  o f  1 t o  1000 appm. F o l l o w i n g  t h e  implan-  

t a t i o n s ,  t h e  specimens were annealed f o r  t imes  up t o  10,000 hours a t  

temperatures between 200 and l l O O ° C .  

The p r i n c i p a l  obse rva t i ons  o f  these a n n e a l i n g  s t u d i e s  a r e  sum- 

mar i zed  u s i n g  r e p r e s e n t a t i v e  d a t a  f rom r e f s .  48, 145 and 158 i n  

Tables 2.2 and 2.3. The as- implanted m a t e r i a l s  c o n t a i n  a h i g h  den- 

s i t y  o f  smal l  Frank f a u l t e d  i n t e r s t i t i a l  loops. Maziasz i s  t h e  o n l y  

one who has done q u a n t i t a t i v e  work on t h e  as - imp lan ted  m a t e r i a l ;  he 

r e p o r t s  -4 x l o 2 '  loops/my w i t h  a d iamete r  o f  abou t  2.2 nm ( r e f .  48).  

Maziasz has a l s o  v e r i f l e d  t h a t  these loops  I n  t h e  he l i um- imp lan ted  

m a t e r i a l  a r e  i n t e r s t i t i a l  type." T h i s  r e s u l t  i s  s i g n i f i c a n t  because 

Table 2.2 i n d i c a t e s  t h a t  t h e  loops  a r e  growing under thermal  

anneal ing.  I n t e r s t i t i a l  l o o p  growth i n  t h e  absence o f  i r r a d i a t i o n  

suggests t h a t  t h e  m a t e r i a l  i s  i n  a n o n e q u i l i b r i u m  s t a t e  w i t h  n e t  

a b s o r p t i o n  o f  thermal vacancies by a t  l e a s t  one s i n k .  The f a c t  t h a t  

he l lu rn  bubb les  b e g i n  t o  appear a f t e r  10,000 hours a t  600°C ( r e f .  48) 

o r  1 hour  a t  700 t o  750°C ( r e f s .  157-159) appears t o  i n d i c a t e  t h a t  

t h i s  s i n k  i s  smal l  he l i um lvacancy  c l u s t e r s  which have a h i g h  c a p t u r e  

e f f i c i e n c y  f o r  vacancies as i n i t i a l l y  suggested by Grt?enwood e t  a i . ' ' '  

A l t hough  these s t u d i e s  covered a range o f  h e l i u m  l e v e l s  and 

a n n e a l i n g  t i m e s  and temperatures,  a f a i r l y  c o n s i s t e n t  p i c t u r e  emerges 
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Table 2.2. F a u l t e d  l o o p  e v o l u t l o n  i n  he l ium-Implanted and 
aged, so lu t i on -annea led  316 s t a l n l e s s  s t e e l a v b  

~ ~~~ 

Ave r a g  e 
He1 lum Anneal i ng Anneal 1 ng Loop Loop 

(aPPm> ("C) (hours)  (nm) (10" m-') 
Imp 1 an ted  Temperature Tlme 0 1 ame t e r  Dens1 t y  

100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
100 

10 
100 

1000 

110 
110 
110 
110 

200 
500 
600 
650 
700 
725 
7 50 

650 
650 
650 
650 

650 
650 
650 

400 
500 
600 
700 

1 
1 
1 
1 
1 
1 
0.55 

1 
2 
4 

16 

10,000 
10,000 
10,000 
10,000 

~ 

5.0 7.0 
4.6 6.0 

10.9 1.8 
36.8 0.5 
45.0 0.14 
59.0 0.008 
99.0 0.005 

36.5 0.5 
52.5 0.3 
65.5 0.2 
81.9 0.1 

66.2 0 ' 008 
36.0 0.5 
28.5 6.5 

5.3 8.6 
3.8 8.2 

28 0.34 
None observed 

aReference 48, P. J .  Maziasz. 
bReference 145, D. 3. Mazey and S. F ranc i s .  

when t h e  r e s u l t s  a r e  compared. F o r  low (<50 appm He) he l lu rn  concen- 

t r a t i o n s  and a n n e a l i n g  t lmes  up t o  about one hour ,  f a u l t e d  l oops  grow 

and coarsen up t o  about 750°C. A t  h i g h e r  temperatures o r  f o r  longer  

t imes  a t  s l i g h t l y  lower  temperatures t h e  l oops  have a l l  annealed ou t .  

A t  h i g h  h e l i u m  l e v e l s  (-1000 appm He), t he  loops grow u n t i l  t h e y  

u n f a u l t .  The l o o p  d e n s i t y  tends t o  decrease and t h e  average s i z e  t o  

i nc rease  as a f u n c t i o n  o f  t i m e  o r  i n c r e a s i n g  temperature.  The bubble 
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Tab le  2.3. Bubble e v o l u t i o n  i n  he l i um- imp lan ted  and 
aged, s o l u t  ion-anneal  ed 316 s t a i n l e s s  s t e e l a ,  

Average 
Anneal 1 ng Anneal i ng Bubble Bubble 

Temp e r a  t u r e  Time D i  ame t e  r D e n s i t y  
(10" m-') ("C) (hours)  (nm) 

800 
900 

1300' 
1100 
9ooc 

lO0OC 

600 
700 

1 
1 

10,000 
10,000 

2.5 
3.9 
8.6 

15.1 
6.4 

11.2 

2.73 
5.50 

0.44 
1.8 
0.17 
0.054 
0.25 
0.11 

7.0 
0.33 

"Reference 48, P. J. Maziasz, 110 appm He. 
bReference 158, F. A. Smidt and A. G. P iepe r ,  -40 appm 

CSpeclmen a c c i d e n t a l  l y  deformed; see t e x t .  
He. 

d e n s i t i e s  which form and t h e  temperature a t  whlch they  a r e  f i r s t  

observed a r e  s t r o n g l y  dependent on t h e  h e l i u m  l e v e l .  Fo r  one hour  

anneals,  bubbles a r e  n o t  seen u n t i l  t h e  a n n e a l i n g  temperature reaches 

700 t o  750°C i f  t h e  hel lurn l e v e l  i s  550 appm. A t  -100 t o  1000 appm 

He, bubbles a r e  seen as l o w  as 600°C a f t e r  one hour  and t h e  d e n s i t i e s  

a r e  much h l g h e r  a t  a l l  temperatures.  A t  h i g h e r  temperatures and f o r  

l o n g e r  t imes,  t h e  bubble s i z e  d i s t r i b u t i o n  coarsens w i t h  a c o n c u r r e n t  

decrease i n  t h e i r  d e n s i t y .  Smidt and P ieper  p o i n t  o u t  t h e  e f f e c t  o f  

d i s l o c a t i o n s  on bubble f o r m a t i o n  I n  two specimens which w e r e  acc iden-  

t a l l y  deformed p r i o r  t o  anneal ing.  These specimens were annealed at:. 

900 and 1000°C and revea led  b o t h  l a r g e r  s i z e s  and a lower  bubb le  den- 

s i t y  t han  t h e i r  undeforrned c o u n t e r p a r t s  (see Table 2.3). These 
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r e s u l t s  w i l l  be d iscussed f u r t h e r  i n  Chapter 4 when t h e  annea l i ng  

s tudy  f rom t h e  p r e s e n t  work i s  descr ibed.  

2.4.2 D i s l o c a t i o n  S t r u c t u r e  

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

determined by  thermal and mechanical  t r e a t m e n t . 7 8 * 1 5 0 , 1 8 0  Two c o m o n  

t rea tmen ts  a r e  s o l u t i o n  annealed and 20% cold-worked. The former 

c o n d i t i o n  can be achieved by  f a i r l y  h i g h  temperature (-1050 t o  1100°C) 

annea l i ng  f o r  t imes as s h o r t  as 30 min. T h i s  r e s u l t s  i n  a f a f r l y  

homogeneous d i s l o c a t i o n  d e n s i t y  on t h e  o r d e r  o f  10” t o  10” m-’ 

( re f .  48).  The 20% c o l d  worked m a t e r i a l  c o n t a i n s  -1 t o  5 x 10” m” 

o f  d i s l o c a t l o n  l i n e  l e n g t h  which I s  q u i t e  heterogeneously  d i s t r i b u t e d .  

The two ma jo r  f e a t u r e s  a r e  a coarse d i s t r i b u t i o n  o f  m i c r o t w i n s ,  

s t a c k i n g  f a u l t s  and de fo rma t ion  bands a l o n g  w i t h  a f i n e r  d i s t r i b u t i o n  

of  d i s l o c a t i o n  network.i81g18z These two components a r e  r e p o r t e d  t o  

have d i f f e r e n t  thermal s t a b i l i t i e s .  The d i s l o c a t i o n  network beg ins  

t o  show s i g n i f i c a n t  recove ry  and p o l y g o n i z a t i o n  as l o w  as 650°C w h i l e  

t h e  coarse s t r u c t u r e  i s  s t a b l e  a g a i n s t  r e c r y s t a l l i z a t i o n  up t o  about. 

900°C i n  s h o r t  t e r m  (-10 hours )  aging.18’-18‘ 

Under f a s t - n e u t r o n  i r r a d i a t i o n ,  t h i s  d i s l o c a t i o n  s t r u c t u r e  i s  

m o d i f i e d  and c o n s i s t s  p r i m a r i l y  o f  t h r e e  components: Frank f a u l t e d  

( s e s s i l e )  d i s l o c a t i o n  loops,  p e r f e c t  ( g l i s s l l e )  o r  p r i s m a t i c  d i s -  

l o c a t i o n  loops,  and a d i s l a c a t l o n  network. The r e l a t i v e  f r a c t i o n s  o f  

these t h r e e  components and the  t o t a l  d e n s i t y  o f  d l s l o c a t l o n  l i n e  
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+ SYMBOL CHOSEN AS EXAMPLE 
V '  

'\ Q 

l e n g t h  a r e  f u n c t i o n s  o f  b o t h  t h e  i r r a d i a t i o n  temperature and t h e  

accumulated d ~ ~ e . ~ ~ , ~ ~ , ~ ~ ~ , ~ ~ ~  I n f o r m a t i o n  concern ing t h i s  dose and 

temperature dependence i s  sumnarized i n  F i g u r e  2.5 ( r e f s .  48,78,91, 

97,150,165-168). The genera l  t r e n d  observed f o r  temperatures g r e a t e r  

t han  about  3 O O O C  i s  f o r  t h e  low dose s t r u c t u r e  t o  be p r i m a r i l y  

comprised o f  Frank loops,  f o l l o w e d  by a t r a n s i t i o n  t o  a mixed popula-  

t i o n  o f  d i s l o c a t i o n  network and loops.  T h i s  i s  c o n s i s t e n t  w i t h  t h e  

argument advanced above t h a t  t h e  d i s l o c a t i o n  network can be generated 

by t h e  g rowth  and u n f a u l t i n g  o f  Frank loops. A t  temperatures g r e a t e r  

UNCERTAINTY IN  
TRANSITION BOUNDARY 

HIGHER DOSE RATE PHENIX 

---- 
LOOPS 100 

F i g u r e  2.5. Charac te r  o f  d i s l o c a t i o n  s t r u c t u r e  i n  f a s t  neu t ron -  
i r r a d i a t e d ,  s o l u t i o n - a n n e a l e d  a u s t e n i t i c  s t a i n l e s s  s t e e l ;  f r o m  
Maziasz.'8 Data re fe rences  i n  legend, f rom t o p  t o  bot tom, a r e :  
(1) Bloom and S t i e g l e r , 1 5 0  ( 2 )  M a ~ i a s z , ' ~ ~  (3 ) , (4 )  B rager  and 
Straa lsund,"  ( 5 )  Cawthorne and F u l t o r ~ , ' ~  ( 6 )  B a r t o n  e t  al.," and 
Bramnon e t  al.,"' ( 7 )  LeNaour e t  a1 . , IE7  and (8) Bloom e t  a l . l C 8  
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than about  600"C, few loops a r e  observed. 

p e r a t u r e  dependence of t h e  Frank f a u l t e d  l oop  d e n s i t y  i n  AISI  t ype  

316 s t a i n l e s s  s t e e l .  

annealed d a t a  f rom F i g u r e  2.5 ( r e f s .  78,91,150) and a d d i t i o n a l  s o l u -  

t i o n  annealed169 and 20% c o l d  worked d a t a . 1 6 9 i 1 7 0  T h i s  d a t a  i n d i -  

ca tes  t h a t  s i m i l a r  l oop  p o p u l a t i o n s  evo lve  i n  s p i t e  o f  t h e  f a c t  t h a t  

t h e  i n i t i a l  d i s l o c a t i o n  d e n s i t y  i s  more than a f a c t o r  o f  100 h i g h e r  

i n  t h e  20% c o l d  worked m a t e r i a l . l 6 I  However, Bloom and S t ieg le r l so  

have r e p o r t e d  a suppress ion  o f  f a u l t e d  l o o p  f o r m a t i o n  in 20% c o l d  

worked m a t e r i a l s  a t  10 dpa and 450°C. T h i s  i s  c o n s i s t e n t  w i t h  t h e  

f a c t  t h a t  t h e  l a t t e r  au tho rs  a l s o  observed l e s s  recove ry  o f  t h e  d i s -  

l o c a t i o n  network a t  450°C than d i d  Brager  and St raa lsund.161 

F i g u r e  2.6 shows t h e  t e m -  

Th is  f i g u r e  i nc ludes  some o f  t h e  s o l u t i o n  

ORNL-DWG 87-7264 

1022 

4049 

0 5-20dpa SA 316 
A 6 and i6dpa SA 310 
0 12dpa CW 3 i 6  
A 1 0 - i 5 d p a  CW 316 
I 10-15dpa SA 3 i 6  

0. 

- . 
A 

O I  
- 

8 IO 

A oiA 
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F i g u r e  2.6. Temperature dependence o f  Frank f a u l t e d  l o o p  den- 
s i t y  i n  A I S I  t ype  316 s t a i n l e s s  s t e e l .  Data f rom Brager  and 
S t r a a l s ~ n d , ~ "  Ba r ton  e t  a l . , ' l  Bloom and S t i e g l e r , l s a  Brager  
e t  a1.i169 and Brager.170 
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B r a m o n  e t  a l . 1 7 '  a l s o  r e p o r t  s i m i l a r  f a u l t e d  l oop  d e n s i t l e s  i n  s o l u -  

t l o n  annealed and c o l d  worked specimens. They i n d i c a t e  t h a t  a t  30 dpa 

t h e r e  was a temperature range ove r  whlch t h e  f a u l t e d  l oops  d isappeared 

and were rep laced  by  u n f a u l t e d  loops and network. T h l s  temperature 

range was 450 t o  480°C i n  s o l u t i o n  annealed m a t e r i a l  and 495 t o  53Q"C 

i n  20% c o l d  worked m a t e r l a l . l 7 '  

The maximum and average f a u l t e d  l o o p  s i z e s  have been observed t o  

c o r r e l a t e  w i t h  t h e  t o t a l  d i s l o c a t i o n  d e n s i t y . l ' *  I n  t h a t  work t h e  

average l o o p  d iameter  i n  b o t h  s o l u t i o n  annealed and c o l d  worked 

m a t e r i a l  was approx ima te l y  equal t o  t h e  r e c i p r o c a l  o f  t h e  square r o o t  

o f  t h e  t o t a l  d i s l o c a t i o n  d e n s i t y . 1 7 0  T h l s  v a l u e  i s  r o u g h l y  t h e  mean 

d i s l o c a t i o n  spacing and i s  c o n s i s t e n t  w i t h  t h e  proposed mechanism o f  

near  c o n t a c t  w i t h  another  d i s l o c a t i o n  segment i n d u c i n g  a l o c a l  s t r e s s  

t h a t  i n i t i a t e s  t h e  u n f a u l t i n g  r e a c t i o n  d e s c r i b e d  i n  S e c t i o n  2.1 

( r e f s .  35,63,169). 

The network d i s l o c a t i o n  d e n s l t y  I s  a l s o  observed t o  evo ve 

toward a steady s t a t e  va lue  whlch i s  Independent o f  t h e  i n i t  a1 

v a l ~ e . ' ~ l ~ ~  

about 500 t o  550°C and t o  decrease more s h a r p l y  above t h i s  tempera- 

t u r e  as f a u l t e d  loops no l onger  p r o v i d e  a s i g n i f l c a n t  source f o r  t h e  

network.  ' ' 9 1 l 2 Some r e p r e s e n t a t i v e  da ta  a r e  shown i n  F i g u r e  2.7 

( r e f s .  75,91,166,172). I t  i s  d i f f i c u l t  t o  de te rm ine  f r o m  t h e  l i t e r a -  

t u r e  t h e  degree t o  which the  va lue  o f  t h e  network d e n s i t y  depends on 

temperature.  O f t e n  t h e  t o t a l  d i s l o c a t i o n  d e n s i t y  i s  r e p o r t e d  and t h e  

T h i s  appears t o  be weakly temperature dependent below 



41 

0RNI.-DWG 87-7263 

I 
A i 6 d p a  S A 3 i 6  
A io-20dpa SA 3i6 
W 8.4dpa CW 316 
0 36dpa  CW316 
0 2 9 - 4 0 d o a  C w 3 1 6  

A O o  

A 
I I A I  

400 500 600 700 

TEMPERATURE ("C) 

F i g u r e  2.7. Temperature dependence o f  network d i s l o c a t i o n  den- 
s i t y  i n  f a s t  n e u t r o n - i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l .  Data 
f rom Brager  and S t r a a l s ~ n d , ~ ~  Bar ton  e t  a l . , ' l  Brammon e t  a1.,166 
and M a ~ i a s z . ' ~ ~  

p a r t i t i o n i n g  between network and f a u l t e d  l o o p  l i n e  l e n g t h  i s  n o t  

c l e a r l y  s ta ted .  F o r  example, t h e  d a t a  f rom r e f .  166 shown i n  

F i g u r e  2.7 i n c l u d e  some  loo^ c o n t r i b u t i o n .  The a u t h o r s  r e p o r t  t h e  

v a l u e  o f  t h e  t o t a l  d i s l o c a t i o n  l i n e  l e n g t h  and make q u a l i t a t i v e  

s tatements abou t  i t s  cha rac te r .  They r e p o r t  no f a u l t e d  l o o p s  above 

525"C, a "few" a t  512°C and i n c r e a s i n g  numbers below 500OC. They do 

r e p o r t  t h a t  t h e  network va lue  was  8.6 x 10" m - 2  a t  480°C w i t h  t h e  

l o o p  c o n t r i b u t i o n  r a i s i n g  t h e  t o t a l  t o  1.02 x 10'' m-' ( r e f .  166). 

W i th  t h i s  as guidance, t h e i r  d a t a  does r e f l ? c t  a t r e n d  o f  n o t  o n l y  

h i g h e r  t o t a l  d i s l o c a t i o n  d e n s i t y  w i t h  dec reas ing  temperature b u t  a l s o  

an . i nc reas ing  network d i s l o c a t i o n  d e n s i t y .  T h i s  i s  somewhat i n  

c o n t r a d i c t i o n  t o  t h e  obse rva t i ons  o f  B rager  e t  a l . 7 7  t h a t  t h e  network 

d e n s i t y  i s  e s s e n t i a l l y  temperature independent i n  t h e  range o f  450 t o  
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600°C. 

groups o f  researchers  were examlning s l l g h t l y  d i f f e r e n t  s t e e l s  (U.K. 

M316 versus A I S 1  316). An a d d i t i o n a l  f a c t o r  c o u l d  be t h a t  t h e r e  have 

n o t  been a s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  measurements o f  t h e  

network d i s l o c a t i o n  d e n s i t y  a t  each temperature.  

such measurements i s  t y p l c a l l y  r a t h e r  l a r g e  (e.g., 6 s?: 3 x 10" m-' 

I n  r e f .  77)  due t o  e r r o r s  I n  t h i c k n e s s  measurements, d i s l o c a t i o n  

I n v i s i b i l i t l e s  and t h e  p robab le  l o s s  o f  d l s l o c a t l o n s  t o  t h e  su r faces  

d u r i n g  and a f t e r  t h e  p r e p a r a t i o n  o f  t h i n  f 0 1 l s . ~ ' '  I n  t h i s  case d i f -  

ferences o f  a f a c t o r  o f  2 o r  3 c o u l d  e a s i l y  be masked by d a t a  s c a t t e r  

and t h e  q u e s t l o n  o f  what i s  " c o n s t a n t "  becomes more s u b j e c t i v e .  

Some o f  t h e  d i sc repancy  may be due t o  t h e  f a c t  t h a t  t h e  two 

The u n c e r t a l n t y  i n  

2.4.3 Cavl  t y  S t r u c t u r e  

The e v o l u t i o n  o f  t h e  c a v i t y  component o f  t h e  i r r a d i a t e d  m l c r o -  

s t r u c t u r e  has r e c e i v e d  more a t t e n t i o n  than t h e  d i s l o c a t i o n  component." 

Mazlaszb* has sumnarized c a v i t y  s t a t i s t i c s  f o r  a number o f  f a s t - r e a c t o r  

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

~ ~ ~ ~ ~ ~ 7 O ~ S l , ~ 7 , l S O ~ l ~ ~ ~ l O ~ ~ l 7 ~ ~ l l S  F i g u r e s  2.8 and 2.9 a r e  r e p r o -  

dueed f rom h i s  work.'' F i g u r e  2.8 i s  a d iagram showing t h e  

temperaturel 'dose regimes i n  which v a r i o u s  t ypes  o f  c a v i t y  m i c r o s t r u c -  

t u r e s  a r e  observed. The d i s t i n c t i o n  between bubbles and v o i d s  

d e s c r i b e d  i n  S e c t i o n  2.1 Is observed. Voids a r e  d e s c r i b e d  a s  b e i n g  

e i t h e r  p r e c i p l t a t e - a s s o c i a t e d  o r  f r e e  i n  t h e  m a t r i x .  I n  t h e  i n t e r -  

med ia te  temperature range where p r e c i p i t a t e - a s s o c i a t e d  v o i d s  a r e  

formed, t h e y  tend  t o  be formed a t  a lower  f l u e n c e  than m a t r i x  vo ids .  
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Figure 2.8. Character of cavities formed in fast neutron- 
irradiated, solution-annealed austenitic stainless steel; from 
Maziasz." Data references in legend, from top to bottom, are: 
(1) Bloom and Stiegler,lso ( 2 ) , ( 3 )  Brager and Straals~nd,~' 
( 4 )  Lee et al.,I7' ( 5 )  Cawthorne and Fulton, O 7  (6) Barton et al.," 
and Bramnon et al.,166 (7) LeNaour et al.,lS7 (8) Bloom et al.,I6' 
and (9) Kenfield et al.175 
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F i g u r e  2.9. Temperature and f l u e n c e  dependence o f  t h e  v o i d  con- 
c e n t r a t i o n  i n  f a s t  n e u t r o n - i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l ;  
f rom Maziasz.'' Data re fe rences  i n  p a r t  (a )  a r e ,  f rom t o p  t o  bot tom: 
(1) Bloom and S t i e g l e r , l s o  ( 2 )  Brager  and Straa lsund, ' *  ( 3 )  Lee e t  
al. ," '  ( 4 )  Bar ton  e t  a l . , ' l  and Bramnon e t  al. , ' ' '  and ( 5 )  LeNaour 
e t  a l . I 6 '  Legend i n  ( b )  i s  c o n s i s t e n t  w i t h  (a ) .  
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Two l i k e l y  causes f o r  t h i s  o b s e r v a t i o n  a r e  t h e  p r e c i p i t a t e  a c t i n g  as 

an e f f i c i e n t  c o l l e c t i o n  s i t e  f o r  p o i n t  d e f e c t s  and h e l i ~ r n l ~ ' * ~ ~ ~  and 

s u r f a c e  energy e f f e c t s  due t o  t h e  p r e c i p i t a t e / m a t r i x  I n t e r f a c e . 1 o s  

F i g u r e  2.9(a) and (b )  show t h e  temperature and f l u e n c e  dependence o f  

v o i d  c ~ n c e n t r a t i o n . " ~ ~ ~ ~ ~ ~ ~ ~ ~ * * ~ ~ ' ~  The genera l  t r e n d s  a r e :  (1) a 

s teep temperature dependence, sometimes w i t h  a change i n  s lope  near 

500 t o  550°C, and ( 2 )  t h e  a t t a i n m e n t  o f  a temperature-dependent saterra- 

t i o n  va lue  a t  a f a i r l y  low f luence.  A t  h i g h  f luences,  t h e  v o i d s  

reach d iamete rs  up t o  -300 nm w h i l e  t h e  bubbles remain l e s s  than 5 nm 

(ref. 48).  The bubb le  d e n s l t y  may be much h i g h e r  than t h e  v o i d  den- 

s i t y  as shown i n  F i g u r e  2.9(a) b u t  t h e i r  smal l  s i z e  l i m i t s  t h e i r  

c o n t r i b u t i o n  t o  t h e  o v e r a l l  s w e l l i n g .  

The same genera l  t r e n d s  a r e  a l s o  observed i n  20% c o l d  worked 

m a t e r i a l .  I n  e a r l y  work t h e  r e p o r t e d  I n f l u e n c e  o f  c o l d  work ing  was 

t o  reduce ~ w e l l i n g . ~ ~ ~ ~ ~ ~ ~  Patchy v o i d  f o r m a t i o n  was observed p a r -  

t i c u l a r l y  i n  r e g i o n s  where t h e  as-cold-worked d i s l o c a t t o n  network 

showed s i g n s  o f  recove ry .1co  L a t e r  work f o l l o w i n g  h i g h e r  f l u e n c e  

i r r a d i a t i o n  exper iments I n d i c a t e d  t h a t  t he  p r i m a r y  I n f l u e n c e  o f  c o l d  

work was t o  extend t h e  I n c u b a t i o n  t i m e  for  v o i d  s w e l l i n g  and t h a t  

once t h e  I n c u b a t i o n  t i m e  had been exceeded s i m i l a r  v o i d  d e n s i t i e s  and 

s w e l l i n g  r a t e s  w e r e  observed."~" '  T h i s  i s  c o n s i s t e n t  w i t h  the  

observed e v o l u t i o n  toward a " s teady  s t a t e "  d i s l o c a t i o n  s t r u c t u r e  

which i s  independent o f  i n i t i a l  thermomechanical t rea tmen t  as d i s -  

cussed above. 
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The scenar io  f o r  v o i d  f o r m a t i o n  f rom h e l i u m - s t a b i l i z e d  bubb les  

One consequence o f  v o i d  f o r m a t i o n  by was desc r ibed  i n  S e c t i o n  2.1. 

ons. 

d 

t h i s  p rocess  shou ld  be t h e  appearance o f  bi-modal c a v i t y  d i s t r i b u t  

T h i s  would be t h e  r e s u l t  o f  e a r l y  bubb le - to -vo id  convers ion  and vo 

growth  l e a d i n g  t o  a lowered vacancy supersa tu ra t i on .  The reduced 

s u p e r s a t u r a t i o n  would i n  t u r n  r e s u l t  i n  an inc reased c r i t i c a l  c a v i t y  

r a d i u s  e f f e c t i v e l y  t r a p p i n g  a bubb le  p o p u l a t i o n  below the  c r i t i c a l  

s i ze .  T h i s  r e s u l t  was e x p l i c i t  i n  t h e  e a r l y  mode l ing  work o f  Odet te  

e t  a1.192t103 and i n  a r e c e n t  rev iew,  Mansur e t  a l .17 '  have c o l -  

l e c t e d  an e x t e n s i v e  l i s t  o f  re fe rences  i n  which bi-modal d i s t r i b u t i o n s  

were r e p o r t e d  I n  v a r i o u s  i r r a d i a t e d  m a t e r i a l s .  A p a r t  o f  Tab le  1 

f rom t h a t  i s  reproduced i n  Table 2.4 and shows the  broad 

exper imenta l  suppor t  f o r  t h i s  mechanlsm o f  v o i d  fo rmat ion .  Mansur e t  

a i .  p o i n t e d  o u t  t h a t  mosL ' t h e  re fe rences  i n  Table 2.4 a r e  f a i r l y  

recent .17 '  E a r l i e r  war$ - may n o t  have observed t h e  p o p u l a t l o a  of  

f a l r l p  smal l  (-1 t o  3 nm d iamete r )  bubb les  when u s i n g  t r a n s m i s s i o n  

e l e c t r o n  microscopes which had more l i m i t e d  r e s o l u t i o n .  There fo re  

t h e  phenomenon o f  bimodal c a v i t y  d i s t r i b u t i o n s  may be even more 

genera l  than Table 2.4 i n d i c a t e s .  

2.4.4 S w e l l i n g  Behav io r  

An overv iew o f  the  s w e l l i n g  behav io r  o f  A I S 1  t ype  316 s t a i n l e s s  

s t e e l  i s  p r o v i d e d  by  re fe rence  t o  t h e  RS-1 exper iment  i n  t h e  

EBR- 1 1, ' 2 9 ' 3 9 1 5 2 T h i s  exper iment  was des igned t o  i r r a d i a t e  a number 

o f  heats  o f  20% c o l d  worked t ype  316 s t a i n l e s s  s t e e l  t o  doses up t o  
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Tab le  2.4. Repor ted obse rva t i ons  o f  bimodal c a v i t y  s i z e  
d i s t r i b u t i o n s  I n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  

A1 l o y  Source o f  
I r r a d  i a t  i on I n v e s t i g a t o r s  Re fe r -  

ence 

Type 316 SS 

Type 316 SS 
Type 316 SS 

Type 316 SS 
Type 316 SS 
Type 316 SS 
T i  -modi f i ed 

T i  -modi f i ed 

Type 304 SS 

Type 316 SS 
A u s t e n i t i c  

Type 316 SS 
T I  -modi f i ed 

Type 316 SS 

A u s t e n i t i c  
Fe-Cr-N1 

Type 321 SS 

A u s t e n i t i c  
Fe-Cr-Ni -Mo 

A u s t e n i t i c  
Fe-Cr-Ni 

T i  -modi f i ed 
316 SS 

Type 304 SS 

Type 316 SS 
Type 316 S S  
T i - m o d l f i e d  

PCA 

PCA 

Fe-Cr-Ni -Mo 

316 

316 

Neutrons (EBR-11) Brager  & S t r a a l  sund 78 
(1973) 

Neutrons (HFIR) Maziasz e t  a l .  (1976) 179 

(1981) 
Neutrons (EBR-11) Hlshlnuma e t  a l .  (1982) 180 
Neutrons (EBR-11) Brager  6 Garner (1981,84) 181,182 
Neutrons (HFIR) Brager  6 Garner (1983,84) 96,183 
Neutrons (HFIR) Maziasz 6 B r a s k i  184 

(1984) 
Neutrons (HFIR) Imeson e t  a l .  (1984) 185 

Neutrons (EBR-11) Maziasz & Grossbeck 95 

Ions  (He p r e -  o r  Sp i t znage l  e t  a l .  (1982) 186 

I o n s  (He c o i n j e c t l o n )  Kohyama e t  a l .  (1984) 187 
I o n s  S i n d e l a r  e t  a l .  (1984) 188 

c o l  n j e c t i  on) 

I o n s  S i n d e l a r  e t  a l .  (1985) 189 
Ions  (He c o i n j e c -  Lee e t  a l .  (1983) 190 

Ions  (He p r e -  or Levy e t  a l .  (1985) 191 

Ions  (He p r e -  o r  Lee & Mansur (1985) 192 

t l o n ,  p u l s i n g )  

c o i  n j e c t  i o n )  

c o i  n j e c t  i o n )  

i n j e c t  i o n )  
Ions  (He p re -  Mazey & Nelson (1976) 157 

Ions  (He p r e -  o r  Packan 81 F a r r e l l  (1979, 61,193 

Ions  (He co- Agarwal e t  a l .  (1979) 

Ions  (He p r e -  or  Kenik  e t  a l .  (1979, 81)  107,195 

Ions  (He p r e -  o r  Choyke e t  a l .  (1978,81) 196 

Ions (He c o i n j e c t i o n )  Wood e t  a l .  (1981) 197 
Ions  (He c o i n j e c t i o n )  A y r a u l t  e t  a l .  (1981) 198 
Ions (He c o i n j e c t i o n )  Hishinuma e t  a l .  (1981) 180 

194 
c o i n j e c t i o n )  83 1 
i n j e c t  1 on) 

c o i  n j e c t  i o n )  

c o i n  j e c t  i on) 
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85 dpa i n  t h e  temperature range o f  370 t o  65OOC. 

exceeded the  requi rements o f  temperature and dose r e q u i r e d  f o r  s e r -  

vice as c l a d d l n g  m a t e r i a l  i n  t h e  f i r s t  co re  o f  t h e  F a s t  F l u x  Tes t  

F a c i l i t y  (FFTF).  Several  o f  t h e  hea ts  i n c l u d e d  i n  t h e  RS-1 e x p e r i -  

ment were m e l t e d  and formed i n  accordance w i t h  t h e  s p e c i f i c a t f o n  f o r  

FFTF f i r s t  core c ladding."  

CN-17, X and 81615C and w i l l  be c o l l e c t i v e l y  r e f e r r e d  t o  below as t h e  

f l r s t  co re  heats.  The RS-1 exper iment  a l s o  i n c l u d e d  seve ra l  o t h e r  

hea ts  which d i d  n o t  m e e t  f i r s t  co re  s p e c l f l c a t i o n s  because o f  

d e v i a t i o n s  i n  e i t h e r  compos i t i on  or f a b r i c a t l o n .  

These c o n d i t i o n s  

These hea ts  were des igna ted  BB, CN-13, 

The s w e l l i n g  o f  t h e  f i r s t  co re  hea ts  i s  shown as a f u n c t i o n  o f  

l r r a d i a t l o n  dose i n  F i g u r e  2.10(a) and ( b ) .  The l r r a d i a t l o n  dose i n  

dpa was o b t a l n e d  by m u l t l p l y l n g  t h e  r e p o r t e d  f a s t ' f l u e n c e  by a con- 

v e r s i o n  f a c t o r  which i s  dependent upon t h e  n e u t r o n  spectrum f l u x  and 

hence upon t h e  a x i a l  p o s i t i o n  I n  t h e  core.'' ' T h i s  i s  r e f l e c t e d  i n  

d l f f e r e n t  conve rs lon  f a c t o r s  f o r  d i f f e r e n t  l r r a d i a t l o n  temperatures.  

A t y p i c a l  spec t ra l -ave raged  d isp lacement  c ross  s e c t i o n  f o r  f a s t -  

r e a c t o r  i r r a d i a t i o n s  i s  5 dpa p e r  loz6 n/m* (E > 0.1 M e V ) .  The 

a c t u a l  va lues  i n  t h e  RS- -1  exper iment  range f rom 4 . 6  t o  5.2 ( r e f .  152). 

I n  F i g u r e  2.10 t h e  d a t a  have been shown as t h r e e  t r e n d  bands f o r  t h e  

temperature ranges i n d i c a t e d .  These temperatures do n o t  correspond 

t o  t h e  des ign  temperatures ment ioned above s i n c e  subsequent a n a l y s i s  

has i n d i c a t e d  t h e  a c t u a l  i r r a d i a t i o n  temperatures d e v i a t e d  f rom t h e  

des ign  values.1'' M o s t  e a r l i e r  analyses of  these d a t a  have n o t  taken 
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F i g u r e  2.10. F luence dependence o f  s w e l l i n g  o f  20% cold-worked 

Data f rom Bates and K ~ r e n k o , ~ *  
t ype  316 s t a i n l e s s  s t e e l  i n  t h r e e  temperature ranges. 
co re  hea ts  f rom t h e  R S - 1  exper iment.  
Yang and Garner ,93 and Garner.1S2 

FFTF f i r s t  
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t h i s  i n f o r m a t i o n  i n t o  a c c o u n t . * z ~ * J ~ l s z ~ l s J ~ z o o  The d e v i a t i o n s  f rom 

t h e  des ign  temperatures i nc reased  w i t h  exposure due t o  u n p r e d i c t e d  

d e c l i n e s  i n  t h e  g a m a  h e a t i n g . ' * *  Hence t h e  exper iment  was n o t  

comp le te l y  i so the rma l  - t h e  l a r g e s t  decrease was 30°C f o r  t h e  spec i -  

mens designed t o  be a t  650°C. T h i s  i s  p o t e n t i a l l y  s i g n i f i c a n t  t o  t h e  

a n a l y s i s  o f  these r e s u l t s  because o f  t h e  r e p o r t e d  s e n s i t i v i t y  o f  

s w e l l i n g  t o  temperature c h a n g e s . * z ~ z O 1 ~ z O z  The temperatures used I n  

t h i s  work a r e  averages o f  t h e  r e c a l c u l a t e d  temperatures f o r  t h e  f o u r  

d i scha rges  o f  t h e  R S - 1  exper iment.  These va lues  a r e  compared t o  t h e  

des ign  va lues  I n  Table 2.5. The a c t u a l  temperatures shown In Table 

2.5 r e f l e c t  a significant compression o f  t h e  temperature range when 

compared t o  t h e  des ign  values. 

Table 2.5. Revised average and des ign  
I r r a d i a t i o n  temperatures I n  t h e  

R S - 1  exper iment  

Temperature, "C  

Average Design 

377 
396 
419 
444 
465 

509 
530 
562 

485 

370 
400 
433 
467 
500 
533 
567  
600 
650 

The d a t a  i n  F i g u r e  2.10 show t h e  approx jma te i y  b i l i n e a r  s w e l l i n g  

behav io r  r e f e r r e d  t o  e a r l i e r .  There i s  a temperature-dependent 
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i n c u b a t i o n  t ime  f o l l o w e d  by a t r a n s i t i o n  t o  " s teady  s t a t e "  s w e l l i n g .  

The w i d t h  o f  t h e  d a t a  band i s  n o t  s o l e l y  due t o  t h e  range o f  tern- 

pe ra tu res .  The r e p r e s e n t a t i v e  d a t a  p o i n t s  a t  each o f  t he  t h r e e  tern- 

p e r a t u r e s  i n  F i g u r e  2.10(b) g i v e  an i n d i c a t i o n  o f  t h e  s c a t t e r  a t  any 

one temperature.  I n  a d d i t i o n ,  t h e r e  a r e  hea t - to -hea t  v a r i a t i o n s  i n  

~ w e l l i n g . ' ~  T h i s  i s  i l l u s t r a t e d  by comparing F i g u r e  2.10(b) w i t h  

F i g u r e  2.11 where a l l  of  t h e  U.S. hea ts  o f  20%-cold-worked 316 

s t a i n l e s s  s t e e l  from t h e  R S - 1  exper iment have been inc luded .  I n  t h e  

l a t t e r  f i g u r e  t h e  s c a t t e r  i n  t h e  d a t a  a t  80 dpa has a lmost  doubled. 

O R N L - D W G  8 6 C - 1 4 9 6 0  
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F i g u r e  2.11. Fluence dependence o f  s w e l l i n g  a t  509 t o  562°C f o r  
a l l  U.S. hea ts  i n  t h e  R S - 1  exper iment.  Data f rom Bates and K ~ r e n k o , ~ ~  
Yang and Garner ,93 and Garner.1s2 
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From an eng ineer ing  s t a n d p o i n t ,  d a t a  such as shown I n  

F i g u r e s  2.10 and 2.11 can be u s e f u l  i n  s p i t e  o f  t h e  s c a t t e r .  

r e a c t o r  des ign,  i t  i s  u n l i k e l y  t h a t  t h e  a c t u a l  o p e r a t i n g  temperature 

of  a component w i l l  be known w i t h  much g r e a t e r  c e r t a i n t y  than  t h e  

temperature ranges shown i n  these f i g u r e s ,  and some temperature f l u c -  

Fo r  any 

ons may be a n t i c i p a t e d .  One can make c o n s e r v a t i v e  use o f  such 

by u s i n g  t h e  upper bound o f  t h e  d a t a  t r e n d  curves. I t  i s  more 

c u l t  t o  use these da ta  f o r  fundamental s t u d i e s  o f  t h e  b e h a v i o r  

o f  f a s t - n e u t r o n - i r r a d i a t e d  m a t e r i a l s .  Nonetheless,  i n  a s u f f i c i e n t l y  

l a r g e  d a t a  base, v a l i d  t r e n d s  may be observed. 

One a t t e m p t  has been made t o  determine t h e  temperature depend- 

ence o f  t h e  s w e l l i n g  r a t e  i n  t h e  m a t e r i a l s  i r r a d i a t e d  i n  t h e  RS-1 

exper iment.  

s w e l l i n g  r a t e  when t h e  I r r a d i a t i o n  dose i s  t o o  1 0 w . 1 5 2 ~ 2 0 3  The 

approach fo l l owed  here was t o  c a l c u l a t e  t h e  s w e l l i n g  r a t e  assuming 

l i n e a r  s w e l l i n g  between t h e  va lues  measured a t  t h e  two h i g h e s t  doses. 

T h i s  dose increment  was 50 t o  59 dpa a t  396"C, 62 t o  72 dpa a t  419°C: 

51  t o  60 dpa a t  445°C. 69 t o  82 dpa a t  466°C. 62 t o  74 dpa a t  485°C. 

74 t o  87 dpa a t  509°C. 70 t o  8 1  dpa a t  530°C, and 73 t o  85 dpa a t  

562°C. Reference t o  F i g u r e  2.10 i n d i c a t e s  t h a t ,  except  f o r  t h e  l owes t  

temperatures,  such s w e l l i n g  measurements would be w e l l  beyond t h e  

i n c u b a t i o n  and t r a n s i t i o n  regimes. The average l i n e a r  s w e l l i n g  r a t e s  

have been p l o t t e d  i n  F i g u r e  2.12 as a f u n c t i o n  o f  s w e l l i n g .  The 

s w e l l i n g  va lues on t h e  absc i ssa  o f  F i g u r e  2.12 a r e  t h e  average o f  t h e  

two va lues over  which t h e  s w e l l i n g  r a t e  was c a l c u l a t e d .  F i g u r e  2.12(a) 

Garner has p o i n t e d  o u t  t h e  hazard o f  l o o k l n g  a t  t h e  
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shows a l l  t h e  da ta  broken i n t o  two rough temperature bands w i t h  most 

o f  t h e  d a t a  approaching a va lue  o f  about 0.8Xldpa a t  t h e  h i g h e s t  

s w e l l i n g s .  The t r e n d  w i t h  s w e l l i n g  I s  c l e a r e r  i n  F i g u r e  2.12(b) 

where o n l y  t h e  lowest  f o u r  temperatures a r e  p l o t t e d .  Here t h e  

i n f l u e n c e  o f  t h e  t r a n s i t i o n  regime i s  c l e a r l y  seen a t  t h e  l owes t  

Swe l l i ngs ,  as Garner i n d i c a t e d .  No i n f l u e n c e  o f  temperature can be 

seen f o r  these f o u r  temperatures.  However, F i g u r e  2.12(c) i n d i c a t e s  

t h a t  t h e r e  may be some temperature dependence a t  t h e  h i g h e r  tempera- 

t u r e s .  T h i s  f i g u r e  shows a r e g i o n  o f  c o n s i d e r a b l e  d a t a  s c a t t e r  

around 0.6Xldpa f o r  a l l  f o u r  temperatures.  T h i s  s c a t t e r  i s  t o  be 

expected g i v e n  t h e  s c a t t e r  i n  t h e  s w e l l i n g  d a t a  i n  F i g u r e s  2.10 and 

2.11. However, t h e r e  i s  a l s o  a c l e a r  s e p a r a t i o n  o f  t h r e e  groups o f  

d a t a  a t  509, 530 and 562'C. Data a r e  a v a i l a b l e  ove r  t h e  l a r g e s t  dose 

range a t  509°C and the  c a l c u l a t e d  s w e l l i n g  r a t e s  i n d l c a t e  t h a t  a t  

t h i s  temperature t h e  s w e l l i n g  r a t e  i s  f a i r l y  c o n s t a n t  between s w e l l -  

i n g s  o f  12 and 25%. T h i s  suppor ts  t h e  assumption t h a t  t h e  c a l c u l a t e d  

s w e l l i n g  r a t e  o f  -0.7Xldpa a t  25% s w e l l i n g  r e p r e s e n t s  a s t e a d y - s t a t e  

value. Therefore,  t h e  da ta  a t  562°C a r e  p a r t i c u l a r l y  s i g n i f i c a n t  

because t h e  s w e l l i n g  r a t e  i s  a lmost  a f a c t o r  o f  2 g r e a t e r  t han  a t  

530°C a t  t h e  same s w e l l i n g  and 50% h i g h e r  than t h e  509°C d a t a  which 

i s  a t  an even h i g h e r  s w e l l i n g .  Heat- to-heat  v a r i a t i o n s  cannot be 

r e s p o n s i b l e  f o r  t h i s  grouping because each temperature s e t  has a l l  

f i v e  f i r s t - c o r e  heats  i nc luded .  The observed s c a t t e r  a t  t h e  t h r e e  

h i g h e s t  temperatures i n  F i g u r e  2.12(c) do r e f l e c t  specimen-to-specimen 
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v a r i a t i o n s  a t  any one dose and temperature c o n d i t i o n .  These v a r i a -  

t i o n s  have been n e g l e c t e d  i n  t h e  d a t a  which were h l g h l i g h t e d .  Exam- 

I n l n g  a l l  t h e  d a t a  I n d i c a t e s  some o v e r l a p  o f  t h e  c a l c u l a t e d  s w e l l i n g  

r a t e s  a t  t h e  extremes, b u t  t h l s  does n o t  a l t e r  t h e  c o n c l u s i o n  of an 

apparent  marked temperature dependence p e r s i s t i n g  t o  f a i r l y  high doses. 

Four env i ronmenta l  o r  i r r a d i a t i o n  v a r i a b l e s  which a r e  known 

t o  i n f l u e n c e  s w e l l i n g  a r e  t h e  damage r a t e , 1 ' 7 ~ z o s  He/dpa 

r a t f  0 , 4 1  9 c '  s 1 0 7  9 1 0 4 s t r e s s '  

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ z ~ z o ~ ~ z o z ~ ~ o l ~ ~ o g  Befo re  c l o s i n g  t h i s  chap te r ,  each o f  

O 7  and temperature changes d u r i n g  

these f o u r  w i l l  be d iscussed i n  t h e  l i g h t  of  t h e  genera l  t h e o r e t l c a l  

concepts which a r e  b e l i e v e d  t o  govern v o l d  s w e l l i n g .  Some o f  these 

d a t a  w i l l  be d l scussed  i n  more d e t a i l  below when t h e  r e s u l t s  o f  t h e  

p r e s e n t  work a r e  descr tbed.  

The e f f e c t  o f  s t r e s s  i s  perhaps t h e  l e a s t  ambiguous. Recent 

e x p e r i m e n t s z 0 8 ' z 0 7  have shown t h a t  a p p l i e d  t e n s i l e  s t r e s s e s  up t o  t h e  

p r o p o r t i o n a l  e l a s t i c  l i m i t  of  t h e  m a t e r i a l  tend t o  decrease t h e  

s w e l l i n g  i n c u b a t i o n  t i m e .  S t resses  i n  excess o f  t h e  p r o p o r t i o n a l  

e l a s t i c  l l m l t  can extend t h e  i n c u b a t i o n  t i m e  due t o  t h e  I n t r o d u c t i o n  

o f  a d d i t i o n a l  d i s l o c a t i o n s  I n  t h e  s p e c i m e n . z o c * z o '  The e f f e c t  I s  

most s i g n l f i c a n t  a t  r e l a t i v e l y  h i g h  temperatures (1.e.. g r e a t e r  than 

about SOOOC). Garner e t  a l . z o '  sumnarized t h e  r e s u l t s  o f  seve ra l  

exper iments and i n d i c a t e d  t h a t  t h e  f o l l o w i n g  r e l a t i o n s h i p  d e s c r i b e d  

t h e  I n f l u e n c e  o f  an a p p l i e d  h y d r o s t a t i c  s t r e s s ,  a", on t h e  i n c u b a t i o n  

parameter," T, a t  a temperature,  T :  
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I n  Equa t ion  (2.9) lo i s  t h e  s t r e s s - f r e e  i n c u b a t i o n  parameter  and q (T )  

i s  t h e  e x p e r i m e n t a l l y  determined s t r e s s  c o r r e c t i o n  f a c t o r . z o '  

t h e  r e s u l t s  o f  two hea ts  o f  20% cold-worked t y p e  316 s t a i n l e s s  s t e e l ,  

Garner e t  a l .  found q(T)  - 0.015 x loz6 n/m2/MPa f o r  T < 600°C, b u t  

t h a t  it r a p i d l y  i nc reased  a t  h i g h e r  temperatures;  q (T)  = 0.061, 0.31 

and 1.58 a t  650, 700 and 750°C, r e s p e c t i v e l y .  

Us ing 

The temperature dependence o f  t h i s  e f f e c t  c o r r e l a t e s  w i t h  t h e  

temperature dependence o f  t h e  c r i t i c a l  c a v i t y  s i z e , 1 2 c * z 1 0  and s t r e s s  

has been shown t o  reduce t h e  c r i t i c a l  c a v i t y  s i z e  i n  a way whlch I s  

c o n s l s t e n t  w i t h  t h e  exper imenta l  observations.zl l~zlz The e f f e c t  o f  

s t r e s s  i s  t o  I nc rease  vacancy emiss ion f rom d i s l o c a t i o n s .  T h i s  p r o -  

v i d e s  a smal l  I nc rease  i n  t h e  vacancy s u p e r s a t u r a t i o n .  F o r  h i g h  

temperatures,  where t h e  s u p e r s a t u r a t i o n  I s  low, t h i s  increment  i n  t h e  

s u p e r s a t u r a t i o n  due t o  s t r e s s  can be s i g n i f i c a n t .  T h i s  would l e a d  t o  

a reduced c r i t l c a l  c a v i t y  s i z e  and hence a reduced i n c u b a t i o n  t ime. 

The e f f e c t  o f  nonisothermal  i r r a d i a t i o n  can a l s o  be understood 

i n  terms o f  t h e  c r i t i c a l  c a v i t y  s i z e  and t h e  e f f e c t  o f  temperature on 

m i c r o s t r u c t u r e .  The dependence o f  s w e l l i n g  on temperature changes i s  

somewhat complex, depending on whether t h e  temperature change takes  

p l a c e  e a r l y  or l a t e  r e l a t i v e  t o  t h e  i n c u b a t i o n  t i m e  and whether  t h e  

temperature i nc reases  o r  decreases. Yang and Garner have d i scussed  

seve ra l  experiments." U n f o r t u n a t e l y ,  some o f  t h e i r  a n a l y s i s  was 



57 

based on t h e  erroneous, i n i t i a l l y  r e p o r t e d  temperatures f rom t h e  RS-1  

exper iment  d i scussed  above. T h i s  makes i t  d i f f i c u l t  t o  determine 

b o t h  t h e  s i g n  and t h e  magnitude o f  t h e  temperature changes i n  some 

cases. The genera l  t r e n d  i n  these exper iments i s  f o r  t h e r e  t o  be a 

p e r i o d  f o l l o w i n g  t h e  temperature change d u r i n g  which t h e  m i c r o s t r u c -  

t u r e s  ( c a v i t y  and d i s l o c a t i o n  d e n s i t i e s )  a d j u s t  t o  the  new tempera- 

tu re .  T h i s  i s  f o l l o w e d  by s w e l l i n g  behav io r  which i s  c h a r a c t e r i s t i c  

o f  t h e  new temperature.  The i n f l u e n c e  o f  t h e  p r e v i o u s  temperature 

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

does n o t  reach t h e  v a l u e  which would be ob ta ined  i n  an i so the rma l  

i r r a d i a t i o n  a t  t h e  new temperature.  

Makin''' has r e p o r t e d  on a l a r g e  number o f  h i g h  v o l t a g e  e l e c t r o n  

microscope (HVEM) i r r a d i a t i o n  exper iments.  That work shows a s t r o n g  

c o r r e l a t i o n  between t h e  s w e l l i n g  r a t e  a t  any temperature and t h e  

c a v i t y  d e n s i t y  which has developed. He i n d i c a t e s  t h a t .  f o l l o w i n g  a 

change i n  temperature,  t h e  s w e l l i n g  r a t e  i s  determined by t h e  c a v i t y  

d e n s i t y  and t h e  new temperature.  Because t h e  s w e l l i n g  r a t e  i s  n o t  a 

monotonic f u n c t i o n  o f  t h e  c a v i t y  d e n s i t y ,  changes between any two 

temperatures can l e a d  t o  e i t h e r  an i nc rease  o r  a decrease I n  t h e  

s w e l l i n g  r a t e . z o *  

A r e p r e s e n t a t i v e  example of  t h e  e f f e c t  o f  temperature changes i s  

p r o v i d e d  by the  da ta  o f  Bates2' '  which were a l s o  analyzed by Yang and 

Garner.'2 I n  one o f  these exper iments,  specimens which had been 

i r r a d i a t e d  a t  nominal temperatures o f  533, 600 and 650°C f o r  up t o  

about 25 dpa were r e i r r a d i a t e d  a t  625°C f o r  ano the r  25 dpa. The 
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c o n s i s t e n t  

were smal l  

Such c a v i t  

a d d i t i o n a l  

specimens which exper ienced t h e  +25"C temperature change evidenced 

l i t t l e  e f f e c t ,  w h i l e  the  specimens which exper ienced t h e  92°C tem- 

p e r a t u r e  i n c r e a s e  showed a c l e a r  r e d u c t i o n  i n  s w e l l i n g  f o r  about  

15 dpa. 

p e r a t u r e  change, and t h e  r e s u l t s  o f  t h e  93°C temperature i n c r e a s e  a r e  

w i t h  t h e  behav io r  t h a t  would be expected i f  c a v i t i e s  which 

v o i d s  a t  533°C were below t h e  c r i t i c a l  s i z e  a t  625°C. 

es would s h r i n k  u n t i l  subsequent I r r a d i a t i o n  had s u p p l l e d  

gas t o  promote them t o  v o i d s  a t  t he  h i g h e r  temperature.  A 

The s w e l l i n g  was o n l y  about 0.5% a t  t h e  t i m e  o f  t h e  tem- 

second exper iment  i n v o l v e d  l a r g e  temperature r e d u c t i o n s  f rom i n i t i a l  

va lues o f  526 and 585°C t o  416, 431 and 458°C ( i n i t i a l  T = 526) and 

423, 442, 498 and 503°C ( i n i t i a l  T = 585°C). The temperature change 

was g radua l  and began a t  about 30 dpa, near  t h e  end o f  t h e  i n c u b a t i o n  

regime f o r  an i so the rma l  I r r a d i a t i o n .  The i r r a d i a t i o n  was t e r m i n a t e d  

a t  50 dpa. I n  a l l  cases t h e  s w e l l i n g  was s i g n l f l c a n t l y  i nc reased  

r e l a t i v e  t o  i so the rma l  i r r a d i a t i o n  and t h e  i nc rease  was g r e a t e r  f o r  

specimens which saw g r e a t e r  temperature decreases. T h i s  r e s u l t  can 

o f  temperature on t h e  c r i t i -  

a t  t h e  h i g h e r  temperatures 

e , v o i d  growth as t h e  tem- 

an a b r u p t  t e r m i n a t i o n  o f  

a l s o  be understood i n  terms o f  t he  e f f e c t  

c a l  s i ze .  C a v i t i e s  which were s u b c r i t i c a  

would exceed t h e  c r i t i c a l  s i z e  f o r  unstab 

p e r a t u r e  decreased. T h i s  would r e s u l t  i n  

t h e  i n c u b a t i o n  regime and r a p i d  s w e l l i n g .  

The e f f e c t  o f  damage r a t e  i n  exper iments which use charged p a r -  

t i c l e s  t o  s i m u l a t e  neu t ron  damage has r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  

because such dose r a t e s  a r e  t y p i c a l l y  a f a c t o r  o f  100 t o  1000 t imes  
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t h e  f a s t  r e a c t o r  ~ a l ~ e . ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  However, dose r a t e  has o f t e n  

been a neg lec ted  v a r i a b l e  i n  n e u t r o n - i r r a d i a t i o n  exper iments.  These 

exper lments t y p i c a l l y  exper ience dose r a t e s  wh ich  v a r y  by  a t  l e a s t  a 

fac to f  o f  2 as a resu  t o f  s p e c t r a l  d i f f e r e n c e s  between v a r i o u s  l oca -  

t i o n s  i n  t h e  r e a c t o r .  s z 9 1 6 7 9 z 0 '  Recent da ta  f rom t h e  French fast. 

b reeder  r e a c t o r s  P H E N I X  and RHAPSODIE have demonstrated t h a t  such 

r e l a t i v e l y  smal l  v a r i a t i o n s  i n  t h e  dose r a t e  can have a ma jo r  e f f e c t  

on m i c r o s t r u c t u r a l  e ~ o l u t i o n . ~ ~ ~ ~ ~ ~ '  That work i n v o l v e d  i r r a d i a t i o n s  

a t  temperatures between 577 and 617°C up t o  about  55 dpaF ( 1  dpaF - 
0.77 dpa NRT). The dose r a t e  i n  these i r r a d i a t i o n s  v a r i e d  between 

6 x lo-'  and 2 x lo- '  dpaF/sec. The ma jo r  t rends  observed i n c l u d e :  

(1) a h i g h e r  dose r a t e  inc reases  t h e  t o t a l  d i s l o c a t i o n  d e n s i t y  as a 

r e s u l t  o f  enhanced loop  f o m a t l o n  and ( 2 )  t h e  h i g h e r  dose r a t e  r e s i . l t s  

i n  an extended s w e l l i n g  i n c u b a t i o n  t i m e .  These two r e s u l t s  a r e  c o n -  

s i s t e n t  w i t h  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  l e a d i n g  t o  a reduced 

vacancy s u p e r s a t u r a t i o n  a t  low doses. T h i s  would I n  t u r n  i nc rease  

t h e  c r i t i c a l  c a v i t y  s i z e  and hence inc rease  t h e  dose r e q u i r e d  f o r  t h e  

c a v i t i e s  t o  become vo ids .  The a c t u a l  s i t u a t i o n  maq be somewhat more 

complex s i n c e  t h e  h i g h e r  dose  r a t e  would a l s o  tend t o  i nc rease  t h e  

vacancy supersa tu ra t i on .  

The e f f e c t  o f  t h e  He/dpa r a t i o  on m i c r o s t r u c t u r a !  e v o l u t i o n  h a s  

been examined most e x t e n s i v e l y  i n  charged p a r t i c l e  i r r a d i a t i o n s ;  t h e  

ma jo r  obse rva t i ons  have been sumnarizea above. One s i g n i f i c a n t  

r e s u l t  f rom a dual  i o n  i r r a d i a t i o n  i s  shown i n  F i g u r e  2 . i 3  ( r e f .  1 0 7 ) .  
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YE-13597 

(a) 110 helium (c) 20 appm Me/dpa 
no swelling 1.8% swefling 

F i g u r e  2.13. I n f l u e n c e  o f  He/dpa r a t i o  on c a v i t y  f o r m a t i o n  and 
v o i d  s w e l l i n g  i n  a t i t a n i u m - m o d i f i e d  t y p e  316 s t a i n l e s s  s t e e l  i r r a -  
d i a t e d  t o  70 dpa a t  625OC. Photographs f rom Kenik  and Lee, r e f .  107. 

I n  t h i s  exper iment ,  Kenik  and Lee i r r a d i a t e d  a t i t a n i u m - m o d i f i e d  t ype  

316 s t a i n l e s s  s t e e l  w i t h  4 MeV N i  i o n s  t o  70 dpa a t  625OC. The He/ 

dpa r a t i o  was v a r i e d  by i n j e c t i n g  h e l i u m  t o  t h e  d e s i r e d  l e v e l  u s i n g  a 

second a c c e l e r a t o r .  The va lue  o f  0.2 appm He/dpa r e p r e s e n t s  near  f a s t  

b reeder  c o n d i t i o n s ,  and t h e  20 appm He/dpa s imu la tes  f u s i o n  c o n d i t i o n s .  

The no-hel ium case p r o v i d e s  a r e f e r e n c e  p o i n t  f o r  t h e  o t h e r s .  The 

r e s u l t s  i n d i c a t e  t h a t  s w e l l i n g  may n o t  be a monotonic f u n c t i o n  o f  t h e  

He/dpa r a t i o .  T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  w i t h  t h e o r e t i c a l  work 

which p r e d i c t e d  a s w e l l i n g  peak a t  i n t e r m e d i a t e  He/dpa r a t i o s . 1 o *  

T h i s  f o l l o w s  d i r e c t l y  f rom t h e  observed He/dpa r a t i o  dependence of  

t h e  c a v i t y  d e n s i t y  and t h e  c r i t i c a l  r a d i u s  concept. I f  one adopts 

t h e  l o w  He/dpa r a t i o  r e s u l t  as a r e f e r e n c e  case, smal l  i nc reases  i n  

t h e  He/dpa r a t i o  serve p r i m a r i l y  t o  sho r ten  t h e  s w e l l i n g  i n c u b a t i o n  

t i m e  by p r o v i d i n g  more gas t o  d r i v e  b u b b l e - t o - v o i d  convers ion.  I f  
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incrementa l  i nc reases  i n  t h e  c a v i t y  d e n s i t y  a r e  a l s o  observed, then 

h i g h e r  s w e l l i n g  r a t e s  c o u l d  a l s o  r e s u l t  i f  t h e  c a v i t i e s  do n o t  become 

t h e  dominant s i n k  i n  t h e  system. For  l a r g e  i nc reases  i n  t h e  He/dpa 

r a t i o ,  an a l t e r n a t e  p a t h  o f  c a v i t y  e v o l u t i o n  may be fo l l owed .  

t h i s  case h i g h  bubble d e n s i t i e s  r e s u l t  i n  an extended i n c u b a t i o n  t i m e  

as t h e  h e l i u m  and vacancies must be p a r t i t i o n e d  t o  many s inks .  

t h e  c a v i t i e s  become t h e  dominant s i n k ,  b u b b l e - t o - v o i d  convers ion  may 

be e l i m i n a t e d  a l t o g e t h e r  and o n l y  bubble s w e l l i n g  would be observed. 

Only a l i m i t e d  amount o f  i n f o r m a t i o n  about He/dpa r a t i o  e f f e c t s  

has been o b t a i n e d  under f a s t - n e u t r o n  i r r a d i a t i o n .  Most o f  t h i s  work 

has i n v o l v e d  comparisons o f  i r r a d i a t i o n  exper iments I n  t h e  EBR-I1 and 

the  HFIR.  There i s  s u f f i c i e n t  d a t a  f rom b o t h  r e a c t o r s  t o  p e r m i t  d i r e c t  

comparisons f o r  o n l y  one hea t  o f  so lu t i on -annea led  and 20% cold-worked 

type 316 s t a i n l e s s  s t e e l ,  t h e  D O - h e a t . ' 1 ~ L ' ~ 1 c ~ 1 L 3 ~ 1 ~ 1 ~ 1 1 * ~ 1 ~ 3 ~ 2 ~ 6  

The comparison i s  somewhat comp l i ca ted  by  d i f f e r e n c e s  i n  damage i e v e l  

and i r r a d i a t i c n  temperature as w e l l  as u n c e r t a i n t i e s  about t h e  H F I R  

i r r a d i a t i o n  temperatures.  The dose dependence o f  t h e  DO-heat 

s w e l l i n g  d a t a  i s  shown i n  F i g u r e  2.14 ( r e f .  153).  The d a t a  shown i n  

F i g u r e  2.14 i n d i c a t e  t h a t  t h e  increased He/dpa r a t i o  i n  t h e  HFIR  can 

lead  t o  e i t h e r  i nc reases  ( S A )  or decreases ( C W )  i n  s w e l l i n g  r e l a t i v e  

t o  EBR-11. T h i s  o b s e r v a t i o n  can be understood i f  t h e  c a v i t y  d i s t r i -  

b u t i o n s  f o r  t h e  v a r i o u s  c o n d i t i o n s  a r e  examined. 4 comparison c f  

these c a v i t y  d i s t r i b u t i o n s  i s  shown i n  F i g u r e  2.15. P a r t s  ( a )  and 

(5) o f  F i g u r e  2.15 compare specimens o f  20% cold-worked DO-heat t h a t  

I n  

I f  
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F i g u r e  2.14. 
annealed and 20% cold-worked DO-heat i n  t h e  H F I R  and EBR-11. F i g u r e s  
f r o m  Maziasz, r e f .  153. 

Comparison o f  t h e  s w e l l i n g  b e h a v i o r  o f  s o l u t i o n -  

were i r r a d i a t e d  i n  t h e  EBR-I1 ( a )  and H F I R  ( b ) .  The i r r a d i a t i o n  tem-  

p e r a t u r e s  were 500 t o  550°C and dose was 69 dpa i n  E B R - I 1  and 6 1  dpa 

i n  t h e  HFIR. There i s  a c l e a r  q u a l i t a t i v e  d i f f e r e n c e  between t h e  

c a v i t y  m i c r o s t r u c t u r e s  which have evolved.  The H F I R  specimen has a 

h i g h  d e n s i t y  o f  f a i r l y  smal l  bubbles,  w h i l e  t h e  EBR-I1 specimen has 

p r i m a r i l y  l a r g e  v o i d s ,  many o f  which a r e  a t t a c h e d  t o  p r e c i p i t a t e  p a r -  

t i c l e s .  The apparent  i n f l u e n c e  o f  t h e  h i g h e r  He/dpa r a t i o  i n  t h e  

H F I R  has been t o  promote bubble f o r m a t i o n  t o  such a degree t h a t  t h e  

bubbles have f a i l e d  t o  reach t h e  c r i t i c a l  s i z e  by  6 1  dpa. 

A comparison o f  so lu t i on -annea led  specimens i r r a d i a t e d  i n  t h e  

EBR-I1 and t h e  HFIR  i s  shown i n  F i g u r e  2.15(c,d). A l though  t h e  dose 

i s  somewhat l o w e r  f o r  t h e  s o l u t i o n - a n n e a l e d  specimens, t h e  s o l u t i o n -  

annealed m a t e r i a l  f rom t h e  H F I R  i s  q u i t e  s i m i l a r  t o  e i t h e r  c o l d -  

worked o r  s o l u t i o n - a n n e a l e d  m a t e r i a l  i n  t h e  EBR-11. The d i f f e r e n c e  
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YE- 13590 

F i g u r e  .2.15. Comparison o f  t h e  c a v i t y  d i s t r i b u t i o n s  observed i n  
t h e  DO-heat of t ype  316 s t a i n l e s s  s t e e l  a f t e r  i r r a d i a t i o n  i n  t h e  
EBR-I1 (a ,c)  and HFIR (b,d) a t  500 t o  550OC. 
and ( b )  were i n i t i a l l y  20% cold-worked w h i l e  those i n  ( c )  and ( d )  
were so lu t ion-annea led .  

Specimens shown i n  ( a )  

(Photographs c o u r t e s y  of P. 3. Maziasz, ORNL) .  
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between t h e  cold-worked and so lu t i on -annea led  m a t e r i a l  I n  t h e  HFIR 

c o u l d  be an e f f e c t  o f  t h e  I n i t i a l  d i s l o c a t i o n  d e n s i t y  on bubble f o r -  

mat ion.  D i s l o c a t i o n s  a r e  known t o  p r o v i d e  f a v o r a b l e  bubb le  nuc lea -  

t i o n  s i t e s  and a t  low doses a h i g h e r  bubble d e n s i t y  forms i n  t h e  

cold-worked m a t e r i a l .  T h i s  can l e a d  t o  s w e l l i n g  suppress ion by  the  

h e l i u m  and vacancy p a r t i t i o n i n g  arguments advanced above. 

d e n s i t y  i n  t h e  so lu t i on -annea led  m a t e r i a l  a p p a r e n t l y  f a i l e d  t o  reach 

a s u f f i c i e n t l y  h i g h  va lue  t o  suppress v o i d  fo rma t ion .  I n  t h l s  l a t t e r  

case t h e  e f f e c t  o f  t h e  h i g h e r  h e l i u m  l e v e l  was t o  sho r ten  t h e  swel-  

l i n g  i n c u b a t i o n  t i m e  by promot ing b u b b l e - t o - v o i d  convers ion.  These 

r e s u l t s  t e n d  t o  c o n f i r m  t h e  hypo thes i s  advanced by  Ode t te  and 

co -worke rs102 ,103  t h a t  m l c r o s t r u c t u r a l  c o n t r o l  may be one method o f  

suppress ing ( o r  d e l a y i n g )  s w e l l l n g  I n  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

Recent work by  Maziasz and Brask i lsJ~z l l  and by Mansur e t  a).' '@ sup- 

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

The bubble 

F i n a l l y ,  i t  should be p o i n t e d  o u t  t h a t  an a l t e r n a t i v e  I n t e r p r e -  

t a t i o n  o f  t h e  h i g h  f l u e n c e  f a s t  r e a c t o r  s w e l l i n g  d a t a  and t h e  H F I R /  

EBR-I1 comparison has been advanced by Garner and Brager l ' , l * J~ l l l -  

and Garner and W ~ l f e r . ' ~ ~  These workers have focused on 1 8 3 , 1 1 8 - 2 1 1  

t h e  e f f e c t s  o f  compos i t i ona l  f l u c t u a t i o n s  and t h e  e v o l u t i o n  of p r e c l p - .  

i t a t i o n  under i r r a d i a t i o n  and contend t h a t  i t  p l a y s  t h e  dominant r o l e  

i n  d e t e r m i n i n g  the  response o f  i r r a d i a t e d  a l l o y s ; z 2 1  t h e y  i n d i c a t e  t h a t  

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 s  due t o  a concur ren t  m ic rochemica l  e v o l c -  

t i o n  which i n v o l v e s  p r i m a r i l y  carbon, s i l i c o n  and n i c k e l .  They s t a t e  

t h a t  t he  average n i c k e l  con ten t  o f  t h e  m a t r i x  i s  a r e l i a b l e  i n d i c a t o r  



65 

o f  hav ing  a t t a i n e d  t h e  "s teady s t a t e "  s w e l l i n g  r a t e  i n  a u s t e n i t i c  

s t a i n l e s s  s t e e l s .  I f  Cc, Csj and C N ~  a r e  t h e  i n i t i a l  a tom ic  f r a c -  

t i o n s  o f  these a l l o y  components, then t h e  c r i t i c a l  m a t r i x  n i c k e l  con- 

t e n t  I s  g i v e n  t o  be C N i  = C N ~  - 3 ( C s i  + Cc) ( r e f .  221). 

316 s t a i n l e s s  s t e e l ,  C N i  - 9%. T h i s  n i c k e l  d e p l e t i o n  o f  t h e  m a t r i x  

i s  a r e s u l t  o f  t h e  f o r m a t i o n  o f  p r e c i p i t a t e s  which a r e  r i c h  i n  b o t h  

n i c k e l  and s i l i c o n .  Some o f  these n i c k e l -  and s i l i c o n - r i c h  p r e c i p i -  

t a t e  phases a r e  t h e r m a l l y  s t a b l e  (e.g., e t a )  and a r e  enhanced under 

i r r a d i a t i o n  w h i l e  o t h e r s  do no t  form t h e r m a l l y  i n  t y p e  316 s t a i n l e s s  

s t e e l  (e.g., y '  and G phase) and appear t o  be r a d i a t i o n  

* 
For a t y p e  

* 

i n d u c e d . S o , o o , l O ~ , ~ ~ ~ , ~ ~ S  

Rad ia t i on - induced  s o l u t e  seg rega t ion  i s  known t o  p l a y  a s i g n i f -  

i c a n t  r o l e  i n  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  o f  I r r a d i a t e d   material^.^‘ 

F o r  example, p o i n t  d e f e c t  d i f f u s i v i t i e s  a r e  known t o  be s e n s i t i v e  t o  

t h e  c o n c e n t r a t i o n s  o f  s o l u t e s  such as s i l i c o n . ~ ~ * ~ ~ z ~  The d e p l e t i o n  

o f  t h e  f a s t  d i f f u s i n g  s i l l c o n  would tend t o  i n c r e a s e  t h e  e f f e c t i v e  

vacancy s u p e r s a t u r a t i o n  by l o w e r i n g  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t .  

T h i s  would i n  t u r n  p e r m i t  e a s i e r  v o i d  f o r m a t i o n . z z 7  However, t he  

f a c t  t h a t  n i c k e l  has been observed t o  segregate t o  v o i d  ~ ~ f f a ~ e ~ ~ ~ ~ ~ ' * ~  

seems i n c o n s i s t e n t  w i t h  t h e  argument t h a t  v o i d s  p r e f e r e n t i a l l y  f o r m  

i n  n i c k e l - d e p l e t e d  reg ions .  Maziasz'' has p o i n t e d  o u t  t h a t  t h e  

observed n i c k e l  d e p l e t i o n  may be a r e s u l t  o f  v o i d  f o r m a t i o n ,  and n o t  

t h e  cause. 
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The i n f l u e n c e  o f  t he  He/dpa r a t i o  on m i c r o s t r u c t u r a l  and m i c r o -  

chemical  e v o l u t i o n  remains an un reso lved  con t rove rsy .  Whi le  Maziasz 

and co-workers see s i g n i f i c a n t  q u a l i t a t l v e  and q u a n t i t a t i v e  d i f f e r e n c e s  

between the  r e s u l t s  o f  OO-heat i r r a d i a t i o n s  i n  t h e  HFIR and 

E B R - I I , ' * ~ s 3 ~ ' 6 ~ 1 0 1 ~ 2 2 )  Garner and Brager  r e p o r t  r e l a t i v e l y  l i t t l e  

ef fect .1". lmz,z1* The l a t t e r  workers p o i n t  o u t  t h a t  t h e  a b s o l u t e  

s w e l l i n g  l e v e l s  i n  some cases a r e  n o t  t o o  d i f f e r e n t  i n  t h e  two reac-  

t o r s  and b e l i e v e  t h a t  t he  p r o g r e s s i o n  o f  an i n e v i t a b l e  microchemical  

e v o l u t i o n  w i l l  e v e n t u a l l y  l e a d  t o  t h e  same b e h a v i o r  a t  any He/dpa 

r a t i o .  However, a r e c e n t l y  completed exper iment  lends suppor t  t o  t h e  

c o n c l u s i o n  t h a t  s w e l l i n g  can be i n f l u e n c e d  b y  t h e  He/dpa r a t i o  v i a  

I t s  e f f e c t  on t h e  c a v i t y  d e n s i t y . z 3 0  T h i s  exper iment  i n c l u d e d  b o t h  

s o l u t i o n - a n n e a l e d  and 20% cold-worked specimens o f  t h e  U.S. f u s i o n  

program's pr ime cand ida te  a l l o y  (PCA)  and N - l o t  t y p e  316 s t a i n l e s s  

s t e e l .  The specimens were i r r a d i a t e d  i n  t h e  HFIR f o r  about  22 dpa a t  

400, 500 and 6 0 0 O C .  These same specimens were t h e n  i r r a d i a t e d  a t  t h e  

same temperature i n  the  FFTF f o r  ano the r  35 dpa. Based on e x p e r i -  

ments i n  t h e  EBR-11, f r r a d i a t i o n  o f  t h e  20% cold-worked N - l o t  s p e c i -  

mens t o  60 dpa i n  a f a s t  r e a c t o r  neu t ron  spectrum should have l e d  t o  

about  10% s w e l l i n g .  The observed s w e l l i n g  i n  t h e  s e q u e n t i a l  i r r a -  

d i a t i o n s  was about 0.5% a t  600°C and 1.8% a t  5OO0C. The s w e l l i n g  o f  

t h e  o t h e r  specimens i n  t h i s  exper iment  was s i m i l a r l y  reduced. These 

o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  h i g h  He/dpa r a t i o  i n  t h e  H F I R  

hav ing  l e d  t o  a h i g h  bubble d e n s i t y  t h a t  suppressed subsequent 
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b u b b l e - t o - v o i d  convers ion  i n  t h e  FFTF which has a much lower  He/dpa 

r a t i o .  T h i s  c o u l d  r e s u l t  f rom a combinat ion o f  two e f f e c t s :  (1) t h e  

h i g h  bubble d e n s i t y  can suppress t h e  vacancy s u p e r s a t u r a t i o n  l e a d i n g  

t o  an i nc reased  c r i t i c a l  c a v i t y  s i z e  and ( 2 )  t h e  a v a i l a b l e  h e l i u m  

must p a r t i t i o n  t o  more bubbles r e q u i r i n g  more t i m e  f o r  any one bubble 

t o  o b t a i n  t h e  c r i t i c a l  number o f  gas atoms. H igher  f l u e n c e  i r r a -  

d i a t i o n  i n  t h e  FFTF and m i c r o s t r u c t u r a l  examinat ion o f  these spec i -  

mens should h e l p  c l a r i f y  these r e s u l t s .  The r e s o l u t i o n  o f  t h i s  i s s u e  

has s i g n i f i c a n t  i m p l i c a t i o n s  f o r  near- term f u s i o n  r e a c t o r s  and some 

o f  t h e  work presented below aims t o  improve t h e  t h e o r e t i c a l  

understanding o f  t h e  i n f l u e n c e  o f  t h e  He/dpa r a t i o .  
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CHAPTER 3 

THEORETICAL MODELS 

T h i s  chap te r  c o n t a i n s  a d i s c u s s i o n  o f  t h e  t h e o r e t t c a l  models 

which have been developed and used i n  t h i s  work. 

which these models a r e  based and t h e  l i m i t a t i o n s  t o  t h e i r  use a r e  

d iscussed where approp r ia te .  

t he  r a t e  theo ry ,  as d iscussed i n  S e c t i o n  2.3. The new work p resented  

here  i n c l u d e s  t h e  development o f  a n a l y t i c a l  exp ress ions  f o r  h e l i u m  

bubb le  parameters u s i n g  a hard  sphere equa t ion  o f  s t a t e ,  a d i r e c t  com- 

p a r i s o n  o f  t h e  impor tance o f  h e l i u m  and vacancy accumula t ion  i n  v o i d  

n u c l e a t i o n  and t h e  development o f  a d e t a i l e d  composite model 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 .  Rather  than f o r e g o i n g  a d i s c u s s i o n  of  t h e  

r e s u l t s  o f  t h e  c a l c u l a t i o n s  u n t i l  a l a t e r  chap te r ,  i t  seemed most 

n a t u r a l  t o  d i scuss  these r e s u l t s  as they  a r e  presented.  The key 

r e s u l t s  w i l l  once aga in  be sumnarlzed I n  Chapter 5. 

The assumptions upon 

T h i s  work b u i l d s  on t h e  f o u n d a t i o n  o f  

The ph i l osophy  which gu ided t h e  mode l ing  e f f o r t  was t o  i n c l u d e  

s u f f i c i e n t  d e t a i l  so as t o  p e r m i t  t h e  d e s c r i p t i o n  o f  t h e  p h y s i c a l  p r o -  

cesses wh ich  a r e  known t o  be impor tan t  w h i l e  a v o i d i n g  unnecessary 

complex i ty .  " S u f f i c i e n t "  d e t a i l  can be d e f i n e d  as t h a t  l e v e l  o f  model 

s o p h l s t l c a t i o n  which p e r m i t s  one t o  p r e d i c t  observed d a t a  t r e n d s  f o r  

t h e  exper imenta l  c o n d i t i o n s  o f  i n t e r e s t ,  w h i l e  "unnecessary"  complex- 

i t y  Is t h a t  which leads  t o  a p r o l i f e r a t i o n  o f  l a r g e l y  unknown p h y s i c a l  

parameters. There i s  some t r a d e - o f f  i n v o l v e d  here. Even s imp le  

models i n c l u d e  parameters f o r  which no w e l l - d e f i n e d  va lue  e x i s t s .  
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Model p r e d i c t i o n s  can va ry  s i g n i f i c a n t l y  depending on t h e  va lues  

assumed f o r  parameters such as t h e  dislocation-interstitial b l a s  o r  

t h e  matrix surface free energy. I n  a d d i t i o n ,  e q u i v a l e n t  r e s u l t s  can 

o f t e n  be ob ta ined  w i t h  d i f f e r e n t  s e t s  o f  parameter values. More 

d e t a i l e d  models t y p i c a l l y  have more parameters. However, i n c l u d i n g  

more d e t a i l  ( a d d i t i o n a l  p h y s i c a l  mechanisms) can c o n s t r a i n  the  problem 

by  l i m i t i n g  the  range o f  parameter  va lues  which g i v e  r i s e  t o  reason- 

a b l e  p r e d l c t i o n s .  Th is  w i l l  be d iscussed I n  more d e t a i l  below. 

3.1 He l ium Equat ion  of S t a t e  

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

Before  proceed ing  t o  d e s c r i b e  t h e  genera l  f e a t u r e s  o f  t h e  models, 

t h e  equa t ion  o f  s t a t e  used t o  compute he l i um bubb le  parameters w i l l  

f l r s t  be discussed. The impor tance o f  t ransmutant  h e l i u m  i n  p romot ing  

v o i d  f o r m a t i o n  was desc r ibed  above; hence model ing v o i d  s w e l l i n g  

r e q u i r e s  s o l u t i o n  o f  equat ions  d e s c r i b i n g  he l i um bubb le  behav io r .  The 

i d e a l  gas law p r o v i d e s  a f i r s t  approx imat lon  f o r  t h i s  purpose; how- 

ever ,  f o r  smal l  bubbles t h e  i n t e r n a l  gas pressures  a r e  much t o o  h i g h  

t o  be adequate ly  desc r ibed  by t h i s  s imp le  equa t ion  of  s ta te .  

The t h r e e  parameters o f  most i n t e r e s t  a r e  t h e  s t a b l e  bubb le  

r a d i u s ,  rb, the  c r i t i c a l  bubb le  r a d i u s ,  r: and t h e  c r i t i c a l  number o f  

h e l l u m  atoms, mHe. 

f o r  t he  I d e a l  gas case. 

equa t ion  of s t a t e  i s  then d iscussed.  Numerical c a l c u l a t i o n s  o f  t h e  

he l i um bubb le  parameters u s i n g  t h e  hard  sphere equa t ion  o f  s t a t e  a r e  

* Express ions f o r  these parameters a r e  f i r s t  d e r l v e d  

The use o f  a more compl ica ted  hard  sphere 
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presented  and compared w i t h  t h e  i d e a l  gas r e s u l t s .  The comparison 

i n d i c a t e s  t h a t  t h e  f u n c t i o n a l  dependence o f  t he  c r i t i c a l  bubb le  param- 

e t e r s  on a v a r i e t y  o f  p h y s i c a l  v a r i a b l e s  i s  g e n e r a l l y  preserved.  T h l s  

has p e r m i t t e d  the  f o r m u l a t i o n  o f  two "master curves"  wh ich  d e s c r i b e  

the  d e v i a t i o n  f rom i d e a l  gas behav io r  as a f u n c t i o n  o f  t h e  e f f e c t i v e  

vacancy s u p e r s a t u r a t i o n  on ly .  The use o f  t h e  master  curves  p rov ides  

s imp le  a n a l y t i c a l  express lons  f o r  t h e  minimum c r i t i c a l  r a d i u s  

r*(m* ) and mLe analogous t o  the  i d e a l  gas r e s u l t s .  I n  a d d i t i o n ,  t h e  

he l i um bubble r a d l u s  computed u s i n g  the  ha rd  sphere equa t ion  o f  s t a t e  

was found t o  d e v i a t e  i n  a sys temat i c  way f rom t h e  i d e a l  gas r a d i u s .  

Hence, a t h i r d  master  curve  was developed wh ich  a l l o w s  t h e  d i r e c t  

c a l c u l a t l o n  o f  t h e  " r e a l  gas" bubb le  r a d i u s  f r o m  t h e  i d e a l  gas va lue.  

A r a t e  t h e o r y  based model of  v o i d  s w e l l i n g  was used t o  demonstrate 

t h a t  r e s u l t s  ob ta ined  u s i n g  t h e  a n a l y t i c a l  express ions  preserved t h e  

accuracy o f  numer ica l  s o l u t i o n s .  

c He 

3.1.2. C r i t i c a l  He l ium Bubble Parameters 

I n  the  c o n t e x t  o f  t he  r a t e  t h e o r y  d e s c r i p t l o n  o f  v o i d  

s w e l l  l n g  1 7 4  * l a *  * z a l  t h e  equa t lon  d e s c r i b i n g  t h e  growth  r a t e  o f  a 

c a v i t y  w i t h  r a d i u s  rc i s :  

dr, d t  = r c  (ZCD V v C v - Z:DiCi - ZiOvC:) (3.1) 

where Z i O v C v  and Z i D i C i  a r e  the  p o i n t  d e f e c t  f l u x e s  imp ing ing  on a 

c a v i t y  o f  r a d i u s  rcl and Z:DvC: i s  t h e  r a t e  o f  vacancy emiss ion  from 
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t h e  c a v i t y .  

t e n s  used t o  compute t h e  s u r f a c e  area (Fsr:) and volume (Fvr;) o f  

nonspher i ca l  c a v l t i e ~ . ~ ' ~ ' ~ ~  For  a sphere, Fs = 4n and Fv = 4n/3. 

Values f o r  Fs and Fv w i l l  be d iscussed i n  S e c t i o n  3.3.1.1. 

e f f i c i e n c i e s  (Zi and Z;) i n  Equa t ion  (3.1) a r e  f r e q u e n t l y  taken t o  be 

equal t o  1.0; he re  they  r e f l e c t  t h e  m u l t i p l e  s i n k  s t r e n g t h  c o r r e c t i o n  

t o  t h e  c a v i t y  s i n k  s t r e n g t h  as g i v e n  i n  S e c t i o n  3.3.1.3. The vacancy 

c o n c e n t r a t i o n  i n  l o c a l  e q u i l i b r i u m  w i t h  t h e  c a v i t y  i s :  

The parameters Fs and Fv i n  Equat ion (3.1) a r e  geometr ic  

The c a p t u r e  

I n  Equa t ion  (3.2) C: i s  t h e  thermal e q u i l i b r i u m  vacancy c o n c e n t r a t i o n ,  

R Is t h e  a tomic  volume, y i s  t h e  s u r f a c e  f r e e  energy, P I s  t h e  c a v i t y ' s  

i n t e r n a l  gas p ressu re  and kT has i t s  usual  meaning. I n  t h e  f o l l o w i n g  

d i s c u s s i o n ,  two types o f  c a v i t i e s  a r e  d i s t i n g u i s h e d .  C a v i t i e s  which 

a r e  s t a b i l i z e d  by  t h e i r  i n t e r n a l  gas p ressu re  ( i . e . ,  P - 2 y / r c )  a r e  

r e f e r r e d  t o  as bubbles w h i l e  c a v i t i e s  which a r e  p r i m a r i l y  agglomera- 

t i o n s  of  vacancies,  P << 2 y / r c ,  a r e  c a l l e d  vo ids.  

3.1.2.1 I d e a l  Gas R e s u l t s  

Fo r  purposes o f  i l l u s t r a t i o n ,  t h e  i d e a  gas behav io r  w i l l  be con- 

s i d e r e d  f i r s t .  A t y p i c a l  p l o t  o f  Equat ion 3.1) is shown I n  F i g u r e  3.1, 

where mHe i s  t h e  number o f  h e l i u m  atoms i n  t h e  c a v i t y  and rb and rc 

denote t h e  s t a b l e  bubble and c r i t i c a l  bubble r a d i i ,  r e s p e c t i v e l y .  The 

parameter S Is t h e  e f f e c t i v e  vacancy s u p e r s a t u r a t i o n :  

* 
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O R  N L -  D W G  8 6 C  - 116 8 6 

4 

2 

- 4  
1 

F i g u r e  3.1. 

1.5 2.0 2.5 
CAVITY RADIUS ( r c )  (nm) 

T y p i c a l  p l o t  o f  t h e  c a v i t y  g rowth  r a t e  as a func -  - -  
t i o n  o f  t h e  c a v i t y  rad ius .  

Z;DvCv - Z7DiCi 

ZCD v v v  C e  
s =  ( 3 . 3 )  

Due t o  t h e  i r r a d i a t i o n - i n d u c e d  vacancy s u p e r s a t u r a t i o n ,  rb g e n e r a l l y  

exceeds t h e  r a d i u s  o f  an e q u i l i b r i u m  bubb le  w i t h  t h e  same h e l i u m  con- 

t e n t  by  a smal l  f r a c t i o n ;  hence P i s  somewhat l e s s  than 2y / rb .  The 

r o o t s  o f  Equat ion ' (3 .1 )  can be ob ta ined  b y  s u b s t i t u t i n g  Equa t ion  (3.2) 

f o r  Cb i n  Equat ion  (3.1) and s e t t i n g  P = mHe k T / F V r i .  Equa t ion  (3.1) 

then becomes: 
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The curves l a b e l e d  I and 11, I 1 1  and I V  i n  F i g u r e  3.1 rep resen t  

t h r e e  d i f f e r e n t  c a v i t y  s t a t e s :  s u b c r i t i c a l ,  c r i t i c a l ,  and s u p e r c r i t i -  

c a l ,  r e s p e c t i v e l y .  Ma themat i ca l l y ,  t hey  desc r fbe  t h e  s i t u a t l o n s  I n  

which Equa t ion  (3.1) o r  Equa t lon  (3.4) have: (1) t h r e e  r e a l  and un- 

equal r o o t s ;  ( 2 )  t h r e e  r e a l  r o o t s  o f  which a t  l e a s t  two a r e  equal ;  o r  

( 3 )  one r e a l  r o o t  and two con juga te  imaginary r o o t s . 2 J 2  One o f  t h e  

t h r e e  r o o t s  o f  Equat ion (3.4) i s  always negat ive.  When they  e x i s t ,  

t h e  r e a l  and p o s i t i v e  r o o t s  a r e  denoted here rb and rc. 

n e g a t i v e  d r c / d t  I n  Curves I and I 1  rep resen ts  a b a r r i e r  t o  v o i d  nuc lea-  

t l a n .  

i n c r e a s e  i n  mHe, t h e  p r o b a b l l i t y  o f  vacancy emiss ion i s  increased, and 

t h e  c a v i t y  (bubb le )  w i l l  t end  t o  s h r l n k  back t o  rb. 

t i s t i c a l  f l u c t u a t i o n s  would s t i l l  a l l o w  a smal l  number o f  c a v i t i e s  t o  

reach r i ,  a t  wh ich  t i m e  t h e y  wou d be considered vo ids.  

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

b a r r i e r  t o  f u r t h e r  g rowth  e x i s t s  

vacancy abso rp t i on .  

r e p r e s e n t s  b u b b l e - t o - v o i d  convers ion  by  t h e  accurnulat lon o f  t ransmutant  

hel ium. T h i s  I s  b e l i e v e d  t o  be t h e  m o s t  l l k e l y  mechanism of  v o l d  f o r -  

m a t i o n  i n  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 .  F o r  damage r a t e s  c h a r a c t e r i s -  

t i c  o f  neu t ron  i r r a d i a t i o n  c o n d i t i o n s ,  c l a s s i c a l  n u c l e a t i o n  r a t e s  a r e  

much t o o  low t o  e x p l a i n  t h e  e x p e r i m e n t a l l y  observed v o i d  d e n s i t i e s .  

T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  temperatures g r e a t e r  than about 5OO0C, 

* The r e g i o n  o f  

I f  a c a v i t y  absorbs excess vacancies w i t h o u t  a p r o p o r t i o n a l  

O f  course, s t a -  

T h i s  i s  t h e  

Fo r  c a v i t i e s  l a r g e r  than r:, no 

and such c a v i t i e s  grow u n s t a b l y  by  

T h i s  case * r:. I n  Curve 111, mHe = mHe and rb = 
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even when e f f e c t s  such as s o l u t e  seg rega t ion  or heterogeneous nuc lea-  

t l o n  a r e  i n v ~ l v e d . ~ ~ ~ ’ ~ ~ ~ ~ - ~ ~ ~ ~ ’  F i n a l l y ,  Curve I V  would desc r ibe  a 

f o r  which o n l y  v o i d  g rowth  i s  p o s s i b l e .  In t h i s  * c a v i t y  W i t h  mHe > mHe 

case t h e r e  a r e  no p h y s i c a l l y  r e a l i s t i c  r o o t s  t o  Equat ion  (3.4), and 

t h e  v o i d  r a d i u s  must be computed b y  I n t e g r a t i n g  Equat ion  (3.1) 

d i r e c t l y .  The c r i t i c a l  bubble parameters w i l l  be d iscussed f u r t h e r  in 

t h e  c o n t e x t  o f  v o i d  n u c l e a t i o n  i n  S e c t i o n  3.2.2.2. 

The c r i t i c a l  number can be ob ta ined  by s o l v i n g  Equat ioc  (3.4) f o r  

t he  case i n  which rb = r;.lJr The c r i t i c a l  r a d i u s  i s  i n  t u r n  found 

by s u b s t i t u t i o n .  The r e s u l t s  a re :  

(3.5) 

These equat ions  revea l  t he  impor tan t  p a r a m e t r i c  dependencies o f  rt and 

and can be used i n  model ing s t u d i e s  t o  p r e d i c t  t h e  p o i n t  a t  which 

h e l i u m  s t a b i l i z e d  bubbles conver t  t o  vo ids .  However ,  as w i l l  be shown 

I n  t h e  n e x t  sec t i on ,  Equat ion  (3.5) s i g n i f i c a n t l y  o v e r p r e d i c t s  the  va lue  

of  t h e  c r i t i c a l  number, and Equat ion  (3.6) u n d e r p r e d i c t s  t h e  minimum 

c r i t i c a l  r a d i u s  when compared t o  the  va lues  ob ta ined  w i t h  a ha rd  

sphere equa t ion  o f  s t a t e .  

3.1.2.2 Resu l t s  Using Hard Sphere Equat ion  o f  S t a t e  

The equa t ion  o f  s t a t e  used i n  t h i s  stl;dy was developed by 

B r e a r l e y  and MacInnes.”’ C o m p r e s s i b i l i t i e s  computed u s i n g  t h e i r  
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h a r d  sphere equa t ion  o f  s t a t e  (HSEOS) show good agreement w i t h  t h e  

somewhat l i m i t e d  amount o f  h i g h  p ressu re  h e l i u m  data.  A l though  t h i s  

d a t a  was taken  a t  a r e l a t i v e l y  low temperature (-65°C). t h e  f a c t  t h a t  

t h e  approx ima t ion  o f  gas atoms as r i g i d  spheres improves a t  h i g h e r  

temperatures and p ressu res  p r o v i d e s  con f idence  i n  t h e  r e q u i r e d  e x t r a p -  

0 1 a t i o n . ~ ~ ’  The e q u a t i o n  o f  s t a t e  has t h e  f o l l o w i n g  form: 

where y = TI m d ‘ /6V and d 

atoms. The va lue  o f  d i s  determined by t h e  i n t e r a t o m i c  p o t e n t i a l  

assumed. F o l l o w i n g  B r e a r l e y  and Maclnnes, t h e  m o d i f i e d  Buckingham 

p o t e n t f a 1  has been used and d = 0.3135 C0.8542 - 0.03996 l n ( T ( K ) /  

9.16)] nm. 

i s  t h e  ha rd  sphere d iamete r  o f  t h e  gas 
He 9 9 

9 

9 

An examinat ion o f  Equa t ion  (3.7) i n d i c a t e s  t h a t  t h e  r e a l  gas analog 

o f  Equa t ion  (3.4) would be a t w e l f t h  o r d e r  equa t ion  r a t h e r  than  a c u b i c  

s i n c e  V = F r;. 

r and mHe. 

rnented u s i n g  a numer ica l  s o l u t i o n  t o  o b t a i n  r: and mHe f o r  a v a r i e t y  o f  

I r r a d i a t i o n  c o n d i t i o n s .  I n  F i g u r e s  3.2 and 3.3 r e p r e s e n t a t i v e  va lues 

a r e  shown a l o n g  w i t h  t h e  i d e a l  gas values. The I r r a d i a t i o n  parameters 

a r e  t y p l c a l  o f  f a s t  r e a c t o r  c o n d i t i o n s  as d iscussed below i n  S e c t i o n  

3.3.1.4. 

t h e  lower  temperatures where h i g h  vacancy s u p e r s a t u r a t i o n s  r e s u l t  i n  

smal l  c r i t i c a l  r a d i i  - hence h i g h  c o m p r e s s i b i l i t i e s .  

Hence, t h e r e  i s  no l o n g e r  an a n a l y t i c a l  s o l u t i o n  f o r  
V 

* * However, Equat ions (3.1), (3.2). and (3.7) have been imple-  C 
* 

The e f f e c t  o f  t h e  equa t ion  o f  s t a t e  i s  m o s t  pronounced a t  
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TEMPERATURE ("C) 

F i g u r e  3.2. Temperature dependence o f  c r i t i c a l  number (mye) * f o r  
t y p i c a l  f a s t  r e a c t o r  i r r a d i a t i o n  c o n d i t i o n s .  
b e h a v i o r  and the HSEOS a r e  shown. 

The value f o r  i d e a l  qas 
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F i g u r e  3.3. Temperature dependence o f  c r i t i c a l  rad i l rs  ( rc)  * f o r  
t y p i c a l  f a s t  r e a c t o r  i r r a d i a t i o n  c o n d i t i o n s .  
gas b e h a v i o r  and t h e  HSFOS a r e  shown. 

The vallles for i d e a l  
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A f u r t h e r  comparison i s  g i v e n  i n  F i g u r e  3.4 where the  r a % i o  o f  

t h e  r e a l  t o  i d e a l  gas c r i t i c a l  parameters a r e  p l o t t e d  as  a f u n c t i o n  o f  

t h e  e f f e c t i v e  s u p e r s a t u r a t i o n .  Using t h e  parameters o f  S e c t i o n  3.3.1.4 

and r e f .  108, e f f e c t i v e  s u p e r s a t u r a t i o n s  o f  137, 4.57, and 1.19 

correspond t o  t h e  temperat,ures 400, 500, and 6 O O 0 C ,  r e s p e c t i v e l y .  

The v a l u e  o f  computed u s i n g  HSEOS beg ins  t o  d e v i a t e  s i g n i f i -  

c a n t l y  f rom t h e  i d e a l  gas v a l u e  f o r  temperatures l e s s  than about 

550"C, and f o r  T < 50O0C,  t h e  d i f f e r e n c e  exceeds a f a c t o r  o f  2. Thrls 

t h e  use o f  t h e  i d e a l  gas law t o  compute m&, would o v e r p r e d i c t  t h e  d o s e  

r e q u i r e d  t o  ach ieve  bubb le - to -vo id  convers ion  a t  any g i v e n  he1ii.m 

g e n e r a t i o n  ra te .  A l t e r n a t e l y ,  t h e  use o f  t h e  i d e a l  gas l a w  would 

r e q u i r e  t h e  adjustment  o f  some parameter i n  Equa t ion  ( 3 - 5 )  (e,?., t h e  

ORN!.-DWr, 87-7765 

1 5 , --,----.- r - - y  

I i 

1 I 

-- ! 
I 

F i g u r e  3.4. R a t i o  o f  c r i t i c a l  bubble p a r a w t e r s  cornpijtpd w i t h  
HSEOS t o  idea1 gas values. 
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s u r f a c e  energy) i n  o r d e r  t o  o b t a i n  agreement between t h e o r y  and 

e x p e r i m e n t a l l y  observed s w e l l i n g  i n c u b a t i o n  t imes. 

The d i sc repancy  i n  t h e  p r e d i c t e d  va lue  f o r  m i e  I nc reases  w i th  

i n c r e a s i n g  vacancy s u p e r s a t u r a t i o n  (dec reas ing  i r r a d i a t i o n  tempera- 

t u r e ) .  Hence t h e  impact o f  t h e  cho ice  o f  e q u a t i o n  o f  s t a t e  i s  poten-  

t i a l l y  g r e a t e s t  when a t t e m p t i n g  t o  p r e d i c t  f i r s t  w a l l  s w e l l i n g  i n  nea r  

t e r m  f u s i o n  r e a c t o r  des igns which t y p i c a l l y  have low o p e r a t i n g  temper- 

a t u r e ~ . ' ~ *  O f  course, i n  such model ing s t u d i e s  t h i s  impact i s  some- 

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

I n  o r d e r  t o  e l i m i n a t e  t h e  need f o r  cumbersome i t e r a t i v e  s o l u t i o n s  

when u s i n g  t h e  HSEOS, t h e  r e s u l t s  o f  numerous c a l c u l a t i o n s  o f  r: and 

';le 
found t h a t  f o r  a broad range o f  i r r a d i a t i o n  c o n d i t i o n s ,  t h e  r e a l  gas 

c r i t i c a l  number and c r i t i c a l  r a d i i  c o u l d  be computed as: 

were examined t o  determine t h e i r  f u n c t i o n a l  dependencies. I t  was 

where 0 = 1nS and fl and f 2 ( 0 )  a r e  r e a l  gas c o r r e c t i o n  f a c t o r s  wh ich  

approach t h e  i d e a l  gas va lues  o f  32/27 and 4 / 3 ,  r e s p e c t i v e l y ,  f o r  low 

s u p e r s a t u r a t i o n s .  

t h a t  t h e  range o f  s u p e r s a t u r a t i o n s  encompassed i n  these f i g u r e s  i n c l u d e s  

any reasonable va lue  expected under e i t h e r  f a s t  b reeder  o r  f u s i o n  con- 

d i t i o n s .  

o f  mode l l ng  s tud ies .  

F i g u r e s  3.5 and 3.6 a r e  p l o t s  o f  fl and f2. Note 

Hence, t h e  r e s u l t s  can f i n d  broad a p p l i c a t i o n  i n  a v a r i e t y  

One example o f  such a use w i l l  be g i v e n  below. 



79 

YE-13600 
1.5 

1 .o 

- 
3 .- - 

0.5 

n 
0 

I I 

5 10 

4 = l n S  
15 

* 
F i g u r e  3.5. Master  curve  f o r  o b t a i n i n g  c r i t i c a l  number (mHe) 

u s i n g  HSEOS. 
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* 
F i g u r e  3.6. Master  curve  f o r  o b t a i n i n g  c r i t i c a l  r a d i u s  (rc) 

u s i n g  HSEOS. 
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The "master"  curves shown i n  F i g u r e s  3.5 and 3.6 a r e  t e n t h  o r d e r  
* po lynomia l  f i t s  o f  t h e  p o i n t w i s e  determined va lues  o f  and rc. 

* (3. loa) 1 10 . 
fl = a 

f = bo + bl@ t b2@' . . . + blOO" ; (3. lob) 

t al@ t a2@ . . . t alO@ 0 

2 

l h e  polynomla i  c o e f f i c l e n t s  a r e  g f v e n  i n  i a b i e  3,1. 

l a b l e  & " & I .  Polynomial  c o e f f i c i e n t s  for- master curves  i n  
F i g u r e s  3.5, 3.6, and 3.8 [see Equat ions (3.b)--("e13)] 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1.1802288 1.3368825 
-7.9391797 x lo- '  3.8733464 x 10"' 
5.7059961 x 10-' -3.2338567 x lo-' 
-2.7545689 x lo-' 1.6904814 x lo-' 
8.4271137 x lo-' -5.4081633 x lo- '  
-1.6549585 x lo-' 1.0909847 x lo-' 
2.1091198 x l o - '  -1.4139331 x l o - '  
-1.7313693 x io-' 1.1733086 x lo-' 
8.8188621 x lo-' -6.0190901 x lo-' 
-2.5326847 x lo- '  1.7369785 x lo-' 
3.1317501 x IO-' -2.1550751 x lo-' 

-:.3006m 10-3 
4.5820315 
-1.3153813 x 10" 
4.0031158 x 10" 

2.3303617 x 10" 

2,5718364 x 10" 
-1.3349066 x 10'' 
3.8976532 x 10" 

-1.1590146 x lo+' 

-3.059i82i x IO+' 

-4.8969485 

Because o f  t h e  h i g h  o r d e r  o f  po l ynomia l  f i t ,  two p r e c a u t i o n s  

shou ld  be ment ioned when these master  curves a r e  used. E x t r a p o l a t i o n s  

o u t s i d e  t h e  range o f  s u p e r s a t u r a t i o n s  shown i n  F i g u r e s  3.5 and 3.6 

must be avoided. T h i s  should pose no s i g n i f i c a n t  l i m i t a t i o n ,  however, 

s i n c e  these f i g u r e s  i n c l u d e  1.0 < S < 3 10'. w h i l e  f o r  e i t h e r  f a s t  

r e a c t o r  o r  f u s i o n  i r r a d i a t i o n  c o n d i t i o n s ,  1.0 < S ? 2 x 10' f o r  tem- 

p e r a t u r e s  f rom 300 t o  700°C. More i m p o r t a n t l y ,  ca re  should be taken 
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F i g u r e  3.7. Comparison o f  c r i t i c a l  number (mHe) c a l c u l a t i o n s  

u s i n g  HSEOS and a s i m i l a r  express ion u s i n g  a Van d e r  Waals e q u a t i o n  
o f  s t a t e .  The Van d e r  Waals r e s u l t  i s  f r o m  Coghlan and M a n ~ u r . ~ "  

t o  i n c l u d e  a l l  o f  t h e  s i g n i f i c a n t  d i g i t s  l i s t e d  i n  Tab le  3.1 f o r  each 

c o e f f i c i e n t  i n  o r d e r  t o  ensure t h e  accuracy o f  t h e  f i t .  Note t h a t  t h e  

ze ro  o r d e r  c o e f f i c i e n t s  a r e  n o t  e x a c t l y  equal t o  va lues  o b t a i n e d  i n  

t h e  i d e a l  gas l i m i t .  T h i s  i s  a r e s u l t  o f  t he  r e s i d u a l  e r r o r  i n  t h e  

polynornia f i t ,  b u t  t h e  d e v i a t i o n  i s  q u i t e  smal l  (-1%). 

Cogh an and Mansur have i n v e s t i g a t e d  r: and m i e  u s i n g  a Van d e r  

Waals equa t ion  o f  s t a t e  and have a l s o  d e r i v e d  a n a l y t i c a l  exp ress ions  

f o r  these 

Equa t ion  (3.8) i n  F i g u r e  3.7 where the  r a t i o  o f  m;e computed u s i n g  the  

T h e i r  exp ress ion  f,jv m i e  i s  compared t o  
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a l t e r n a t e  equa t ions  o f  s t a t e  t o  t h e  i d e a l  gas va lue  i s  p l o t t e d  as a 

f u n c t i o n  o f  t h e  e f f e c t i v e  s u p e r s a t u r t i o n .  

v e r y  w e l l  f o r  s u p e r s a t u r a t i o n s  l e s s  than about 5, which corresponds t o  

temperatures g r e a t e r  t han  about  5 0 0 O C .  

s a t u r a t i o n s ,  t h e  d i f f e r e n c e  I s  l e s s  than  20%. Bo th  exp ress ions  t e n d  

toward t h e  i d e a l  gas v a l u e  f o r  v e r y  low supersa tu ra t i ons .  

The two exp ress ions  agree 

Even f o r  h i g h e r  super-  

3.1.3 S t a b l e  Bubble Radius Using Hard Sphere Equa t ion  o f  S t a t e  

I n  a d d i t i o n  t o  t h e  c r i t i c a l  bubble parameters,  t h e  a b i l i t y  t o  

compute rb as a f u n c t i o n  o f  mHe i s  a l s o  r e q u i r e d  i n  o r d e r  t o  model t h e  

s w e l l i n g  i n c u b a t l o n  regime. F o r  example, rb i s  used I n  h e l i u m  p a r -  

methods can 

u t i o n  e x i s t s 2 3 2  

t i t i o n l n g  c a l c u l a t i o n s .  F o r  t h e  i d e a l  gas case, v a r i o u s  

be used t o  f i n d  rb f r o m  Equa t ion  (3.4); an a n a l y t i c a l  so 

o r  s tandard  r o o t - f i n d i n g  techniques can be a p p l i e d .  

The use o f  t h e  HSEOS e l i m i n a t e s  t h e  above-mentioned a n a l y t i c a l  

s o l u t i o n  and s i g n i f i c a n t l y  comp l i ca tes  r o o t  f i n d i n g  s i n c e  t h e  e q u a t i o n  

analogous t o  Equa t ion  ( 3 . 4 )  i s  now t w e l f t h  order .  An e f f o r t  was made 

t o  r e l a t e  t h e  i d e a l  gas bubb le  r a d i u s  t o  t h e  bubble r a d i u s  computed 

w i t h  t h e  HSEOS. F i g u r e  3.8 shows t h e  r a t i o  o f  t h e  i d e a l  t o  r e a l  gas 

bubb le  r a d i i  as a f u n c t i o n  o f  a reduced r a d i u s :  

R(nm) = [.a”.:’ * T I  1’3 
(3.11) 

The p l o t  suggests t h e  e x i s t e n c e  o f  a t h i r d  master  cu rve  which 

w i l l  y i e l d  t h e  r e a l  gas bubble r a d i u s  d i r e c t l y  f rom t h e  i d e a l  gas 
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F i g u r e  3.8. Master  curve  f o r  o b t a i n i n g  s t a b l e  bubb le  r a d i u s  ( r b )  
u s i n g  HSEOS f rom t h e  i d e a l  gas va lue.  

va lues .  

d i a t i o n ,  i.e., S = 1. 

and 1.01 curves i n  F i g u r e  3.8. 

The master  curve  was found t o  be t h e  curve  f o r  no i r r a -  

T h i s  curve  o v e r l a y s  t h e  S = 137, 4.57, 1.19, 

T h i s  master  curve  has a l s o  been f i t  u s i n g  a t e n t h  o r d e r  

po l ynomia l :  

f 3 (R) = c0 + clR + C 2 R 2  . . . + c3R1’ , 

and t h e  po lynomia l  c o e f f i c i e n t s  a r e  g i v e n  i n  Tab le  3.1. 

Equat ion  (3.11), t h e  r e a l  gas bubb le  r a d i u s  can be computed as: 

Us ing  

i d e a l  
r e a l  rb 

rb =f30 

(3.12) 

(3.13) 
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kqUdCl0tlS (3.11-3.13) a r e  va I i u  o v e r  tilt! e r i c i  r e  rdriye or  redbUndDlt! 

V d l U C b  U T  1.b ( 5 0 . 2 ~  nm). 

using t h e  master  curve  from t h e  a c t u d l  r a a i u s  i s  smal l  b u t  inc reases  

near  r* The increased d e v i a t i o n  f rom t h e  master  cu rve  near  rb = r t  

i s  d rebu11:  o r  the f a c t  t n a t  d 5  inHe apprudcnes in,& t r i t !  r d t i o  o f  rb t o  

t r r e  q u i  i i b r i u n i  bubble  r a d i u s  (r iq) sey i r i s  t o  d i v e r y e  r r m  I i f i e d r i t y .  

I R I S  I S  snowti i n  ~ i y u r e  3 . 9  wrwte t n e  r d t i o  rb/r;q nds ~ e e i i  p l o t t e d  

as  d t b r i c t so r i  UT inHe f o r  1’ 2 5UU“C, S = 4.51, F 

J/tii’- For‘ these cot idicior is ,  rn;e = 541. 

e t r e c t  ott t h e  r e s u i t s  o f  a d e t a i i e a  rnoael cdicuidtiun o t  c a v i t y  e ~ o l u -  

t l o t l  dS 1 s  Stiowcl i n  t h e  r lext  sec t ion .  

1ne a e v i d t i o n  o t  t n e  subo le  r a d i u s  C U I T ~ ~ U W ~ ~  

C ’  

= 41r/J d t ~ d  y = 1.588 
V 

l n i s  e r r o r  nds ir r r e y l i y i P l e  

F i g u r e  3.9. The r a t i o  o f  t h e  bubb le  r a d i u s  under i r r a d i a t i o n  t o  
t h e  e q u i l i b r i u m  bubb le  r a d i u s  as a f u n c t i o n  of t h e  h e l i u m  c o n t e n t  o f  
t h e  bubble.  F o r  these c o n d i t i o n s ,  = 541. 
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l h e  valtalty O T  r n e  a n a l y t i c a l  s o l u t l o n s  aeveivped f u r  use w l t h  

t h e  HSEOS was t e s t e d  u s i n g  t h e  f a t e  t h e o r y  model o f  v o i d  s w e l l i n g  

u s i n g  the  a n s l i y t i c a i  apprux ima t lons  w i r n  t h e  r e s u l t s  u o t d  

Table 5.2, Conparlson s i  swei  l i n g  paraineter-s us 
nuintjr i c a i  atid a n a l y t i c a i  s o i u l i u r i s  

Iltjd u s l i l y  

T 
I t e r a t l v e  A n a l y t i c a l  I t e r a t i v e  A r I d l y t l L d l  ("C) 

450 45.89 47 e 05 24.31 24.39 
500 38.46 38.51 28.37 2s./8 
550 34.63 34 .60  35.45 3 s .  64 
600 35.31 35.10 39.53 &e:. 08 
650 44.43 4i. 33 28 -75  3u. 16 
700 N / A  N / A  C. I d  c'. 19 
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t h e  numer ica l  s o l u t i o n s .  The agreement i s  q u i t e  good and s i g n i f i c a n t  

computat ional  s i m p l i f i c a t i o n  has been gained. 

3.2 Mechanlsrns o f  Void Format ion 

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

A genera l  d e s c r l p t l o n  o f  v o l d  fo rma t ion  by two a l t e r n a t e  mecha- 

nisms was g i v e n  i n  Chapter 2. Here these two mechanisms w i l l  be 

d iscussed i n  d e t a i l  and a method developed t o  t e s t  t h e i r  r e l a t i v e  

importance f o r  i r r a d i a t i o n  c o n d i t i o n s  t y p i c a l  o f  e i t h e r  f a s t  breeder  

r e a c t o r  co re  components or a DT f u s i o n  r e a c t o r  f i r s t  w a l l .  

The f i r s t  o f  these t w o  pa ths  i s  c l a s s l c a l  s t o c h a s t i c  n u c l e a t l o n  

theory.  E a r l y  researchers  who a p p l i e d  homogeneous n u c l e a t l o n  t h e o r y  

t o  t h e  problem o f  v o l d  f o r m a t i o n  I n  a u s t e n l t l c  s t a l n l e s s  s t e e l s  

i n c l u d e  Harkness and L i , f a *  Katz  and W i e d e r s i c h z a @  and Russell . ’ ’  

R u s s e l l  and co-workers have con t inued  t o  develop t h e  s t o c h a s t l c  t h e o r y  

over  t h e  p a s t  t e n  yea rs  and have i n c l u d e d  some e f f e c t s  o f  h e l l u m  and 

heterogeneous n u c l e a t i o n . * z ~ a ’ ~ * 7 ~ z b o ~ z b 1  Wol fe r  and co-workers have 

developed a Fokker-Planck f o r m u l a t i o n  o f  t h e  v o i d  n u c l e a t i o n  problem 

and have e x p l o r e d  t h e  e f f e c t s  o f  m o b i l e  d i - v a c a n c i e s  and s o l u t e  segre- 

g a t i o n  t o  v o i d  s u r f a c e s . a b ~ ’ L * z b z  D e s p i t e  these re f tnemen ts ,  t h e  

c l a s s i c a l  t h e o r y  f a i l s  t o  p r e d i c t  t h e  e x p e r i m e n t a l l y  observed v o i d  

d e n s i t i e s  i n  the  i n t e r m e d i a t e  t o  h i g h  temperature range (450 < T < 
700°C) where measurable v o i d  s w e l l i n g  occurs i n  these ~ t e e l s . * ~ * ~ ~ * * ~  

A s  d iscussed  above, an a l t e r n a t e  mechanism has been proposed t o  cause 

v o i d  f o r m a t i o n  a t  these temperatures and t o  promote v o i d  f o r m a t i o n  a t  
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low temperatures.  T h i s  mechanism was f i r s t  proposed b y  Searszb '  and 

i n v o l v e s  t h e  growth o f  smal l  g a s - s t a b i l i z e d  bubbles u n t i l  t hey  reach 

a c r i t i c a l  s i z e  beyond which f u r t h e r  gas accumulat ion i s  n o t  r e q u i r e d  

t o  promote growth. 

The mathemat ica l  d e r i v a t i o n  o f  t h e  c r i t i c a l  bubble parameters 

f rom t h e  equa t ion  f o r  t h e  c a v i t y  growth r a t e  has j u s t  been g i v e n  

i n  S e c t i o n  3.1. T h e o r e t i c a l  and r e c e n t  exper imenta l  work has shown 

t h a t  t he  t ime  r e q u t r e d  f o r  such bubbles t o  reach t h e  c r i t i c a l  s i z e  

c o r r e l a t e s  w e l l  w i t h  observed v o i d  s w e l l i n g  n u c l e a t i o n  

T h i s  work w i l l  f ocus  on t h e  i n f l u e n c e  

o f  t ransmutan t  h e l i u m  because i t  i s  b e l i e v e d  t o  be t h e  most s i g n i f i -  

c a n t  b u b b l e - s t a b i l i z i n g  gas. F o r  example, S i n d e l a r  e t  a l .  have used 

degassed specimens t o  show t h a t  r e s i d u a l  oxygen can have a m a j o r  

e f f e c t  on v o i d  n u c l e a t i o n  i n  a model a u s t e n i t i c  a l l o y  d u r i n g  heavy i o n  

i r r a d i a t i o n  w i t h  no h e l i u m  imp lan ta t i on . "  However, when t h i s  same 

a l l o y  i s  co- implanted w i t h  h e l i u m  d u r i n g  t h e  i r r a d i a t i o n ,  t h e  e f f e c t  

o f  t h e  h e l i u m  appears t o  swamp t h a t  o f  t h e  oxygen.zb' 

one can e n v i s i o n  two l i m i t i n g  pa ths  f o r  v o i d  f o r m a t i o n  on a p o p u l a t i o n  

o f  s u b c r l t i c a l  he l iumlvacancy c l u s t e r s ;  one i s  l i m i t e d  t o  growth by 

h e l i u m  accumulat ion a lone  and t h e  o t h e r  t o  growth by s t o c h a s t i c  f l u c -  

t u a t i o n s  i n  t h e  vacancy c l u s t e r  p o p u l a t i o n .  A r e c e n t  d i s c u s s i o n  con- 

c e r n i n g  t h e  r e l a t i v e  magnitudes o f  these two processes p r o v i d e d  some 

o f  t h e  impetus f o r  t h i s  

t imes. 1 0  3 , 1 0 8 , 1 2  5,181,244 , Z  5 L 

A c c o r d i n g l y ,  
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3.2.2 Models o f  Void F n m a t i o n  

The t w o  methods discussed below comaute a c h a r a c t e r i s t l c  t i m e  

f o r  nuc lea t ion  o r  t h e  n i i c l e i t l o n  r a t e  D e r  c l u s t e r  f o r  a h ~ l i u m l w a c a n c y  

r l u z t e r  with a a i v p n  niirnhar nf he l l i im  atomc;. The niinher ob v ~ c ~ n r , l e s  

I n  t h l s  c l i i t t e r  or h i i h b l p  i s  r n m p i t P d  itsc;iirnina that, t h e  huhblt! t a d t i i s  

i s  t h a t  o f  a s t a b l e  b u b b l e  I n  an l r r a d l a t i o n  environment characterized 

b y  a vacancy s u o e r s a t u r a t i o n  S aiwen i n  Eaunt ion  (3.3) a t  a temaarn- 

t u r e  T. The b i i h h l e  r a d i u s  2nd t h e  Qas aressiire i n  t h e  h i i h b l c  a r e  c o w  

p u t e d  uFina t h e  h a r d  snhere ea i ra t lnn  o f  s t a t e  d e r c r i b e d  i n  S p c t i n n  3.1. 

F a r  b o t h  rnodelq. t h e  o n i n t  d e f e c t  c o n c e n t r a t i o n s  a r e  cornnuted 

u s i n g  t h e  conven t lon i i l  r a t e  t h e o r y  and t h e  temoerat i r re d q e n d c n t  s i n k  

s t ranqthc;  f o r  ex tend rd  d n f ? c t s  ~ ~ S C I J F F W !  I n  S ~ c t . i n n  3 . 3 . 1 . 3 .  The 

ca lcu la t ed  s i n k  strpncrth o f  t h e  s i r b c r i t i c a  

l n s i g n l f i c a n t  when rnrnnarnd t o  t h e  o t h e r  s 

f o r e  I t .  I s  not. i n c l w l e d  w h ~ n  cnnmniitinn t h e  

The: c n l c u l a t . l n n s  asFiirne t h a t  o n l y  t h e  mnnn 

a r e  rnoblle and t h a t  t h e  n n l w  d e f e c t s  which 

htibhle noni r la t lnn w a r  

nkc; i n  the  civrt,%n: thf!rI?.- 

DO i n t. d 6i f P c t. con c e n t, rn t. i n n F e 

d e f e c t 5  and he1 l i i m  aias n t n m  

t h e  h i i h b l c z  m i t  a r e  uacan- 

c i e s ,  The I J F ~  o f  t h e  n r i n c i n l e  o f  detailed balance and themndvnamlc 

eQLJ 1 1 I h r 1 klm2 ' ' ' leads t o  t h e  follnwinq f o r m  f n r  t he  vacancw emlzsinr l  

r a t e  f rom a c l u s t e r  c o n t a i n l n o  r i  v i?cancles and n h e l l l i m  atoms; 

(3.15) 
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where Y i s  the s l r r face  f r e e  anergy, P i s  t h e  uressiire in t h e  hirhble 

and F, i s  t h e  geomet r i c  f a c t o r  t o  account f o r  nanspher l ca l  c l u s t e r s .  

3.2.3.1 N u c l e a t i n n  by S t n c h a s t i c  F l u c t u a t i o n s  

The mpthnd develnperi here i s  F l m i l n r  t o  t h a t  n f  Katz and 

Wfedersich.23" Clement and Wnnd2'" and Msn5irr and Wolfer.7ra I n  aen- 

e r a l ,  a f a m i l y  a f  eaua t lons  can be w r i t t e n  d e s c r i b i n g  t h e  concentra-  

t i o n s ,  Cc ,  o f  d i s c r e t e  s i x  c lasses  c o n t n i n i n q  k ,  k+l, k+2,  ... 
UD t a  nyx vacancies.  

In Eauntdon (3e151, the  8!Rv t e n s  are t h e  i o t e r s t i t i n l  and vacancy 

imaingement r a t e s  on a c l u s t e r  w i t h  k vacancies and t h e  a,k have been 

g i v e n  nhnve. 

C1 a f  caurse eaunls  C,,. 

A s o e c l f i c  cho ice  f o r  i t s  v a l u e  w i l l  be discirssed b e l o w .  

I n  Eaua t ion  (3.1%) i s  t h e  to t ,a l  vacancv s o u r c e  t e r m  drre t o  a tomic 

disulacernents and vacancy emiss ion from extended de fec ts .  The l a s t  

t e r n  i n  Eaunt ion (3.15a) r e o r e s e n t r  t h e  l a s s  o f  vacancies t o  a l l  t h e  

The v a l u e  o f  n t a x  can be a r h t t r n r l l y  l a rge .  

The t e r m  Gv  
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o t h e r  s i n k s  i n  t h e  system. The s i n k  s t r e n g t h s  f o r  vacancies o f  t h e  

network d i s l o c a t i o n s ,  S v  and t h e  subgra ln  s t r u c t u r e ,  Sv  a r e  computed as 

desc r ibed  i n  S e c t i o n  3.3. 
P 9 

s; = sv + sv . 
9 P  

(3.17) 

The temperature dependence o f  these s i n k  s t r e n g t h s  i s  c o n s i s t e n t  w i t h  

exper imenta l  observation.i0t I t  should be p o i n t e d  o u t  t h a t  t h e  v o i d  

n u c l e a t i o n  r a t e  i s  q u i t e  s e n s i t i v e  t o  t h e  d i s l o c a t i o n  d e n s i t y  as w i l l  

be shown below. I t  i s  t h e r e f o r e  i m p o r t a n t  t h a t  c a l c u l a t i o n s  such as 

these i n c l u d e  a p p r o p r i a t e  temperature dependent va lues o f  t h i s  and 

o t h e r  m i c r o s t r u c t u r a l  parameters. 

I n  o r d e r  t o  s i m p l i f y  t h e  equa t ions  used below, t h e  terms which 

d e s c r i b e  t h e  sh r inkage  o f  a g i v e n  c l u s t e r  w i l l  be grouped toge the r .  

(3.18) 

The n u c l e a t i o n  regime can be d e f i n e d  as t h a t  r e g i o n  i n  vacancy c l u s t e r  

s l z e  space f o r  which yk > Bk,. Because o f  t h e  r a d i u s  dependence o f  t h e  

vacancy emiss ion  te rm and t h e  e x i s t e n c e  o f  a s u p e r s a t u r a t i o n  o f  vacan- 

c i e s  under I r r a d i a t i o n ,  a c r i t i c a l  s l z e  i s  reached beyond which g rowth  

r a t h e r  than sh r lnkage  i s  t h e  dominant process. The number o f  vacan- 

c i e s  which correspond t o  t h i s  c r i t i c a l  s i z e  w i l l  be des igna ted  n;. 

The s teady s t a t e  n u c l e a t i o n  r a t e ,  J s s ,  can be o b t a i n e d  f rom 

Equa t ion  (3.15) i n  one o f  two ways. The f i r s t  s o l u t i o n  i n v o l v e s  com- 

p u t i n g  what i s  comnonly termed t h e  c o n s t r a i n e d  e q u i l i b r i u m  c l u s t e r  

s i z e  d i s t r i b u t i o n  which i s  o b t a i n e d  b y  imposing the  requ i remen t  t h a t  

t h e r e  be no n e t  f l u x  f rom one c l u s t e r  s i z e  c l a s s  t o  t h e  n e x t ,  i . e .  



f o r  a i l  va lues o 

J k  

k 2  . T h i s  s o l u t  on r e q u i r e s  t,,e c a l c u l a  

(3.19) 

i o n  o f  

pseudo- f ree energ ies  o f  f o r m a t i o n  f o r  c l u s t e r s  i n  each s i z e  c l a s s ,  

r e s u l t i n g  I n  an exponen t la l  c l u s t e r  d i s t r i b u t i o n  f o r  n s n:. 

t h l s  method i n t r o d u c e s  t h e  a r t i f i c i a l  r e s u l t  t h a t  t h e  number o f  

c l u s t e r s  begins t o  i nc rease  i n  s l z e  c lasses  f o r  whlch n > n*. 

va lues o f  t h e  c l u s t e r  c o n c e n t r a t i o n s  I n  t h e  c o n s t r a i n e d  e q u i l i b r i u m  

d i s t r i b u t i o n  a r e  e l e v a t e d  r e l a t i v e  t o  t h e  steady s t a t e  d l s t r i b u t i o n  

f o r  n 5 n: a l s o ;  t h i s  i s  accounted f o r  i n  t h e  t h e o r y  by  t h e  I n t r o d u c -  

t i o n  o f  t h e  s o - c a l l e d  Ze ldov i ch  f a c t o r .  The use o f  t h i s  method t o  

compute v o i d  n u c l e a t i o n  r a t e s  i s  adequate ly  d lscussed elsewhere.7’,” 

The second method f o r  o b t a l n i n g  t h e  s t e a d y - s t a t e  n u c l e a t l o n  r a t e  

However, 

The 

f rom Equa t lon  (3.15) i s  t o  s e t  a l l  o f  t he  f l u x e s  [Equat lon (3.19)] 

equal t o  t h e  s teady s t a t e  f l u x ,  Jss .  

equat ions:  

T h i s  leads t o  a f a m i l y  o f  

J 1  = $iC1 - Y,C1 Jss  ; (3.20) 

J 1  = B i C 1  - Y,C, = J s s  ; 

s s  ’ J ,  = $ :C ,  - Y,C, = J 

(3.20b) 

( 3 . 2 0 ~ )  

(3 .20d)  

ma x where, t o  s i m p l i f y  t he  equa t ions ,  N = nv . 
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L e t  t h e  r a t i o  yk/f3c = pk f o r  a l l  k 2 2 and l e t  p ,  = 1.  Then t h i s  

system o f  equa t ions  can be so l ved  by m u l t i p l y i n g  t h e  equa t ions  f o r  

J k  by  t h e  p r o d u c t  o f  a l l  t h e  pk w i t h  k 5 i. Hence Equa t ion  (3.20b) i s  

m u l t t p l i e d  by p , ,  Equa t ion  ( 3 . 2 0 ~ )  i s  m u l t i p l i e d  by  b o t h  p,  and p ,  and 

so on. 

except  C 1  and CN, y i e l d l n g  

I f  t h e  r e s u l t i n g  equa t ions  a r e  sumned, a l l  t h e  Ck a r e  e l i m i n a t e d  

J 1  = J s s  = 
N-1 k 

1 +  c n Pj 
k=2  j = 2  

( 3 . 2 1 )  

The term i n  t h e  numerator i n  Equa t ion  ( 3 . 2 1 )  I n v o l v i n g  t h e  prod-  

u c t s  o f  t h e  p can s a f e l y  be e l i m i n a t e d  by  n o t l n g  two fac ts .  F l r s t ,  

s l n c e  t h e  problem b e i n g  considered Is n u c l e a t l o n ,  t h e  c o n c e n t r a t i o n  o f  
j 

t h e  mono-defect, C 1 ,  w l l l  i n  genera l  be much g r e a t e r  than CN. I n  f a c t  

t h e  d i s t r l b u t i o n  Is approx ima te l y  exponent 

d l s t r i b u t i o n  suggests. Secondly, i t  has a 

t h e  r a t l o  o f  t h e  sh r lnkage  t o  growth terms 

a1 as t h e  c o n s t r a i n e d  

ready been p o i n t e d  o u t  t h a t  

i s  l e s s  than  u n i t y  pJ * 
f o r  n > n t .  Hence f o r  N s u f f l c i e n t l y  g r e a t e r  t han  n t  t h e  p r o d u c t  of 

t he  p c o n t a i n s  many f r a c t i o n a l  t e r m s .  There fo re ,  
j 

r N - . I  k i - 1  

J 1 = Jss  = B'CL 1 1  + 1 n p j  I L k=2  j = 2  J 
(3.22) 

The a p p r o p r i a t e  va lue  o f  N can be determined n u m e r i c a l l y  t o  ensure 

t h a t  Jss  has converged. The advantage o f  u s i n g  t h i s  method t o  compute 
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Jss i s  t h e  e l i m i n a t i o n  o f  t h e  Ze ldov i ch  f a c t o r  and the  approx ima t ions  

which must be made t o  compute i t .  

Each o f  t h e  Jk i n  Equa t ion  (3.20) can be d e f i n e d  i n  an analogous 

way t o  Equa t ion  (3.21); i.e., 

1 - I  . 
N-1  i 

Jk = Bk Ck  [l + 1 
pjJ L I = k + l  j = k + l  

The n u c l e a t i o n  r a t e  p e r  c l u s t e r  of a g i v e n  s i z e  i s  then, 

N- 1 i 1 c n ~ j ]  
i = k + l  j = k + l  

( 3 . 2 3 )  

(3.24) 

The c h a r a c t e r l s t i c  t i m e  f o r  t h i s  process would be j u s t  t h e  

r e c i p r o c a l  o f  t h i s  f r a c t i o n a l  n u c l e a t i o n  r a t e :  

Tk = j k l  . (3.25) 

The t i m e  Tk i s  g e n e r a l l y  much g r e a t e r  than t h e  t i m e  r e q u i r e d  t o  

e s t a b l i s h  t h e  s t e a d y - s t a t e  c l u s t e r  p o p u l a t i o n .  T h i s  l a t t e r  t i m e  can 

be computed u s i n g  t h e  c l a s s i c a l  n u c l e a t i o n  t h e ~ r y ~ * ~ * ~  and v a r i e s  f rom 

4 x 10' sec a t  400°C t o  3 x 10' sec a t  500°C f o r  t h e  parameters used 

here. The corresponding va lues o f  Tk w i l l  be shown be low.  

3.2.2.2 N u c l e a t i o n  by  Hel ium Accumulat ion 

The second v o i d  f o r m a t i o n  mechanism I s  t h a t  o f  a he l i um-  

s t a b i l i z e d  bubble o b t a i n i n g  t h e  c r i t i c a l  number o f  gas atoms. T h i s  

c r i t i c a l  number o f  gas atoms, mEe. I s  a f u n c t i o n  o f  b o t h  t h e  m a t e r i a l  

and i r r a d i a t i o n  parameters,  as shown i n  Equat ions (3.5) and (3.8). 
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* 
The c r i t i c a l  bubble s i z e  corresponding t o  mHe i s  i n  genera l  n o t  t h e  

same as t h e  c r i t i c a l  s i z e  a s s o c i a t e d  w i t h  nv d i scussed  above. 
* 

T h e i r  

r e l a t i o n s h i p  was shown i n  F i g u r e  3.1. F o r  a f i x e d  v a l u e  o f  t h e  

vacancy s u p e r s a t u r a t i o n ,  t h e  f a m i l y  o f  curves shown i n  F i g u r e  3 . 1  

r e p r e s e n t  f o u r  d i f f e r e n t  l e v e l s  o f  hel ium. The curves l a b e l e d  I and 

I 1  c o n t a i n  a r e g i o n  i n  r a d i u s  space f o r  which t h e  n e t  g rowth  r a t e  i s  

nega t i ve .  T h i s  r e g i o n  corresponds t o  t h e  v o i d  n u c l e a t i o n  b a r r i e r  and 

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

t u a t i o n s  w i l l  p e r m i t  a bubble t o  grow f rom t h e  s t a b l e  bubb le  r a d i u s  

rb t o  t h e  c r i t i c a l  r a d i u s  rc. 

t o  nv. 

g rowth  r a t e  i s  everywhere non-negat ive.  The p o i n t  a t  which cu rve  I 1 1  

I s  tangen t  t o  t h e  x a x i s  i s  r(mHe) and i s  a l s o  t h e  minimum c r i t i c a l  

rad ius .  Hence t h e  minimum c r i t i c a l  r a d i u s  i s  a s p e c i a l  case o f  t h e  

c r i t i c a l  s i z e  c a l c u l a t e d  f rom t h e  s t o c h a s t i c  t h e o r y . 1 0 J * 1 2 '  

I n  o r d e r  t o  compute a c h a r a c t e r i s t i c  t i m e  f o r  n u c l e a t i o n  by 

* 
T h i s  l a t t e r  r a d i u s  i s  t h a t  co r respond ing  

* * 
The cu rve  l a b e l e d  I 1 1  i s  t h e  curve f o r  which m = mHe and t h e  

* 

h e l i u m  accumulat ion,  i t  i s  necessary t o  assume a model f o r  t h e  p a r t l -  

t i o n i n g  o f  h e l i u m  among t h e  v a r i o u s  m i c r o s t r u c t u r a l  f e a t u r e s .  S ince  

t h e  procedure used he re  i s  s i m t l a r  t o  t h a t  which w i l l  be d i scussed  

i n  S e c t i o n  3.3, o n l y  a b r i e f  summary w i l l  be g i ven .  The model assumes 

t h a t  t h e  s i n k  s t r e n g t h s  f o r  h e l i u m  a r e  t h e  same as those f o r  vacancles 

except  t h a t  t h e  d i s l o c a t i o n  s i n k  s t r e n g t h  f o r  h e l i u m  i s  reduced by  a 

f a c t o r  fHe ( r e f s .  235,251). 

and i s  v a r l e d  i n  t h e  a n a l y s i s  t o  determine I t s  e f f e c t .  A s  ment ioned 

T h i s  parameter has a nominal  v a l u e  o f  0.5 P 

above, because t h e  s i n k  s t r e n g t h  o f  t h e  s u b c r i t i c a l  bubb les  i s  s m a l l ,  
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i t  i s  neg lec ted  when computing t h e  m a t r i x  h e l i u m  c o n c e n t r a t i o n  CHe b u t  

t h e  subgra in  s t r u c t u r e  i s  inc luded.  The t o t a l  system s i n k  s t r e n g t h  

f o r  h e l i u m  i s  then: 

s;e = sv + f He sv 
9 P P '  

and CHe can be computed a t  s teady s t a t e  as 

GHe 
'He He * 

DHeST 

where GHe i s  the  h e l i u m  genera t i on  r a t e  and DHe i s  t h e  h e l i u m  

d i f f u s i v i  ty. 

The formation o f  bubbles on d i s l o c a t i o n s  

m i t t l n g  a f r a c t i o n  o f  t h e  h e l i u m  t rapped by d 

t o  bubbles. Th is  f r a c t i o n ,  f:e,is t r e a t e d  as 

a n a l y s i s .  

(3.26) 

(3.27) 

i s  accounted f o r  by p e r -  

s l o c a t i o n s  t o  be "p ped" 

a parameter i n  t h e  

Based on t h e  f o r e g o i n g  h e l i u m  p a r t i t i o n i n g  model, t h e  a r r i v a l  

r a t e  o f  h e l i u m  atoms a t  a bubble w l t h  a r a d i u s  r(n,m) i s  

(3.28) 

where Nc i s  t h e  t o t a l  number o f  bubbles among which t h e  h e l i u m  f rom 

t h e  d i s l o c a t i o n s  i s  p a r t i t i o n e d .  Th is  bubb le  d e n s i t y  i s  taken f rom 

r e f .  108 and r e f l e c t s  e x p e r i m e n t a l l y  observed va lues.  The temperature 
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E;a 1.40 eV 

8 x lo- '  rn-' sec - l  D; 

D; 

Fm 0.85 eV 'i 
8 x IO-' m-' sec-' 

dependent express ion  f o r  N, i s  g i v e n  In Table 3.3. 

Is computed a s  d iscussed In t h e  p rev ious  s e c t i o n  uslng Equations 

The r a d i u s ,  r(n,m) 

(3.11-3.13). 

Equat ions  (3.27) and (3.28) can be comblned t o  e l i m i n a t e  t h e  

he l i um d i f f u s i v i t y .  

P , (T )~  2.0 x 10" expC-0.016 T ( " C ) ]  rn-z 

Nc(T) 

z i  nd 1.25 

2.53 x 10'' exp[-0.023 T ( " C ) ]  m-' 

f;ea 0.5 

(3.23) 

The c h a r a c t e r i s t i c  t ime  f o r  a bubb le  c o n t a i n i n g  m h e l i u m  atoms t o  

reach t h e  c r i t i c a l  number i s  then: 

THe L p 5; dm . (3.30) 
m 

Table 3.3. M a t e r i a l  and i r r a d i a t i o n  parameters used i n  
comparison o f  v o i d  fo rma t ion  mechanisms 

aPararneter v a r i e d  i n  a n a l y s i s .  

bEqu iva len t  t o  a lo- '  dpa/sec dose r a t e  w i t h  a cascade e f f i c i e n c y  
o f  0.25. 
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3.2.3 R e s u l t s  and D lscuss ion  o f  C a l c u l a t i o n s  

The r e s u l t s  compared i n  t h  s s e c t l o n  were computed as d iscussed 

above u s i n g  t h e  s e t  o f  m a t e r l a l  and I r r a d i a t i o n  parameters l i s t e d  I n  

Table 3.3. The va lues  o f  c e r t a  n o f  t he  parameters l f s t e d  I n  t h e  

t a b l e  have been v a r i e d  i n  t h e  a n a l y s i s  and they  w i l l  be d iscussed 

f u r t h e r  In the t e x t .  B i a s  terms o t h e r  than t h e  e f f e c t i v e  network 

d l s l o c a t i o n / l n t e r s t l  t i a l  b i a s  (Zg) have been s e t  t o  1.0. 

and r:(mGe) which were computed a t  400, t i v e  va lues  o f  nv, rc, mHe, 

450 and 500°C u s i n g  t h e  base parameter s e t  f rom Table 3.3 a r e  l l s t e d  

fn  Table 3.4. 

been used p r e v i o u s l y  i n  r a t e  t h e o r y  s l m u l a t l o n s  o f  v o i d  

Representa- 
* * *  

These parameter  va lues  a r e  s l m f l a r  t o  those which have 

s w e l l i n g . " J ~ ~ ~ O ' , ~ ' ~  

Tab le  3.4. T y p i c a l  c r i t i c a l  c l u s t e r  parameters 

400 33 0.574 121 0.592 95 0.638 
4 50 98 0.890 48 1 1.10 353 0.989 
500 575 1.82 47 18 2.35 3387 2.10 
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F i g u r e  3.10 p r o v i d e s  a base case f o r  comparison o f  t h e  two a l t e r -  

na te  n u c l e a t i o n  t imes as w e l l  a s  showing t h e i r  temperature dependence. 

The v o i d  s w e l l i n g  i n c u b a t i o n  t i m e  should be approx ima te l y  i n  t h e  range 

o f  10 t o  50 dpa f o r  t h e  f a s t  r e a c t o r  c o n d i t i o n s  which a r e  cons ide red  

here. The va lues o f  t h e  c h a r a c t e r i s t i c  v o i d  n u c l e a t i o n  t i m e s  f o r  b o t h  

mechanisms a r e  p l o t t e d  i n  F i g u r e  3.10(a) and ( b )  as a f u n c t i o n  of  

m / m i e .  

temperature dependence and s i z e  dependence o f  t h e  s t o c h a s t i c  nuc lea-  

t i o n  path.  The r e l a t i v e  magnltude o f  t h e  two n u c l e a t i o n  r a t e s  i s  

The ma jo r  d i f f e r e n c e s  between t h e  two a r e  t h e  much g r e a t e r  

shown i n  F i g u r e  3.10(c) where t h e  r a t i o  o f  t h e  n u c l e a t i o n  t imes  has 

been p l o t t e d .  I n  o r d e r  f o r  t h e  n u c l e a t i o n  t imes f o r  t h e  two processes 

t o  be comparable, t h e  r a t i o  o f  m/m;e must be about  0.80 f o r  400°C and 

g r e a t e r  t han  0.95 f o r  5 0 0 O C .  F o r  lower  gas c o n t e n t s  t h e  n u c l e a t i o n  

t ime  due t o  h e l i u m  accumulat ton i s  always much l e s s  than  t h a t  f o r  t h e  

s t o c h a s t i c  process. 

The p a r a m e t r i c  dependence o f  t h e  r a t i o  of  t h e  n u c l e a t i o n  t imes a t  

450°C i s  shown I n  F i g u r e s  3.11 and 3.12. The parameters which have been 

v a r i e d  a r e  t h e  dislocation-interstitial b i a s ,  t he  network d i s l o c a t i o n  

d e n s i t y ,  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t ,  t h e  s u r f a c e  energy and t h e  

two parameters i n  t h e  h e l i u m  p a r t i t i o n l n g  model. The va lues  o f  t h e  

parameters a r e  i n d i c a t e d  i n  t h e  a p p r o p r i a t e  f i g u r e ;  i n  each case, a l l  

o t h e r  parameters w e r e  m a i n t a i n e d  as l i s t e d  i n  Table 3.3. The depen- 

dence seen i n  F i g u r e  3.11(a-c) i s  a r e s u l t  o f  t h e  vacancy super-  

s a t u r a t i o n  v a r y i n g  i n  response t o  t h e  parameter changes. I nc reases  
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1 
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F i g u r e  3.10. 
accumu la t i on  p r o c e s s  ( a ) ,  s t o c h a s t i c  t h e o r y  ( b )  and t h e i r  r a t i o  ( c )  
a t  400,  450 and 500°C. 

C h a r a c t e r i s t i c  n u c l e a t i o n  t imes  f o r  t h e  h e l i u m  
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F i g u r e  3.11. Pa ramet r i c  v a r i a t i o n  i n  t h e  r a t i o  o f  t h e  
n u c l e a t i o n  t i m e  by  h e l i u m  accumu la t i on  t o  t h a t  b y  t h e  s t o c h a s t i c  
t h e o r y  a t  450°C. The parameters a r e  t h e  dislocation-interstitial 
b i a s  ( a ) ,  t h e  network d i s l o c a t i o n  d e n s i t y  ( b ) ,  t h e  a c t i v a t i o n  energy 
f o r  s e l f - d i f f u s i o n  ( c )  and t h e  s u r f a c e  energy ( d ) .  
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F i g u r e  3.12. Dependence o f  t h e  n u c l e a t i o n  t i m e  r a t i o  on t h e  
parameters i n  t h e  h e l i u m  p a r t i t i o n i n g  model; f r a c t i o n  o f  d i s l o c a t i o n -  
t rapped  h e l i u m  p i p e d  t o  bubbles (a )  and t h e  f r a c t i o n a l  r e d u c t i o n  i n  
t h e  d i s l o c a t i o n  s i n k  s t r e n g t h  f o r  h e l i u m  (b) .  

i n  t h e  vacancy s u p e r s a t u r a t i o n  i nc rease  n u c l e a t i o n  by  b o t h  mechanisms, 

b u t  t h e  n u c l e a t i o n  r a t e  by h e l i u m  accumu la t i on  i nc reases  t o  a g r e a t e r  

degree. 

t e r  i s  n o t  a f u n c t i o n  of  t h e  s u p e r s a t u r a t i o n  [Equat ion (3.29) ] ,  t h e  

c r i t i c a l  number o f  gas atoms i s  reduced [Equat ion (3.8)]. S i m i l a r l y  

w h i l e  t h e  c r i t i c a l  number o f  gas atoms inc reases  as t h e  cube o f  t h e  

A l though  t h e  r a t e  o f  h e l i u m  a b s o r p t i o n  b y  a s u b c r i t i c a l  c l u s -  

s u r f a c e  energy,  h i g h e r  su r face  energ ies  a l s o  l e a d  t o  i nc reased  vacancy 

emiss ion  [Equat ions (3.14-3.15)] and t h e  n e t  r e s u l t  o f  a h i g h e r  su r -  

face energy i s  t o  decrease t h e  s t o c h a s t i c  n u c l e a t i o n  r a t e  r e l a t i v e  t o  

t h e  h e l i u m  mechanism [ F i g u r e  3 . l l ( d ) ] .  
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The r e s u l t s  a r e  much l e s s  s e n s i t i v e  t o  t h e  parameters i n  t h e  

h e l i u m  p a r t i t i o n i n g  model. Note t h a t  t h e  v e r t i c a l  a x i s  s c a l i n g  has 

been changed between F i g u r e s  3.12(a) and ( b )  i n  o r d e r  t o  show t h e  

dependence. The f r a c t i o n  o f  d i s l o c a t i o n - t r a p p e d  h e l i u m  which I s  

d i r e c t l y  " p i p e d "  t o  bubbles has o n l y  a modest e f f e c t  on t h e  r a t i o  o f  

t h e  n u c l e a t i o n  t i m e s  [ F i g u r e  3.12(a)]  w h i l e  v a r y i n g  t h e  d i s l o c a t i o n  

s i n k  s t r e n g t h  f o r  h e l i u m  has even l e s s  e f f e c t  [ F i g u r e  3.12(b)] as l o n g  

as i t  i s  g r e a t e r  than zero.  

These r e s u l t s  p r o v i d e  a c l e a r  comparison o f  t h e  two complementary 

n u c l e a t i o n  p a t h s  which can l e a d  t o  v o i d  f o r m a t i o n  i n  i r r a d i a t e d  mate- 

r i a l s .  The d e t a i l s  o f  t h e  r e s u l t s  a r e  c e r t a i n l y  model dependent, and 

parameter v a r i a t i o n s  can s e l e c t i v e l y  f a v o r  one process o v e r  t h e  o the r .  

But  t h e  o v e r a l l  conc lus ions  seem sound s i n c e  t h e  comparison i s  so 

s t r i k i n g .  Because t h e  c r i t i c a l  c l u s t e r  s i z e s  a r e  r e l a t i v e l y  smal l  f o r  

t h e  temperatures d iscussed here,  t h e  c h a r a c t e r i s t i c  n u c l e a t i o n  t imes  

which have been computed shou ld  be somewhat l e s s  than  t h e  t i m e  a t  

which measurable s w e l l l n g  i s  observed. However, even w i t h  moderate 

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

l o n g  n u c l e a t i o n  t imes a t  i n t e r m e d i a t e  temperatures.  A t  h i g h e r  tem-  

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

r a t e s  w i t h  reasonable m a t e r i a l  parameters.  T h i s  r e s u l t  i s  a l r e a d y  

e v i d e n t  i n  t h e  va lues  shown f o r  500°C i n  F i g u r e  3.10(b) and i s  i n  

s t r i k i n g  disagreement w i t h  t h e  f a c t  t h a t  v o i d  f o r m a t i o n  p e r s i s t s  up 

t o  700°C i n  a u s t e n i t i c  s t a i n l e s s  steels." '  Observed v o i d  s w e l l i n g  
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i n c u b a t i o n  t imes a r e  much more c o n s i s t e n t  w i t h  t h e  h e l i u m  accumulat ion 

process as shown i n  F i g u r e  3.10(a). 

The r o l e  o f  f l u c t u a t i o n s  begins t o  be s i g n i f i c a n t  when a s u f -  

f i c i e n t l y  l a r g e  f r a c t i o n  o f  t h e  c r i t i c a l  number o f  gas atoms has been 

accumulated. However, a t  400°C t h i s  f r a c t i o n  i s  a l r e a d y  about 0.8 

w h i l e  a t  500°C i t  i s  g r e a t e r  than 0.95. Wi th these l e v e l s  o f  he l ium,  

v o i d s  can n u c l e a t e  due t o  f l u c t u a t i o n s  i n  a r e l a t i v e l y  s h o r t  t i m e  as 

shown i n  F igu res  3.10(b) and ( c ) .  T h i s  r e s u l t  i s  h i g h l i g h t e d  i n  

F i g u r e  3.13 where, based on t h e  p resen t  s e n s i t i v i t y  s t u d i e s ,  t h e  

m a t e r i a l  parameters have been chosen t o  maximize t h e  i n f l u e n c e  o f  t h e  

s t o c h a s t i c  path;  a low b i a s  ( Z y  = l . O l ) ,  a h i g h  network d i s l o c a t i o n  

O R N L - D  W G  8 6 C - 1 1 6 9 7  
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F i g u r e  3.13. Temperature dependence o f  t h e  n u c l e a t i o n  t i m e  
r a t i o  w i t h  parameters chosen t o  m in im ize  t h e  i n f l u e n c e  o f  he l ium;  
Zi = 1.01, ESD = 3.0 eV, Pn = 1.5 x l o 1 *  m-' and y = 1.0 J/m2. 
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i c a l  i n t e r e s t  ( i .e. ,  350 

t o  3.13 i n d i c a t e s  t h a t  f 

t i o n  r a t e  o n l y  f o r  c a v i t  

d e n s i t y  (pn = 1.5 x 1015 m - 2 ) ,  a h i g h  s e l f - d i f f u s i o n  energy ESD = 3.0 

eV) and a low s u r f a c e  energy (y = 1.0 J/m2). 

case a r e l a t i v e l y  l a r g e  amount o f  gas i s  r e q u i r e d  f o r  s t o c h a s t i c  f l u c -  

t u a t i o n s  t o  make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  v o i d  n u c l e a t i o n  

r a t e .  A t  4OO0C, 20% o f  t h e  c r i t i c a l  number o f  gas atoms i s  r e q u i r e d  

and a t  500°C over  80%. F l u c t u a t i o n s  can hasten t h e  f i n a l  s tages o f  

v o i d  n u c l e a t i o n ,  b u t  o n l y  i f  s u f f i c i e n t  gas i s  a v a i l a b l e  t o  a s s i s t  t h e  

e a r l i e r  stage. Hence, t h e  v o i d  f o r m a t i o n  t i m e  i s  s t i l l  l i m i t e d  by t h e  

t i m e  r e q u i r e d  t o  o b t a i n  n e a r l y  t h e  c r i t i c a l  number o f  gas atoms. 

Even i n  t h i s  extreme 

T h i s  c o n c l u s i o n  h i g h l i g h t s  t h e  impor tance o f  t h e  r o l e  t h a t  t r a n s -  

mutant  h e l i u m  p l a y s  i n  v o i d  fo rma t ion .  For  temperatures o f  t echno log -  

< T < 6OO0C), an examinat ion o f  F i g u r e s  3.10 

u c t u a t i o n s  w i l l  c o n t r i b u t e  t o  t h e  v o i d  nuc lea-  

es which a r e  a l r e a d y  near  t h e  c r i t i c a l  s i ze .  

A t  low temperatures t h e  two processes c o n t r i b u t e  more e q u a l l y  t o  t h e  

t o t a l  n u c l e a t i o n  r a t e  w i t h  t h e  gas d r i v e n  process dominant f o r  s m a l l e r  

c l u s t e r s .  

concept o f  t h e  c r i t i c a l  number o f  gas atoms and suggested t h a t  v o i d  

fo rma t ion  was l a r g e l y  due t o  h e l i u m - s t a b i l i z e d  bubbles reach ing  t h e  

c r i t i c a l  r a d i u s  r a t h e r  than due t o  s t o c h a s t i c  

f l ~ ~ t ~ a t i ~ n ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

j u s t i f i c a t i o n  f o r  t h e  n e g l e c t  o f  s t o c h a s t i c  v o i d  n u c l e a t i o n  i n  t h e  

models which a r e  t o  be p resen ted  next.  

These conc lus ions  suppor t  e a r l i e r  work which e x p l o r e d  t h e  

The p r e s e n t  work a l s o  p r o v i d e s  a 
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3.3 Models 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  

T h i s  s e c t i o n  d e s c r l b e s  t h e  s p e c l f l c  models 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  which have been developed i n  t h e  p r e s e n t  work. Two genera l  

models w i l l  be discussed. The f i r s t  i s  a model o f  c a v i t y  e v o l u t i o n  

I n  which t h e  d i s l o c a t i o n  s t r u c t u r e  i s  t r e a t e d  i n  a s imp le  p a r a m e t r l c  

manner. T h l s  mode l ' s  s w e l l i n g  p r e d i c t i o n s  w e r e  c a l i b r a t e d  u s i n g  t h e  

r e s u l t s  o f  t h e  R S - 1  i r r a d i a t i o n  exper imen taz  and good agreement 

was achieved. Then t h e  model was used t o  examine t h e  I n f l u e n c e  o f  b o t h  

m a t e r i a l  and i r r a d i a t i o n  parameters on v o i d  s w e l l i n g .  One o f  these 

parameters was t h e  He/dpa r a t i o .  The p r e d i c t i o n s  o f  t h e  model i n d i -  

ca ted  t h a t  s imp le  i n t e r p o l a t i o n  between s w e l l i n g  d a t a  s e t s  f rom t h e  

EBR-I1 (-0.3 appm He/dpa) and t h e  HFIR (-70 appm He/dpa) c o u l d  l e a d  

t o  h i g h l y  nonconserva t i ke  s w e l l i n g  p r e d i c t i o n s  f o r  a DT f u s i o n  r e a c t o r  

f i r s t  w a l l  (-10 appm He/dpa). 

t o  generate a f a m i l y  o f  des ign  curves f o r  20% cold-worked t y p e  316 

s t a i n l e s s  s t e e l .  The second model t o  be d iscussed I n c l u d e s  an e x p l i c i t  

t r ea tmen t  o f  t h e  t i m e  dependence o f  b o t h  Frank f a u l t e d  l oops  and t h e  

d i s l o c a t i o n  network.  The c a v i t y  e v o l u t i o n  model has been coupl'ed w i t h  

t h e  d i s l o c a t i o n  e v o l u t i o n  model t o  y i e l d  a comprehensive d e s c r i p t i o n  

These p r e d i c t i o n s  have a l s o  been used 

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 .  

model have been shown t o  agree 

r e a c t o r  exper iments.  T h i s  i n d  

as an a n a l y t i c a l  t o o l  and t h e  

The p r e d i c t i o n  

w i t h  d a t a  f r o m  

ca tes  b o t h  t h e  

mportance o f  m 

o f  t h e  more complex 

a broad range o f  f a s t  

power o f  t h e  r a t e  t h e o r y  

c r o s t r u c t u r a l  c o n t r o l  as 
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a t o o l  f o r  c o n t r o l l i n g  t h e  i r r a d i a t i o n  response o f  a u s t e n i t i c  s t a i n -  

l e s s  s t e e l s .  The s i m p l e r  model w i l l  be d iscussed f i r s t  and t h i s  d i s -  

cuss ion  w i l l  i n c l u d e  those aspects  which a r e  comnon t o  b o t h  models. 

Some o f  t h e  assumptions and l i m i t a t i o n s  o f  t h e  chemical  r e a c t i o n  r a t e  

t h e o r y  have a l r e a d y  been d e s c r i b e d  above. Some a d d i t i o n a l  d i s c u s s i o n  

w i l l  be added he re  i n  t h e  c o n t e x t  o f  t h e  more s imp le  model b u t  s i m i l a r  

caveats a p p l y  e q u a l l y  t o  t h e  more complex one. 

3 . 3 . 1  D e s c r i p t i o n  o f  C a v i t y  E v o l u t i o n  Model 

The c a l c u l a t i o n  o f  p o i n t  d e f e c t  s i n k  s t r e n g t h s  was d e s c r l b e d  i n  

S e c t i o n  2.3. 

adopted.7c,11s The s i n k s  which have been i n c l u d e d  a r e  bubbles,  vo lds ,  

d i s l o c a t i o n s ,  subgra ln  s t r u c t u r e  and t r a n s l e n t  vacancy c l u s t e r s  i n  t h e  

form o f  m l c r o v o l d s  formed by t h e  c o l l a p s e  o f  d isp lacement  cascades. 

The t o t a l  d i s l o c a t i o n  d e n s i t y  i s  expressed as a t i m e  independent func -  

t i o n  o f  temperature and no d i s t i n c t i o n  i s  made between t h e  f a u l t e d  

l oop  and network components. Except f o r  t h e  d i s l o c a t i o n s ,  equal  cap- 

t u r e  e f f i c i e n c e s  ( b i a s e s )  f o r  vacancies and i n t e r s t i t i a l s  have been 

used t o  c a l c u l a t e  t h e  extended d e f e c t  s i n k  s t r e n g t h s .  A s  d iscussed  

below, an e f f e c t i v e  dislocation/interstitial b i a s  has been i n t r o d u c e d  

as a separate parameter t o  account f o r  b o t h  t h e  d i s l o c a t i o n  p r e f e r e n c e  

f o r  abso rb ing  i n t e r s t l t i a l s  and t h e  e f f e c t  o f  any o t h e r  p r e f e r e n t i a l l y  

b i a s e d  s inks.  I n  t h i s  case t h e  dislocation/interstitial b i a s  can be 

thought  o f  as r e p r e s e n t i n g  an e f f e c t i v e  o v e r a l l  system b i a s .  B e f o r e  

g i v i n g  t h e  genera l  d e s c r i p t i o n  o f  t he  model, t w o  s p e c i f i c  aspec ts  w i l l  

Here a f i r s t  o r d e r  e f f e c t i v e  medium approach has been 
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be discussed - precipitate effects and the helium partftloning model. 
These two components are included In the same way in the more complex 

model to be discussed in the next sectlon. 

3.3.1.1 Precipitate Effects 

There are several possible mechanisms by which precipitation o f  

second phase particles can Influence bubble-to-void converslon and 

void swelling. 

tlal llst would Include: 

Some of these were mentioned i n  Chapter 2 and a par- 

1. Lattice compositional changes leadtng t o  changes In sink cap- 

ture efficiencies or self-diffusion p a r a m e t e f s . s ' ~ ~ * b g ~ z z ~ ~ 2 z ~ ~ ~ ~ J  

2. Transient misfit strain effects at matrix-precipitate Inter- 

faces in which tensile strains could promote and compressive strains 

suppress bubble-to-vold conversion by altering the crltical 

~ ~ ~ e ~ l f O , t S b , 2 S S  

3. Misfit strairis leading to interfaces which are biased f o r  

either vacancies or interstitials.2sS 

4 .  Point defect and hellurn collector effects. 

5. Surface energy effects at matrix-precipitate interfaces 

leading t o  nonspheflcal c a v l t i e ~ . ' ~ ~ ~ ' ~ ~  

In principle, each o f  these can be modeled but here i t em ( 5 )  and 

Item ( I )  helium collection effects from item ( 4 )  have been examined. 

i s  approximately accounted for In the choice o f  "effective" parameters 

which represent an approprtate average value. The hellurn collector 
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mechanism w i l l  be d iscussed i n  S e c t i o n  3.3.1.2. 

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

creep c a v i t y  n ~ c l e a t i o n . ~ ~ ' ~ ~ ~ ~  

a s i n g l e  parameter ,  8 ,  which i s  a f u n c t i o n  o f  t h e  r e l e v a n t  s u r f a c e  

energ ies  : 

y ,  t h e  m a t r i x  s u r f a c e  f r e e  energy;  Y 

energy; and Y t h e  m a t r i x - p r e c i p i t a t e  i n t e r f a c i a l  energy. 

The s u r f a c e  energy 

T h i s  mechanism can be modeled u s i n g  

t h e  p r e c i p i t a t e  s u r f a c e  f r e e  
P '  

mP * 

( 3 . 3 2 )  

The volume ( V  ) and t h e  s u r f a c e  area (A ) o f  t h e  nonspher l ca l  c a v i t y  

a r e  g i v e n  as: 
8 0 

V8 = F v r '  9 

and 

AB = F s r 2  * 

(3.33) 

(3.34) 

where 

TI 
Fv = 3 ( 2  - 3 COS0 + C O S *  8 )  , (3.35) 

and 

= 2n (1 - cosB) 
F S  

. (3.36) 

Equat ions (3.35) and (3.36) a r e  a p p r o p r i a t e  f o r  c a v i t i e s  wh ich  are 

growing on a l a r g e r  p r e c i p l t a t e .  

case because o f  t h e  energy c r e d i t  o b t a i n e d  by t h e  d e s t r u c t i o n  o f  

The c a v i t y  i s  nonspher i ca l  i n  t h i s  
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m a t r l x - p r e c i p i t a t e  i n t e r f a c e  as  t h e  c a v i t y  grows. The parameter $ Is 

t h e  c o n t a c t  a n g l e  o f  t h e  c a v i t y  w l t h  t h e  p r e c i p i t a t e .  Fo r  example, 

f o r  a c a v i t y  which I s  a hemisphere, 0 = 90", Fs = 2n and Fv = 2nf3. 

There a r e  v e r y  l i t t l e  d a t a  on va lues  for e i t h e r  y 

phases which appear i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  I n  genera l  one 

m i g h t  expect  y - yp > ymP s i n c e  t h e  m a t r i x - p r e c i p i t a t e  i n t e r f a c e  

i n v o l v e s  fewer broken a tomic  bonds than a f r e e  su r face ;  a l t h o u g h  I n t e r -  

f ace  m i s f i t  s t r a i n s  c o u l d  r a i s e  Y 

expect  ymP t o  be on t h e  o r d e r  o f  t h e  g r a i n  boundary f r e e  energy. 

Based on t h l s  assumptlon and a v e r y  l i m i t e d  amount o f  d a t a , 1 a ~ z c * ~ 2 r o  

a reasonable range o f  va lues  f o r  0 m l g h t  be 60 t o  12C". Ar, i n t e m e d i a t e  

va lue  o f  0 = 82" has been used here. T h i s  corresponds t o  a rFjdQctioc 

i n  Fv by  0.4 and i n  Fs  by 0.434 f r om t h e i r  maximum values o f  4n/3 and 

477, r e s p e c t i v e l y  and i s  g e n e r a l l y  c o n s i s t e n t  w i t h  t h e  obserbed shape 

o f  bubbles t h a t  a r e  a t t a c h e d  t o  p r e c l p l t a t e s . 2 K L  

p r e c i p i t a t e - a s s o c i a t e d  c a v i t y  i s  shown i n  F i g u r e  3.14. The r e s u l t  o f  

t h l s  reduced volume f o r  a g i v e n  r a d i u s  i s  a r e d u c t l o n  I n  t h e  c r i t i c a l  

number o f  gas atoms f o r  those bubbles a t t a c h e d  t o  precipitates; 

Equa t ion  (3.8) shows t h a t  t h e  c r i t i c a l  number i s  l i n e a r  In F v .  

o r  ymP f o r  t h e  
P 

To a f i r s t  approx ima t ion  one m i g h t  
mP - 

One example o f  d 

Al though Mansur and c o - w ~ r k e r s ~ ~ ~ ~ ' ' ~  have developed a m o d e l  t3  

d e s c r i b e  p o i n t  d e f e c t  c o l l e c t i o n  a t  m a t r i x - p r e c i p i t a t e  I n t e r f a c e s ,  

t h e  p r e c i p i t a t e s  have n o t  been i n c l u d e d  here  a s  p o i n t  d e f e c t  s i n k s  f o r  

severa l  reasons. F i r s t ,  t h e r e  i s  n o t  s u f f l c l e n t  d a t a  c h a r a c t e r i z l n g  

t h e  s i z e  and number d e n s i t i e s  o f  t h e  v a r i o u s  p r e c i p i t a t e s  t o  p e r m i t  a 
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Fig 
Large vo 
Photogra 
15 dpa i 

ure 3.14. Typical example of cavity-precipitate association. 
lid on G phase and bubbles on phosphide phase in background. 
ph courtesy P. J. Maziasz, ORNL; solution-annealed PCA after 
rradiation in the FFTF at 500°C. 

confident calculation of their sink strength at various temperatures 

and doses. 

beyond the scope of the present work. 

that incoherent interphase boundaries may be inefficient sinks, at 

least for vacancies.254 

expected to have different sink efficiencies and these efficiencies 

may be a function of precipitate size (and therefore dose) due to the 

buildup and relaxation o f  misfit strains. 

attempt t o  include the point defect collection mechanisms in the pres- 

ent model indicated that the predictions of the model were signifi- 

cantly perturbed. This is clearly an area in which further 

theoretical development i s  warranted as data become available. 

Explicit modeling of the evolution of these particles was 

Second, the literature suggests 

Hence, the various precipitates might be 

Finally, a preliminary 
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3.3.1.2 He l i um P a r t i t i o n i n g  

I n  t h e  models d i scussed  here,  v o i d s  a r e  formed as a r e s u l t  o f  

bubbles o b t a i n i n g  t h e  c r i t i c a l  number of h e l i u m  atoms. I t  i s  t h e r e f o r e  

Impor tan t  t h a t  t h i s  work i n c l u d e  an a p p r o p r i a t e  t r e a t m e n t  o f  h e l i u m  

p a r t i t i o n i n g  among t h e  v a r i o u s  m i c r o s t r u c t u r a l  s inks .  T h i s  h e l i u m  p a r -  

t i t i o n i n g  model i s  based on a conserva t i on  e q u a t i o n  which i n c l u d e s  t h e  

h e l i u m  g e n e r a t i o n  r a t e  ( G H ~ ) ,  t h e  he l i um d i f f u s i v i t y  (DHe) and t h e  

s i n k  s t r e n g t h s  o f  t h e  extended d e f e c t s  f o r  h e l i u m  (SHe). 

Concen t ra t i on  o f  h e l i u m  i n  t h e  m a t r i x  (CHe) i s  computed f r o m  t h e  

s t e a d y - s t a t e  s o l u t i o n  o f  t h e  f o l l o w i n g  c o n s e r v a t i o n  equat ion:  

j The atomic 

j 
GHe - DHeCHe 1 SHe 

dCHe 
d t  

- =  
j 

( 3 . 3 7 )  

T h i s  equa t ion  i s  s i m i l a r  t o  Equat ion (2.3) which i s  used t o  o b t a i n  t h e  

vacancy and i n t e r s t i t i a l  concen t ra t i ons .  

The h e l i u m  s i n k s  i n  Equa t ion  (3.37) i n c l u d e  bubbles,  vo ids ,  d i s -  

l o c a t i o n s  and t h e  subgra in  s t r u c t u r e .  Because o f  t h e  o b s e r v a t i o n  o f  

v o i d - p r e c i p i t a t e  a s s o c i a t i o n  d iscussed above, p r e c i p i t a t e s  a r e  p e r -  

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

Guided by v e r y  l i m i t e d  d a t a  I n  t h e  range o f  a p p r o x i m a t e l y  500 t o  600°C 

a cons tan t  s i n k  s t r e n g t h  o f  4 x 101' m-' I s  used f o r  t h e  p r e c i p i t a t e  

h e l i u m  c o l l e c t ~ r s . ~ ~  T y p i c a l l y  10% o f  t h e  c a v i t i e s  a r e  assumed t o  be 

a s s o c i a t e d  w i t h  p r e c i p i t a t e s .  Reference t o  t h e  p reced ing  s e c t i o n  and 

Equa t ion  (3.8) i n d i c a t e s  t h a t  these c a v i t i e s  w i l l  p r e f e r e n t i a l l y  become 

v o i d s  due t o  t h e  enhanced h e l i u m  c o l l e c t i o n  and a reduced c r i t i c a l  
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number o f  gas atoms. 

f o m s t l o n  t i m e ,  T ~ ,  t o  t a k e  I n t o  account t h e  observed temperature 

dependent t l m e  r e q u i r e d  f o r  phase decomposi t ion t o  t a k e  p l a c e  under 

I r r a d l a t ! o n .  A s imp le  model which i s  l i n e a r  i n  temperature has been 

app l  l ed :  

T h l s  v o i d  f o r m a t i o n  i s  de layed  by a p r e c l p l t a t e  

? p  = 0.16 [700 - f("C)] dpa . (3.38) 

Thi; leads  t o  a p r e c i p i t a t e  f o r m a t i o n  tine o f  40 dpa a t  450°C, decreas-  

i n g  t o  z e r o  a t  705°C. F o r  temperatures l ess  t han  450°C, 40 dpa i s  

Lrsed. T b l s  i s  p r e s e n t l y  a v e r y  s imp le  model, b u t  I t  is reasonably  

c o n s i s t e n t  w i t h  t h e  e x i s t i n g  d a t a . * Y  

F o r  t h e  o t h e r  s i n k s  i n  Equa t ion  (3 .37 ) ,  t h e  s i n k  s t r e n g t h  f o r  

h e l i u m  i s  assumed t o  be t h e  same a s  t h a t  f o r  vacancies.  The v a l u e  o f  

these s i n k  s t r e n g t h s  w i l l  be g i v e n  i n  t h e  n e x t  s e c t i o n .  One e x c e p t i o n  

t o  t h i s  assumption i s  t h e  d i s l o c a t i o n s .  

Sp l t znage l  and co-worker-sTJs and by  Ha l12 'o  has i n d i c a t e d  t h a t  d i s -  

locations do n o t  appear t o  cap tu re  h e l i u m  a s  e f f i c l e n t l y  as t h e l r  s i n k  

s t r e n g t h  f o r  vacancies would i n d i c a t e .  Here t h e  d l s l o c a t i o n  s i n k  

s t r e n g t h  f o r  vacancies i s  reduced by a f a c t o r ,  fHe, t o  account f o r  

t h e i r  observat ions.  

h o s  been d iscussed above and a nominal va lue  o f  0.5 was used i n  t h i s  

work.  

a t t a c h e d  t o  d i s i o c a t i o n s ;  t h e r e f o r e ,  t h e  p r e s e n t  model f u r t h e r  assumes 

t h a t  a f r a c t i o n  o f  t h e  h e l i u m  t rapped  by  d i s l o c a t i o n s  i s  

m a t r i x  bubbles.  The i n f l u e n c e  o f  t h i s  parameter has a l s o  been  

He l ium p a r t i t i o n i n g  work by  

P 
The I n f l u e n c e  o f  fHe on b u b b l e - t o - v o i d  convers ion  P 

A s  shown i n  F i g u r e  3.15, bubbles a r e  f r e q u e n t l y  observed 

t o  
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F i g u r e  3.15. T y p i c a l  example o f  h e l i u m - s t a b i l i z e d  bubbles 
a t t a c h e d  t o  d i s l o c a t i o n  segments. 
a l l o y  P7, h e l i u m  imp lan ted  t o  65 appm He and aged f o r  one hour  a t  
850°C. 

So lu t i on -annea led ,  a u s t e n i t i c  

d i scussed  i n  S e c t i o n  3.2 and i t  was taken t o  be 1.0 i n  t h e  c a l c u l a -  

t i o n s  wh ich  w i l l  be d i scussed  below. 

The m a t r i x  h e l i u m  c o n c e n t r a t i o n  reaches a s teady s t a t e  l e v e l  a f t e r  

about  l o 4  t o  l o 5  sec ( r e f .  88) o f  i r r a d i a t i o n .  T h i s  i s  t r u e  even a t  

l ow  temperature because of  i r r a d i a t i o n - e n h a n c e d  d i f f u s i o n . 8 8 , 1 0 8  I n  

t h i s  case i t  i s  a p p r o p r i a t e  t o  use t h e  s teady s t a t e  s o l u t i o n  o f  

Equa t ion  (3.37). T h i s  s o l u t i o n  was g i v e n  i n  Equa t ion  (3.27). 

A l though h e l i u m  i s  p a r t i t i o n e d  t o  a l l  t h e  s i n k s  ment ioned above, i t  i s  
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t h e  bubbles which a r e  o f  t h e  most I n t e r e s t .  C o n s i s t e n t  w i t h  t h e  

scheme j u s t  G u t l i n e d ,  t h e  t o t a l  amount o f  h e l l u m  a l l o c a t e d  t o  a bubble 

d u r i n g  an increment  o f  t ime,  A t ,  i s :  

f o r  a m a t r i x  bubble and 

fo r  a p r e c  
c mb 
3 i s  t h e  

He 

(3.39) 

( 3 . 4 0 )  

P '  
p i t a t e - a s s o c i a t e d  bubb le  when t h e  t i m e  i s  g r e a t e r  than T 

t o t a l  m a t r i x  bubble s i n k  s t r e n g t h  f o r  he l ium,  Sp i s  t h e  
He PP t 

urn and SHe i s  t he  p r e c i p i t a t e  s i n k  d i s l o c a t i o n  s i n k  s t r e n g t h  f o r  he1 

s t r e n g t h  ment ioned above. Once a 

v o i d ,  t h e  d i s l o c a t i o n  I s  assumed 

m a t r i x  bubble i s  conve r ted  t o  a 

o c l i m b  and /o r  g l i d e  away and a 

r n a t r i x  v o i d  absorbs h e l i u m  a t  a r a t e  determined b y  i t s  own s i n k  

s t r e n g t h :  

llHemv (3.41) 

P r e c l p i t a t e - a s s o c i a t e d  vo ids  c o n t i n u e  t o  absorb h e l i u m  as shown i n  

Equat:on (3.40) .  

generated can be compared w i t h  t h e  cumu la t i ve  t o t a l s  o f  t h e  h e l i u m  

a l l o c a t e d  t o  t h e  u a r l o u s  s i n k s  t o  ensure c o n s e r v a t i o n  o f  gas atoms. 

A t  any t lme  t h e  amount o f  h e l i u m  which has been 
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When t h e  s teady s t a t e  assumption I s  invoked, t h e  r e s u l t s  o f  t h e  

h e l l u m  p a r t i t i o n l n g  model and t h e  computed b u b b l e - t o - v o i d  convers ion 

t imes  a r e  independent o f  t h e  assumed h e l i u m  d l f f u s i v l t y .  

seen by comblnlng Equa t lon  (3.27) and each o f  t h e  Equat ions (3.39) 

through (3.41). 

T h i s  can be 

The h e l i u m  d i f f u s i v l t y  is e l i m i n a t e d .  

3.3.1.3 S ink  S t r e n g t h s  and Rate Equat ions f o r  P o i n t  D e f e c t  
Concen t ra t i ons  

A genera l  c o n s e r v a t i o n  equa t ion  d e s c r i b i n g  t h e  c o n c e n t r a t i o n s  of  

vacancles and i n t e r s t l t i a l s  was g i v e n  I n  Equat ion (2.3). 

equat fons used i n  t h i s  work a re :  

The s p e c i f i c  

f o r  t h e  i n t e r s t l t i a l s  and 

Th 

dCV - 
d t  = G~ - a cicv - D,C~ 8 51, . 

(3.42) 

(3.43) 

vacancy gener t i o n  r a t e ,  G v ,  i s  g i v e n  I n  terms o f  t h e  damage r a t e ,  

Gdpa (dpa/sec) ,  as:  

GV = rl Gdpa (1 - x )  + D v  F sj,cj, . (3.44) 

I n  Equat lons (3.42) th rough  (3.44) CI and C v  a r e  g i v e n  I n  u n i t s  o f  

a tomic  c o n c e n t r a t i o n  (number/atom), Di and Dv a r e  t h e  p o i n t  d e f e c t  

d i f f u s i v i t i e s  (m*/sec) ,  CI i s  t h e  recomb ina t ion  c o e f f i c l e n t  ( s e c - I ) .  
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t h e  J a r e  t h e  p o i n t  d e f e c t  s l n k  s t r e n g t h s  of  t h e  extended d e f e c t s  

o f  type  j and the  C, j a r e  the  vacancy c o n c e n t r a t l o n s  i n  e q u i l l b r l u m  w i t h  

the  extended de fec ts .  Th i s  l a t t e r  te rm i s  used t o  compute vacancy 

emlsslon r a t e s  I n  Equat ion (3.44). The t n t e r s t l t i a l  and vacancy d l f -  

f u s l v i t l e s  are:  

O1.V - Do i , v  exp (-<,v/kT) . (3.45) 

Values f o r  t h e  migration energ ies,  q,v, and t h e  p r e - e x p o n e n t l a l  t e r n s  

w i l l  be d iscussed below. The cascade e f f t c i e n c y ,  q, i s  the f r a c t i o n  

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

anneal ing.  A f r a c t i o n ,  x,  o f  t h e  remain ing vacancies i s  assumed t o  

fo rm m i c r o v o i d s  as a r e s u l t  o f  cascade co l l apse .  

cascade parameters a r e  taken from computer s i m u l a t l o n  r e s u l t s ,  as 

d fscussed below.'O , a ' * 2 e 1  

Values f o r  these 

Using the  f i r s t - o r d e r ,  e f f e c t i v e  medium approach as d iscussed 

a b o v e , 7 0 t 7 c , 1 1 K  the  s ink  s t r e n g t h s  a r e  c a l c u l a t e d  as: 

s t ,v  - F, f rJNJ c c (1 + r i  St) , 

f o r  a l l  t h e  c a v i t i e s  (bubbles and v o i d s ) ,  

f o r  t he  m l c r o v o i d s  w l t h  a rad ius ,  rmv, 

(3.46) 

(3 .47)  

( 3 . 4 8 )  



f o r  t h e  subgra ln  s t r u c t u r e  w i t h  a subgra in  d iameter ,  , 

and 

f o r  t h e  d i s l o c a t i o n s .  The s u b s c r t p t s  1 and v once a g a i n  denote 

vacancy and l n t e r s t l t l a l ,  r e s p e c t i v e l y .  The t o t a l  system s i n k  
t s t r e n g t h  f o r  vacancies,  S,, I s :  

where 
o d c m v  s, - sv + sv + s, 

(3.49) 

(3.50) 

(3.51) 

(3.52) 

As d iscussed I n  Chapter 2, t h e  d i s l o c a t i o n  c a p t u r e  r a d i u s ,  rc, i f l  

Equat ions (3.49)  and (3.50) i s  l a r g e r  f o r  i n t e r s t l t l a l s  than f o r  V ~ C -  

anc les  g i v i n g  r i s e  t o  t h e  dislocation/lnterstltlal b ias .  Here  t h e  

same va lue  o f  t h e  cap tu re  r a d l u s  has been used f o r  b o t h  d e f e c t s  and 
d t h e  e f f e c t i v e  d i s l o c a t i o n  b i a s ,  ZI, Is i n t r o d u c e d  

e t e r .  The va lue  o f  rc i s  taken as f o u r  t l m e s  t h e  

Burgers  v e c t o r '  9 ' and t h e  d l s l o c a t i o n  c e l l  s i z  

mean d l s l o c a t l o n  spaclng, rc = (npd)-B. 

Vacancy emiss ion  f r o m  the  bubbles and vo ids  

Equat lon  (3.2) and f o r  t h e  o t h e r  s i n k s  as f o l l o w s  

as a separa te  param- 

magnitude o f  t h e  

9 r09 i s  s e t  t o  t h e  

s c a l c u l a t e d  u s i n g  



118 

(3.53) 

f o r  t he  m i c r o v o i d s  which a r e  assumed t o  be c l u s t e r s  o f  vacancies on ly ,  

and 

(3.54) 

f a r  t h e  subgra ln  s t r u c t u r e  and d l s l o c a t l o n s .  The gas pressure  I n  the  

c a v l t i e s  i s  computed u s i n g  the  e q u a t i o n  o f  s t a t e  d iscussed i n  

Sec t lon  3.1.2.2 and C: I s  t h e  b u l k  thermal e q u l l l b r l u m  vacancy 

c o n c e n t r a t l c n ,  taken as C t  - exp (-Ev/kT).  

m a t i o n  energy. 

f f E, I s  t h e  vacancy f o r -  

Equat ions  (3.42) and (3.43) a r e  so lved a t  s teady s t a t e  as 

d l s t u s s e d  above. The presence o f  the  recomblna t lon  t e r m  r e q u t r e s  t h a t  

t he  two equat ions  be so lved s imul taneously ,  A s o l u t i o n  Is o b t a i n e d  by 

s o l v i n g  Equat ion  (3.42) f o r  C1 and s u b s t l t u t t n g  I n t o  Equat ior ,  (3.43). 

This  y i e l d s  an equat ion  which Is q u a d r a t i c  I n  C v  which can be so lved 

a l g e b r a i c a l l y .  

Equat ion  (3.42). 

C t  1s then found by b a c k - s u b s t l t u t l o n  f o r  C v  i n t o  

A p o p u l a t i o n  o f  smal l  (-0.25 nm r a d l u s )  hel lum-vacancy c l u s t e r s  

I s  assumed t o  form ve ry  e a r l y  I n  t h e  I r r a d i a t i o n .  The t o t a l  d e n s i t y  o f  

these c l u s t e r s  Is based on exper fmenta l  ly observed t r e n d s , l o 0  9"' 9 * "  

NE - 2.53 x lo2' exp C-0.023 T ("C)] m-) . (3.55) 

These smal l  hel ium-vacancy c l u s t e r s  grow i n i t i a l l y  as bubbles a t  a r a t e  

which Is p r l m a r l l y  determlned by the  h e l i u m  g e n e r a t i o n  and p a r t f t i o n i n g  
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rates.  As discussed I n  S e c t i o n  3.3.1.1, a cons tan t  f r a c t i o n  o f  0.1 o f  

t he  t o t a l  density I s  assumed t o  be assoc ia ted  wf th  p r e c l p l t a t e s  t h a t  

form a f t e r  a temperature-dependent i n c u b a t i o n  t l m e .  The t o t a l  c a v i t y  

d e n s i t y  I s  t y p l c a l l y  d l v l d e d  I n t o  two o r  t h ree  s i z e  c lasses ,  one of  

whlch con ta ins  the  p r e c l p l t a t e - a s s o c i a t e d  c a v i t l e s .  

c a v i t i e s  I n  any one s i z e  c l a s s  exceed the  c r l t l c a l  s t z e  g l ven  by 

Equat ion (3.9) they  a r e  cons ldered t o  have sonver ted from bubbles t o  

vofds. P r i o r  t o  t h e i r  convers lon  t o  vo ids ,  t he  bubble r a d i u s  Is 

c a l c u l a t e d  us tng  Equat ion  (3.13) and a f t e r  converston the  v o l d  r a d i c s  

i s  found by I n t e g r a t i n g  Equat lon  (3.1) w l th  the  l n l t l a l  c o n d l t f o n  

I f  and when t h e  

The LSODE ( L i v e n o r e  So lve r  o f  O r d l n a r y  D f f f e r e n t l a l  * - - t h a t  rc - rc. - 
- E q u a t l ~ n s ) ~ ~ ~  s u b r o u t l n e  package has been used t o  c a r r y  ou t  t he  

numer ica l  I n t e g r a t l o n s  I n  t h i s  work. 

I s  l l m i t e d  t o  ensure t h a t  t h e  steady s t a t e  asSumptlOt-? f o r  Equations 

(3.42) and (3.43) Is n o t  v l o l a t e d  and t h a t  the  amount o f  hellam par-  

t l t l o n e d  t o  a bubble i n  a g i v e n  t i m e  s tep  i s  smal l  r e l a t i v e  t o  I t s  

c u r r e n t  h e l i u m  content .  

The t l m e  s tep  I n  t h e  integfat lQ!I  

The number o f  m l c r o v o t d s  Is computed by f i r s t  d e t e r m i n i n g  the 

l i f e t l m e ,  imv, of a s p h e r i c a l  vacancy c l u s t e r  w i t h  a rad lus ,  rmv; 

2 

‘mv 
‘mv = - - DICi - 0 Cmv 

* 
D V c V  v v  

(3.56) 

and the m i c r o v o i d  g e n e r a t i o n  r a t e ,  Gmv ; 
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(3.573 

The number o f  vacancles I n  a m i c r o v o i d  i s :  

4n 
nv = 33 (3.58) 

The m l c r o v o i d  d e n s l t y ,  N,,, i s  then found by  i n t e g r a t i n g  t h e  f o l l o w l n g  

equa t 1 on : 

dNmv 
at = - Nmv * 

(3.59) 

The t o t a l  d l s l o c a t i o n  d e n s i t y  i s  expressed as a t i m e  Independent func-  

t i o n  of temperature:  

pd = 1.99 x 10%' exp C4.016 T("C)]  rn-' . (3.60) 

Thus no d l s t 4 n c t i o n  I s  made between f a u l t e d  loops  and network d f s l o c a -  

t ' ions and t h e  d i s l o c a t i o n  t r a n s i e n t  Is Ignored. Equatlon (3.60) p r o -  

v ides  a reasonable f i t  t o  t h e  observed tempera ture  dependence of  t h e  

d l s l o c a t i a n  da ta  d iscussed I n  Chapter  2.1''*172 F l n a l l y ,  t h e  subgra in  

s l z e  Is a l s o  temperature dependent. I n  ZO%-cold-worked m a t e r i a l  t he  

subgra ln  s i z e  s lmu la tes  t h e  observed coarse c e l l  s t r u c t u r e  wh lch  was 

d iscussed In Chapter 2.1'o-11* A t  500°C and below t h e  subgra in  s i z e  

Is s e t  t o  1.0 x lo-' m, I n c r e a s l n g  t o  1.25 x lo-', 3.0 x lo-', 

7.75 x lo- '  and 1.70 x lo-'  m a t  550, 600, 650 and 700°C. r e s p e c t i v e l y .  
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To be r i g o r o u s l y  c o r r e c t ,  t h e  s i n k  s t r e n g t h s  o f  t h e  c a v l t f e s ,  t he  

m ic rovo lds  and the  subgra in  s t r u c t u r e  shou ld  be g r e a t e r  f o r  I n t e r s t i -  

t i a l s  than f o r  v a c a n c l e ~ . ’ ~ * ~ ~ ~  T h l s  Is a r e s u l t  o f  t h e  m u l t l p l e  s i n k  

c o r r e c t l o n  te rm i n  Equat ions  (3.46) and (3.47) f o r  t h e  s p h e r l c a l  s l n k s  

and Is I n t r l n s l c a l l y  t h e  case f o r  t h e  subgra lns  I n  Equat ion  (3,48). 
t I n  Equat lons (3.46) and (3.47) S, should be rep laced  b y  S: and i n  

Equat lon (3.48) S: shou ld  be rep laced  by Sy when computing t h e  Sink 

s t r e n g t h s  f o r  l n t e r s t i t l a l s .  

analogous t o  Equat ions (3.51) and (3.52). Thus t h e  e x i s t e n c e  o f  a s 

b iased  s i n k  r e s u l t s  i n  an apparent  b l a s  f o r  a l l  s i n k s  when m u l t i p l e  

s i n k  s t r e n g t h  c o r r e c t i o n s  a r e  inc luded.  To s l m p l i f y  t h e  p resen t  ana 

s l s ,  a l l  b l a s  e f f e c t s  have been subsumed i n t o  t h e  s l n g l e  e f f e c t i v e  

d l s l o c a t l o n  b i a s  and t h e  s l n k  s t r e n g t h s  have been computed u s l n g  

Equat lons (3.46) th rough (3.52).  The I n f l u e n c e  o f  t h e  m u l t l p l e  s i n k  

t SI and S y  a r e  d e f i n e d  by  equat ions  

n¶ 1 

Y- 

c o r r e c t i o n  terms was i n v e s t i g a t e d  f u r t h e r  w i t h  the  comprehensive model 

which w i l l  be d iscussed below. 

3.3.1.4 Parameter Choices and Model C a l i b r a t i o n  

Perhaps t h e  major  u n c e r t a t n t y  I n  a l l  t h e o r e t i c a l  made l lng  s t u d l e s  

I s  due t o  t h e  use o f  m a t e r i a l  and i r r a d i a t i o n  parameters wh lch  a r e  n o t  

w e l l  determlned.7*  Some of these parameters were discussed i n  t h l s  con- 

t e x t  In Chapter  2. A p a r t i a l  l i s t  o f  these parameters would i n c l u d e  

m a t e r i a l  p r o p e r t l e s  such a s  t he  a c t i v a t i o n  energy f o r  s e l f - d i f f u s i o n ,  

t he  m a t r i x  sur face  f r e e  energy and t h e  dlslocatlon/lnterstttlal b f a s  

and l r r a d i a t l o n  parameters such as the  cascade e f f i c i e n c y .  I n  many 
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cases these parameters have been measured I n  e i t h e r  pure  m a t e r l a l  o r  

s imple a l l o y s  and the  va lues  a p p l i e d  t o  complex a l l o y s .  The i n f l u e n c e  

o f  a l l o y  compos i t ion  i s  e l t h e r  i gno red  o r  e x t r a p o l a t e d  f rom measure- 

ments a t  a few composi t ions.  

a r e  a v a l l a b l e  and va lues a r e  I n f e r r e d  from I n d l r e c t  observa t ions .  

Even t n  t h e  b e s t  o f  cases, exper imenta l  u n c e r t a l n t l e s  t y p i c a l l y  l e a d  

t o  a l a r g e  enough range o f  " reasonable"  va lues  f o r  any g l v e n  parameter 

t h a t  model p r e d d c t l o n s  can be s i g n i f i c a n t l y  a f f e c t e d .  F l n a l l y ,  t he  

use o f  t he  t h e o r y  t o  h e l p  d e f i n e  the  range o f  parameter va lues i s  h l n -  

dered by  the  f a c t  t h a t  changes I n  one parameter can o f t e n  be o f f s e t  by  

I n  o t h e r  cases no d l r e c t  measurements 

a corresponding change I n  another .  Fo r  example, when b u l k  recom- 

b i n a t i o n  I s  Igno red  and d i s l o c a t i o n s  a r e  the  m a j o r  p a f n t  d e f e c t  s i n k ,  

the  e f f e c t i v e  vacancy s u p e r s a t u r a t i o n  glven by Equat ion  (3 .3 )  takes  

the  f o l l o w l n g  s lmp le  form: 

Gdpa 
s=-a--T (Zd 1 - 1) . 

si Dvcv 
(3.61) 

C l e a r l y ,  changes i n  the  cascade e f f i c i e n c y  can be d i r e c t l y  O f f s e t  by  

changes i n  the  b i a s  o r  the  d i s l o c a t i o n  d e n s i t y .  

dependence o f  t he  d l s l o c a t i o n  d e n s i t y  1 s  n o t  adequate ly  represented ,  

changes I n  t h e  s e l f - d i f f u s l o n  energy will compensate f o r  i t .  One 

advantage o f  t he  more  complex model t o  be d lscussed I n  S e c t f o n  3.3.2 

1 s  t h a t  s imple r e l a t a o n s  such as Equat ion  (3.61) do n o t  a r i s e  because 

I f  the  temperature 
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of the expiiclt dose and temperature dependence o f  the .major mlcro- 

structural slnks. However, even in the comprehenslve model, some 

llmlted parameter varlations could be offset by changes in o t h e r  param- 

eters. Thls wlll be discussed In more detail below, but the result o f  

the uncertalntles is that It I s  generally impossible to arrfve at a 

unique set o f  model parameters when uslng the theory to match the 

observations in any one data set. Therefore, with even a well- 

callbrated model, any extrapolation from the existing data base should 

be carried out with great care. 

The models developed here are subject to the uncertaintles just 

discussed. I n  addition, the most serlous assumptfons i n  the model are 

the very llmlted treatment of posslble preclpltate effects on vold 

formation and growth, the use o f  a slmple temperature-dependent preclp- 

Itate incubation tlme, the use of a temperature-independent preelpi- 

tate slnk strength and the neglect o f  possible microchemical effects 

on point defect dlffusivitles and slnk capture efflclencles. In splte 

o f  these approximations, the model Is able to predfst the braad trerrds 

I n  the breeder reactor swelling data base and it Is belfeved that the 

model provides a useful tool for Increaslng our understandlng o f  the 

physlcal mechanisms responsible for vold swelling and for explorfng 

the sensltivity of swelling to parameters which may be o f  Interest b u t  

which are not easl y investlgated experlmentally. For example, the 

model will be used to exarnlne the influence ~f t!ie He/dpa r a t ! o  In t h e  

range of values wh ch wlll be observed i n  a DT fusion react3r. i n  
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t h i s  sense, t h e o r e t i c a l  models p r o v i d e  a complementary t o o l  t o  e x p e r i -  

menta l  l n v e s t i g a t l o n  and n e i t h e r  i s  adequate w i t h o u t  t he  o ther .  

The parameters used t o  c a l l b r a t e  the  c a v i t y  e v o l u t i o n  model a r e  

sumnarized i n  Table 3.5 and they  w i l l  be d lscussed i n  t u r n  below. The 

d a t a  s e t  chosen f o r  t h i s  c a l i b r a t i o n  was from the  RS-1  exper iment  

which was d iscussed I n  S e c t i o n  2.4. The d a t a  a r e  from imners ion  den- 

s i t y  measurements o f  t h e  20%-cold-worked FFTF f i r s t  c o r e  h e a t s  o f  

t ype  316 s t a i n l e s s  s t e e l .  

s c a t t e r  f rom heat - to -heat  v a r i a t i o n s  and because i t  covers a broad 

dose and temperature range. 

Thfs d a t a  s e t  was chosen t o  m i n i m i z e  

Exper iments t o  measure t h e  s e l f - d i f f u s l o n  c o e f f i c i e n t  i n  aus- 

t e n l t i c  a l l o y s  a r e  t y p i c a l l y  conducted a t  q u i t e  h i g h  temperatures 

( T  = 1000 t o  14OO0C) ( r e f s .  225,226,265). E x t r a p o l a t i o n  o f  these 

r e s u l t s  t o  temperature I n  the  range 300 t o  700°C i s  u n c e r t a l n  s i n c e  

r e l a t i v e l y  smal l  changes i n  t h e  a c t i v a t i o n  energy w l l l  l e a d  t o  

d l v e r g i n g  va lues o f  t he  s e l f - d i f f u s i o n  c o e f f i c l e n t  a t  these lower  tern- 

pera tures .  

s i t i v e  t o  composi t ion' ' '  and t y p i c a l  va lues  range f rom -2.6 t o  3.2 eV 

i n  v a r i o u s  a u s t e n l t l c  a l l o y s . 2 z c ~ 2 z e ~ 2 e e ~ 2 e 7  Here  an i n t e r m e d l a t e  

va lue  o f  2.9 eV has been used w i t h  a p r e - e x p o n e n t i a l  o f  8.0 x lo-'  mz 

sec-'  ( re f s .  265, 267). 

s e l f - d i f f u s i o n  between the  vacancy fo rmat ion  and m i g r a t l o n  energ ies  

i n f l uences  t h e  r e s u l t s  o f  t he  p r e s e n t  model p r i m a r i l y  f o r  t e f i pe ra tu res  

g r e a t e r  than about 600 t o  650°C. 

The va lue  o f  t he  a c t l v a t l o n  energy Is known t o  be sen- 

The p a r t i t l o n i n g  o f  t he  a c t l v a t l o n  energy f o r  

Recent ly ,  Garner and W o l f e r z z 2  have 
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Table 3.5. M a t e r i a l  and i r r a d i a t i o n  parameters used i n  
c a l i b r a t i o n  o f  c a v i t y  e v o l u t j o n  model 

M a t e r i a l  Parameters 

Vacancy energ ies :  Format ion  E V  f 

E; M i g r a t i o n ,  

I n t e r s t i t i a l  m. igrat ion energy, E: 
D i f f u s i v i t y  p re -exponen t ia l s :  

Vacancy, D: 

I n t e r s t i t i a l ,  DO 
i 

Recombinat ion c o e f f i c i e n t ,  a 

D i s l o c a t  i o n - i n t e r s t i  t i a l  b ias ,  24 

Sur face  f t e e  energy, y 

T o t a l  s i n k  d e n s i t i e s :  
D i s l o c a t i o n ,  pd 

Cav i t y ,  Nc t 

dg 
Subgrain s i z e ,  

P r e c i p i t a t e - a s s o c i a t e d  c a v i t y  

fP f r a c t i o n ,  

P r e c i p i t a t e :  
Sink S t reng th ,  S 

Nuc lea t i on  t ime,  T 

P 

P 
Geometr ic terms f o r  c a v i t y  volume 

and su r face  area: 
P r e c i p i t a t e - 3 s s o c i a t e d  

M a t r i x  

1.5 eV 

1.4 eV 

0.5 eV 

8.0 x mZ/sec 

8.0 x mzisec 

2 x 1 0 2 0  Di sec-1 

1.22 

1,620 - 7.0 x r ( " C )  Jim* 

1.99 x 1018 exp[-0.015 T("C)]  m-2 

7.53 x l o Z 6  exp r-0.023 T(OCj1 m-3 

T < 500°C 1.0 x m 
T = 55OOC 1.25 x 10-6 m 
T = 600°C 3.0 x 10-6 m 
T = 65OOC 7.75 x 10-6 n 
i = 700°C 1.70 x 10-5 m 

0.1 

4.0 x lo"+ m-2 

0.16 [700 - T ( "C) ]  dpa 

6 = 82.3";  Fv = 0.40; F, = 0.434 

B = 180"; Fv = Fs = 1.0 

I r r a d i a t i o n  Parameters 

l o m 6  dpa/sec 
dPa 

Damage r a t e ,  G 

Hel ium genera t i on  r a t e ,  Gye 3.5 x He/atom/sec 

Cascade e f f i c i e n c y  , n 0.333 

F r a c t i o n  o f  vacancies c l u s t e r e d  
i n  m ic rovo ids .  x 0.8 

M i c r o v o i d  rad ius ,  rmv 

0.750 nm; 7 > 450°C 

0.525 nm; T = 375°C 
0.600 nm: T = 400°C 
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f f c l t e d  measurements of E, which l n d l c a t e  t h a t  E, - 1.8 and 

n i c k e 1 2 0 0 , * o o  and suggest t h a t  these va lues be used f o r  type  316 

s t a l n l e s s  s tee l .  However, measurements o f  < I n  b o t h  h l g h  p u r l t y  Fe- 

C r - N I  a u s t e n l t l c  a l l o y s  and I n  t ype  316 s t a l n l e s s  s t e e l  i n d i c a t e  t h a t  

- 1.3 t o  1.4; hence E: - 1.5 t o  1.6 ( r e f s .  270,271). These l a t t e r  

va lues  a r e  more a p p r o p r l a t e  f o r  t h l s  s tudy  and va lues  o f  E! = 1.4 and 

E, - 1.5 have been used. 

model a r e  n o t  s e n s l t l v e  t o  t h e  va lue  o f  t h e  I n t e s s t l t l a l  m l g r a t l o n  

energy."' Values o f  measured I n  pure  m a t e r l a l s  a r e  t y p i c a l l y  

f a l r l y  low, on the  o rde r  o f  0.1  t o  0.2 eV ( r e f .  273). and such va lues 

have n o r m a l l y  been used I n  t h e o r e t l c a l  s t u d i e s  o f  v o i d  swe l l i ng .  

However, r e c e n t  measurements o f  In a u s t e n l t l c  s t a l n l e s s  s t e e l  

i n d i c a t e  t h a t  an a c t l v a t i o n  energy as h l g h  as 0.9 eV may be more 

a p p r o p r i a t e  I n  these complex a l l o y s . * T o , 2 7 * ~ 2 T s  An I n t e r m e d l a t e  va lue  

o f  

8.0 x 10-o m2 set"'. 

- 1.1 I n  

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

= 0.5 eV was used i n  t h i s  work w l t h  a p r e - e x p o n e n t l a l  t e r m  o f  

There have been o n l y  a v e r y  l l m l t e d  number o f  measurements o f  t he  

sur face f r e e  energy i n  a u s t e n l t l c  s t a l n l e s s  s t e e l s . 2 c o , 2 c o  Mum and 

co-workers have repo r ted  measurements In t ype  304 s t a l n l e s s  s t e e l  

o b t a i n e d  u s l n g  the  method o f  zero  creep d e f o r m a t l o n  o f  t h l n  w l r e s  a t  

h l g h  tempera tures .2sB A l l n e a r  f i t  t o  t h e i r  d a t a  I n  t h e  range o f  1000 

t o  1400°C y i e l d s  the  f o l l o w l n g  express ion:  

Y ( T )  = 4.05 - 1.75 x lo-' T("C) J / m 2  . (3.62) 
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Th is  leads t o  va lues  of  t he  su r face  energy between 2.8 and 3.5 J/m* 

when e x t r a p o l a t e d  t o  the  300 t o  700°C temperature range. Th is  Is much 

h i g h e r  than t h e  nominal 1.0 J/m2 whlch has t y p i c a l l y  been used I n  

p r e v l o u s  s t u d l e s  o f  v o l d  swe l l l ng .  A l o w e r  su r face  energy can be 

r a t l o n a l l z e d  on t h e  b a s l s  o f  t h e  presence o f  s u r f a c e - a c t l v e  gases such 

as o ~ y g e n , ~ ' ~ ~ ~ ' ~ ~ ~ ~  b u t  t h e  amount o f  r e d u c t l o n  whlch shou ld  be 

a p p l i e d  Is unclear .  Th l s  I s  p a r t i c u l a r l y  t r u e  In complex a l l o y s  where 

the  presence o f  oxygen-get te r lng  elements such as carbon, s l l i c o n  and 

t l t a n l u m  appears t o  s t r o n g l y  l l m l t  t he  I n f l u e n c e  of  oxygen.*7' The 

1.0 3/m2 va lue  has been used I n  the  p a s t  l a r g e l y  because such a low 

va lue  was r e q u i r e d  i n  o rde r  t o  o b t a i n  reasonable v o l d  n u c l e a t i o n  r a t e s  

from t h e  c l a s s l c a l  s t o c h a s t l c  t heo ry  as d iscussed I n  S e c t l o n  3.2.2. 

The r e s u l t s  o f  t h a t  same s e c t l o n  l n d l c a t e d  t h a t  a h ighe r ,  temperature-  

dependent su r face  f r e e  energy was c o n s l s t e n t  w i t h  v o l d  f o r m a t i o n  v l a  

the  convers ion  o f  c r l t l c a l l y  s lzed,  h e l i u m - s t a b l l l z e d  bubbles.  The 

va lue used here r e t a l n s  the  temperature dependence o f  Equat ion  (3.62), 

b u t  the  magnltude i s  reduced by  a f a c t o r  o f  0.4. 

The parameters which d e s c r l b e  t h e  n e t  f r a c t l o n  o f  t h e  I n l t l a l l y  

produced p o l n t  d e f e c t s  whlch s u r v i v e  in t racascade a n n e a l l n g  and cascade 

c o l l a p s e  a r e  g l v e n  I n  Equat ions (3.42) through (3 .44) .  Here 0 = 0.333 

and x = 0.8. These va lues a r e  c o n s l s t e n t  w l t h  t h e  r e s u l t s  o f  d e t a i l e d  

computer model lng o f  the  e v o l u t i o n  o f  t he  d lsp lacement  cascade." ~ a ' * * e l  

The m l c r o v o i d  rad ius ,  rmv, has been used t o  o b t a i n  agreement between 

the  model p r e d i c t l o n s  and l o w  temperature s w e l l l n g  data.  The tem- 

p e r a t u r e  dependent va lues o f  rmv a r e  g i ven  i n  Table 3.5. P r e d i c t e d  
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permanent s l n k  o f  r a d i u s  ru f o r  t h e  o p p o s i t e  d e f e ~ t . * * * ~ * ~ ~  Th ls  leads 

t o  a d l f f u s l o n  p r o f l l e  around t h e  slnk and 

SInce Di >> DV, t h e  recomblna t lon  c o e f f f c l e n t  can g e n e r a l l y  be con- 

v e n i e n t l y  expressed I n  terms o f  t h e  I n t e r s t l t l a l  d l f f u s f v i t y  on ly .  

The second approach i s  a d l s c r e t e  a t o m l s t l c  d e s c r l p t l o n  I n  whlch the  

recomblna t lon  c o e f f l c l e n t  Is expressed as a f u n c t l o n  o f  t he  vacancy 

and l n t e r s t i t l a l  jump f requenc les  and a geometr lc  te rm r e f e r r e d  t o  as 

the  comb lna to r la l  number' or t h e  recomblna t lon  c ross  sect ion.*"  

Th ls  geometr lc  f a c t o r  Is r e l a t e d  t o  t h e  number o f  atom p o s l t l o n s  

around a g i v e n  p o l n t  d e f e c t  f rom whlch the  o p p o s l t e  d e f e c t  can cause 

spontaneous recomblna t lon  I n  a s l n g l e  jump. These two approaches have 

been shown t o  y i e l d  s l m l l a r  resu l t s . " '  T h e o r e t l c a l  c a l c u l a t l o n s  o f  

ra lead  t o  va lues rang ing  f rom 0.14 ( r e f .  284) t o  1.07 nm ( r e f .  283). 

Uslng Equat ion (3.63) and n e g l e c t l n g  0,. these e s t l m a t e s  of ra would 

correspond t o  va lues o f  a/D1 between 1.6 x 10" and 1.2 x 10'' m - 2 a  

Recent measurements o f  t h e  recomblna t lon  volume I n  h i g h - p u r l t y  austen- 

i t i c  s t e e l s  I n d l c a t e  t h a t  ra = 0.845 nm, l e a d l n g  t o  a/D, - 9.25 x 10" 

m-2 ( r e f .  285). A va lue  on t h e  low end o f  t h l s  range has been used I n  

t h i s  c a l l b r a t l o n ,  a/Dl = 2 x 10'' m-2. 

Wi th  the  o t h e r  parameters f l x e d ,  as j u s t  d iscussed,  t h e  
d dislocation-interstitlal b l a s ,  Z 1 ,  was used as the  f i n a l  c a l i b r a t l o n  

parameter t o  o b t a i n  agreement between the  p r e d i c t e d  s w e l l i n g  and the 
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d 3s-1 s w e i l l n g  data. 

s a t u r a t i o n  [EqiPatfon (3.6111, l t  I n f l u e n c e s  t h e  c r l t f c a l  number o f  gas 

atoms [Eejuatlon ( 3 . S ) l ;  hence, I t  I n f l u e n c e s  t h e  bubb le - to -vo fd  con- 

versls;~ t i m e s .  

approx lma te l y  I f n e a r l y  dependent on ( Z r  - I )  ( r e f .  74) .  

vd; -$ ik t ions  f n  t h e  assumed b l a s  have about  t h e  l a r g e s t  o v e r a l l  e f f e c t  

on model p r e d l c t l o n s .  

b f m d  range o f  p o s s l b l e  va lues,  2; s 1.01 t o  2.0 ( re f s .  69-75,286). 

U n f o r t u n a t e l y ,  I t  Is n o t  p o s s l b l e  t o  de te rm lne  a p r e c l s e  v a l u e  f o r  t h e  

b i a s  f rom exper lmenta l  measurements o f  a parameter such as t h e  

swelllng r a t e  because t h e  b i a s  appears as a p r o d u c t  w l t h  t h e  cascade 

e f f l c l e n c y .  Wfth t h e  cascade e f f  c i e n c y  f l x e d ,  a s  d i scussed  pre-  

v l o u s l y ,  t h e  b l a s  was used t o  f i t  t h e  m o d e l ' s  p r e d l c t e d  s t e a d y - s t a t e  

s w e l l l n g  r a t e s  t o  r a t e s  observed n t h e  R S - 1  exper iment.  T h i s  

r e q u i r e d  Z; = 1.22, which I s  near  t h e  m i d d l e  of  t h e  range o f  t h e o r e t i -  

c a l  values. 

Because ZI d i r e c t l y  a f f e c t s  t h e  vacancy super- 

The s t e a d y - s t a t e  s w e l l l n g  r a t e  can a l s o  be shown t o  be 
d Therefore,  

d Theore t i ca :  c a l c u l a t i o n s  o f  ZI suggest a f a i r l y  

The s w e l l i n g  p r e d i c t i o n s  o f  t h e  c a v i t y  e v o l u t i o n  model a r e  com- 

pa red  w i t h  t h e  R S - 1  w e l l i n g  d a t a * z ~ * ' ~ a L 2  i n  F i g u r e  3.16. Fo r  t h e  

r e s u l t s  shown here,  t w o  c a v i t y  s i z e  c lasses  have been used - one 

m a t r i x  c l a s s  and one p r e c i p i t a t e - a s s o c i a t e d  c l a s s .  The use of  more 

than two s i z e  c lasses  has a min ima l  impact on t h e  p r e d i c t e d  s w e l l l n g  

as l o n g  a s  t h e  t o t a l  c a v i t y  d e n s i t y  and t h e  p r e c i p i t a t e - a s s o c i a t e d  

f r a c t i o n  remain constant .  A l though  t h e  model i s  f a i r l y  s imp le ,  t h e  

temperature and f l u e n c e  dependence o f  t h e  d a t a  I s  w e l l  t r a c k e d .  Both 
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the  i n c u b a t i o n  t imes and t h e  s t e a d y - s t a t e  s w e l l i n g  r a t e s  observed i n  

the  da ta  a r e  well represented  by  the  model. 

The I n c u b a t i o n  t i m e  I n  F i g u r e  3.16 i s  p r i m a r i l y  a f u n c t i o n  o f  the  

r a t e  a t  which t h e  s u b c r i t i c a l  bubbles absorb h e l i u m  and the  p r e c i p i -  

t a t e  I n c u b a t i o n  time. 

g i v e s  r i s e  t o  a temperature-dependent vacancy s u p e r s a t u r a t i o n  and c r i t -  

ita: number o f  gas atoms, as shown i n  F i g u r e  3.17. 

shown i n  F i g u r e  3.17 i s  f o r  a s p h e r i c a l  ( m a t r i x )  bubble ( i . e . ,  

Fv = 4n/3). 

P o i n t  d e f e c t  p a r t i t i o n i n g  t o  t h e  v a r i o u s  s i n k s  

* 
The va lue  o f  mHe 

Because o f  the  i n c r e a s i n g  dependence o f  the  c r i t i c a l  
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F i g u r e  3.17. 
s a t u r a t i o n ,  s ,  and c r i t i c a l  number o f  gas atoms, m i e ,  u s i n g  nominal 
model parameters. 

Temperature dependence o f  e f f e c t i v e  vacancy super-  

number on temperature above about  5 O O ” C ,  t w o  p a t t e r n s  o f  b u b b l e - t o -  

v o i d  convers ion  a r e  observed. A t  400 t o  450°C s w e l l i n g  i s  due t o  the  

convers ion o f  m a t r i x  bubbles t o  v o i d s  w h i l e  a t  h i g h e r  temperatures t h e  

p r e c i p i t a t e - a s s o c i a t e d  c a v i t i e s  a r e  r e s p o n s i b l e  f o r  t h e  s w e l l i n g .  The 

l a g  t i m e  f o r  b u b b l e - t o - v o i d  convers ion  f o l l o w i n g  p r e c i p i t a t e  f o r m a t i o n  

increases from about 6 dpa a t  500°C t o  36 dpa a t  650°C. Hence, t h e  

model i n d i c a t e s  t h a t ,  f o r  t he  s e t  o f  parameters used he re  ( t y p i c a l  o f  

commercial a u s t e n i t i c  s t e e l s ) ,  s w e l l i n g  a t  l o w  temperatures can be due 

t o  h e l i u m  accumulat ion a lone ,  w h i l e  a t  h i g h e r  temperatures t h e  

increased c r i t i c a l  c a v i t y  s i z e  r e q u i r e s  v o i d - p r e c i p i t a t e  aSSOClatiOn 

i n  o r d e r  t o  observe s w e l l i n g  a t  doses l e s s  than about  100 dpa. 
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A t  b o t h  h tgh  and low temperatures the  e a r l y  convers ion o f  e i t h e r  

bubble s i z e  c l a s s  tended t o  p r e v e n t  the  o t h e r  from conver t ing.  Th is  

i s  due t o  the  i n c r e a s i n g  c a v i t y  s ink s t r e n g t h  which begins t o  suppress 

the vacancy supersa tu ra t l on .  Th is  i n  t u r n  causes the  c r i t i c a l  s i z e  

f o r  the  remain ing bubble s f z e  c l a s s  t o  inc rease a t  a r a t e  t h a t  i s  

g r e e t e r  than the he l fum accumula t ion  ra te .  A t y p i c a l  example o f  t h i s  

phenomenon i s  shown i n  F i g u r e  3.18 where the  e f f e c t i v e  vacancy super-  

s a t u r a t i o n  and c r i t f c a l  number o f  gas atoms a t  500°C a r e  p l o t t e d  as a 

f u n c t i o n  of i r r a d l a t l o n  dose f o r  b o t h  m a t r i x  and p r e c i p l t a t e -  

assoc ia ted  c a v i t i e s .  The h e l i u m  con ten t  o f  t he  c a v i t i e s  Is a l s o  shown. 

The change i n  s lope o f  t he  s u p e r s a t u r a t i o n  and c r i t i c a l  number curves 
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F i g u r e  3.18. Dose dependence o f  the  e f f e c t i v e  vacancy super -  
s a t u r a t i o n ,  s, and c r i t i c a l  number o f  gas a toms,  m;E, a t  500°C. 
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at about 45 dpa is a result of the converslon of the preclpitate- 

assoclated bubbles to volds. 

explored further In the next sectlon. 

The slgntficance of thls effect wlll be 

At 700°C the model does not predict void formatlon out to 100 dpa 

with the nomlnal parameters. Thls Is shown In the lower of the two 

curves labeled 700°C In Figure 3.16. Increased thermal vacancy 

emisslon reduces the effective vacancy supersaturatlon at such high 

temperatures to a very low level. Thls leads to a large crltlcal 

number as shown In Figure 3.17. However, the predlctions of the model 

at 7CO"C are qulte sensltive to small changes In model parameters. 

Increaslng the vacancy formation energy by as llttle as 0.03 eV and 

sllghtly reduclng the dlslocatlon density o r  the recomblnatlon coef- 

flclent raises the vacancy supersaturatlon to a sufflclent degree that 

swelling beglns at about 85 dpa as the upper of the two curves labeled 

700°C in FIgure 3.16 Indlcates. A somewhat hlgher value for the self- 

dlffuslon energy Is consistent wlth the measurements mentloned 

above.2@s~zao A somewhat lower dlslocatlon denslty would be In agtee- 

ment wlth values observed In recrystallfzed steels and Is wlthln the 

range of observed values for irradlated type 316 stalnless steel (cf. 

FIgure 2.7). The sensltlvlty to dislocatlon denstty may explaln in 

part the fact that vold formation 

materlals. Thls wlll be discussed further when the predlctlons of a 

more comprehensive model are descr bed In Section 3.3.2. 

s hlghly nonuniform In cold-worked 
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3.3.1.5 Paramet r ic  Ana lys i s :  C a v i t y  D e n s i t y  and He/dpa R a t i o  

Because of  t h e  i n t e r e s t  i n  t h e  p o t e n t i a l  e f f e c t s  o f  the  He/dpa 

r a t i o  on s w e l l l n g  I n  a u s t e n i t i c  s t a l n l e s s  s tee l s ,  t he  c a l l b r a t e d  

c a v i t y  e v o l u t i o n  model has been used t o  exp lo re  the  I n f l u e n c e  o f  t h i s  

parameter. 

r a t i o  i s  t he  fo rma t ion  o f  h i g h e r  c a v l t y  d e n s i t i e s  a t  h i g h e r  he l ium 

leve ls .gb ,g7  Th is  was d lscussed I n  Chapter 2 ,  and r e f .  54 i n d i c a t e d  

t h a t  t he  t o t a l  c a v i t y  d e n s i t y  c o u l d  be approx imate ly  descr ibed by a 

The most s y s t e m a t i c a l l y  observed e f f e c t  o f  the He/dpa 

s imple power law, 

exponent p should 

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

N: a (He/dpa)P. Simple theo ry  suggests t h a t  the 

be about 0.5 ( r e f .  109) w h i l e  exper fmenta l  obser- 

f a l l  i n  t h e  range o f  0.2 t o  1.0 ( r e f s .  54,57,104).  

For  t h e  p r e s e n t  a n a l y s l s  p has been t r e a t e d  as a v a r l a b l e  parameter 

and the  He/dpa r a t i o  has been v a r i e d  between the  low va lue  o f  0.35 

appm He/dpa l i s t e d  I n  Table 3.5 t o  a h i g h  va lue  o f  70 appm He/dpa. 

F o r  a u s t e n i t l c  s t a i n l e s s  s t e e l s  t he  former va lue i s  t y p f c a l  o f  EBR-I1 

and the  l a t t e r  va lue  i s  t y p i c a l  o f  t he  HFIR. The He/dpa r a t i o  i n  a DT 

fus ion  r e a c t o r  f i r s t  w a l l  f a l l s  between these t w o  l i m i t s  (-10 appm 

He/dpa). The t o t a l  c a v i t y  d e n s l t y  was sca led  from t h e  va lue  l l s t e d  I n  

Table 3.5, 

t t reYpalP Nc (Heidpa) = N (0.35) 
C 

(3.64) 

The va lues o f  the  o t h e r  model parameters remained f i x e d .  

The dose dependence o f  t h e  p r e d l c t e d  s w e l l i n g  w i t h  a He/dpa r a t l o  

c h a r a c t e r i s t i c  o f  t he  HFIR and ii DT f u s i o n  r e a c t o r  f i r s t  w a l l  i s  
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compared t o  the  EBR-I1 base case I n  F Igu re  3.19. 

c a v i t y  s c a l l n g  exponent a r e  represented  a t  450, 550, and 65QOC. F o r  

the  HFIR s lmu la t l on ,  t h e  dose dependence o f  t he  He/dpa as descr lbed 

by Slmons60 Is Included. I n c u b a t l o n  t imes and I n  some cases steady- 

s t a t e  s w e l l l n g  r a t e s  va ry  as a f u n c t i o n  o f  b o t h  the  Hefdpa r a t i o  and 

the  c a v l t y  dens l t y .  A t  450 and 650°C t h e r e  Is a f a i r l y  monotonic 

decrease f n  s w e l l l n g  as t h e  c a v l t y  d e n s i t y  (p )  Is i nc reased In bo th  

envtronments. 

s w e l l l n g  near  a va lue o f  p - 0.5 f o r  t h e  DT f u s i o n  case. 

s i t l v l t y  o f  t h e  HFIR and f u s l o n  s w e l l i n g  p r e d i c t l o n s  a t  75 dpa t o  the  

c a v i t y  d e n s i t y  Is shown e x p l l c l t l y  I n  F i g u r e  3.20. The bubb le- to -vo id  

convers lon  p a t t e r n  Is l n d l c a t e d  I n  F i g u r e  3.20 by t he  l a b e l s  m,p and 

nlc f o r  m a t r i x ,  p r e c i p l  t a t e - a s s o c l a t e d  and no convers lon,  r e s p e c t l v e l y .  

The EBR-I1 base case s w e l l i n g  I s  also  shown f o r  comparlson. A l though 

the  d e t a l l s  o f  t h e  s w e l l i n g  b e h a v l o r  a r e  dependent on b o t h  temperature 

and the  Heidpa r a t i o ,  a broad t r e n d  o f  enhanced s w e l l i n g  ( r e l a t i v e  t o  

EBR-11) i s  observed f o r  p up t o  about 0.5 t o  0.7 f o r  HFIR and p - 0.6 

t o  0.9 f o r  DT fus ion .  Th is  enhanced s w e l l i n g  Is p r l m a r l l y  a r e s u l t  o f  

reduced I n c u b a t l o n  t imes a t  t he  h i g h e r  He/dpa r a t l o s .  In a few Cases, 

convers ion  o f  a d d l t l o n a l  c lasses  o f  bubbles t o  vo ids  leads t o  h i g h e r  

s w e l l i n g  r a t e s  as w e l l .  However, a t  t he  h i g h e s t  c a v i t y  d e n s i t i e s ,  

s w e l l l n g  Is reduced. The reduced s w e l l i n g  I s  due t o  extended incuba-  

t l a n  t lmes and I n  some cases t o  lower  s w e l l i n g  r a t e s .  T h e  i n c u b a t i o n  

t i m e s  a r e  extended a s  a r e s u l t  o f  a h i g h e r  c a v l t y  s i n k  s t r e n g t h ,  

l ead ing  t o  a reduced vacancy s u p e r s a t u r a t i o n ;  hence, t h e  c r i t i c a l  

Three va lues o f  the 

A t  550°C t h e  b e h a v l o r  f s  more complex, w l t h  peak 

The sen- 
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F i g u r e  3.19. Comparison of  p r e d i c t e d  dose dependence O f  S w e l l i n g  
f o r  EBR-11, HFIR and OT f u s l o n .  
parameter ,  p. 

See t e x t  f o r  e x p l a n a t i o n  of  t h e  
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Predlcted swelling at 75 dpa f o r  HFIR and DT f u s i o n  
See text for explana- 
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number of  gas atoms Is Increased. A t  t he  same t l m e ,  the a v d l l a b l e  

he l l um must p a r t l t l o n  t o  more c a v l t l e s .  

a l s o  t h e  r e s u l t  o f  an Increased c a v i t y  s l n k  s t rength .  As dlscussed I n  

Chapter 2, the peak s w e l l i n g  r a t e  occurs when the  c a v i t y  and d i s l o c a -  

t l o n  s i n k  s t r e n g t h s  a r e  n e a r l y  equal." The e a r l y  convers ion o f  a 

h l g h  d e n s i t y  o f  m a t r l x  c a v l t l e s  (e.g., p - 0.8 a t  450°C) can suppress 

the  l a t e r  f o rma t lon  o f  p r e c l p l t a t e - a s s o c i a t e d  vo lds  which would o the r -  

w ise  cause r a p i d  swe l l i ng .  Therefore,  t h e r e  may be a c r i t i c a l  va lue 

of  t he  c a v l t y  d e n s i t y  whlch w l l l  g i v e  r i s e  t o  a b i f u r c a t l o n  I n  the  

p a t h  o f  c a v i t y  evo lu t fon .  

low s w e l l l n g  p a t h  f o r  a g i v e n  va lue  o f  p Is enhanced by h l g h  tem- 

p e r a t u r e s  and a h i g h  Heidpa r a t l o .  

Reduced s w e l l l n g  r a t e s  a r e  

The tendency f o r  the  system t o  f o l l o w  the  

I n  F Igu re  3.21, t h e  r a t l o  o f  t h e  l n c u b a t l o n  t i m e  (dose t o  1% 

s w e l l l n g ) ,  I, and t h e  q u a s l - s t e a d y - s t a t e  s w e l l i n g  r a t e s  ( a t  75 dpa), 

5 ,  f o r  DT f u s i o n  r e l a t l v e  t o  EBR-I1 a r e  shown f o r  p = 0.2, 0.5 and 0.8. 

F o r  p - 0.2 and 0.5, t h e  d l f f e r e n c e  between EBR-11 and DT f u s l o n  Is 

p r l m a r i l y  due t o  the  reduced l n c u b a t l o n  t l m e .  

r a t e  i s  somewhat enhanced as w e l l .  For p = 0.8, b o t h  the  s w e l l l n g  

r a t e s  and the  l n c u b a t l o n  t l m e s  a r e  a f f e c t e d .  The magnltude and the  

s i g n  o f  the  e f f e c t  vary  w i t h  temperature.  

the  p r e d l c t e d  s w e l l l n g  on t h e  Heldpa r a t i o  i s  shown i n  F i g u r e  3.22 f o r  

p = 0.2, 0.5 and 0.8. The p r e d l c t e d  s w e l l l n g  a t  75 dpa f o r  450, 550 

and 650°C i s  compared w l t h  the  EBR- I1  base case. These c a l c u l a t i o n s  

I n d i c a t e  nonmonotonlc s w e l l i n g  b e h a v i o r  w i t h  He/dpa r a t l o .  Except f o r  

the  h ighes t  va lue  o f  p and the  h i g h e s t  temperature,  the  p r e d i c t e d  

A t  550°C. t he  s w e l l l n g  

The e x p l l c l t  dependence of  
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s w e l l l n g  appears t o  peak near t h e  DT f us lon  He/dpa r a t l o .  Th i s  r e s u l t  

suggests t h a t  a s lmp le  f n t e r p o l a t l o n  o r  e x t r a p o l a t i o n  o f  s w e l l i n g  da ta  

ob ta lned  I n  e l t h e r  t h e  EBR-I1 (0.35 appm He/dpa) o r  t h e  HFIR (70 appm 

He/dpa), o r  bo th ,  may l e a d  t o  s i g n i f i c a n t  e r r o r s  I n  p r e d l c t l n g  

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

I t  shou ld  be cmphaslzed once aga ln  t h a t  t h e  s p e c i f i c  va lues  of  

t h e  p r e d i c t e d  s w e l l l n g  a r e  s e n s i t i v e  t o  model assumptions and param- 

e te rs .  However, t h e  genera l  t rends  which a r e  p r e d i c t e d  a r e  a con- 

sequence o f  t h e  p h y s i c a l  mechanisms d iscussed above and not t h e  

d e t a i l s  o f  t h e  model. I n  p a r t l c u l a r ,  t h e  dependence o f  s w e l l l n g  on 

the  He/dpa r a t i o  i s  b e l i e v e d  t o  be r e a l .  The p r e d i c t e d  b i f u r c a t i o n  

I n  t h e  c a v l t y  e v o l u t l o n  p a t h  I s  q u l t e  c o n s i s t e n t  w i t h  t h e  observed 

s w e l l l n g  o f  20%-cold-worked DO-heat In t h e  HFIR and EBR-11, as 

d iscussed In Chapter 2. F l n a l l y ,  t ype  316 s t a l n l e s s  s t e e l  has been 

I r r a d l a t e d  I n  t h e  ORR i n  an exper lment  I n  wh lch  t h e  n e u t r o n  spectrum 

was t a i l o r e d  t o  y i e l d  a He/dpa r a t l o  o f  about  10 ( r e f .  287). I n l t i a l  

examinat ions  o f  specimens from t h i s  exper iment  I n d i c a t e  t h a t  s w e l l l n g  

Is s i g n i f i c a n t l y  g r e a t e r  than was observed In t h e  same hea ts  o f  

material l r r a d l a t e d  i n  the  HFIR o r  t h e  FFTF (He/dpa - 0.5) . ** '  

3.3.1.6 Development o f  Model-Based Deslgn Equat ions  

The r e s u l t s  o f  t h e  p rev lous  s e c t l o n  have been used t o  deve lop  a 

s e t  o f  model-based des lgn  equa t lons  f o r  t h e  s w e l l i n g  o f  20% c o l d -  

worked type-316 s t a i n l e s s  s t e e l  i n  a DT f u s i o n  r e a c t o r .  T h i s  s e t  of 

equat ions  complements two data-based des ign  equa t ions  wh ich  have a l s o  
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been f o r m u l a t e d . 2 m m * 2 s 0  These two data-based equat ions  arose from the  

two d i f f e r e n t  I n t e r p r e t a t i o n s  c f  t he  r e s u l t s  o f  i r r a d i a t i o n s  o f  20% 

cold-worked DO-heat, as d iscussed I n  Chapter 2. One o f  these equat ions  

emphasizes t h e  r e s u l t s  o f  HFIR i r r a d i a t i o n 2 a m  w h i l e  t h e  o t h e r  empha- 

s i z e s  t h e  EBR-I1 r e s u l t s . z m o  

equat ions ,  va lues  o f  p = 0.2, 0.5 and 0.8 I n  Equat ion  (3.64) were 

used. T h i s  a t tempts  t o  s e t  crude mechan is t i c  l i m i t s  on t h e  p r e d i c -  

t i o n s .  

of  lo-' dpa/sec. The o t h e r  parameters f rom Tab le  3.5 a l s o  apply. 

Hence, t h e  des ign  equat ions  a r e  a p p r o p r i a t e  f o r  components near t h e  

r e a c t o r  f i r s t  w a l l .  

I n  deve lop ing  t h e  model-based des ign  

The He/dpa r a t i o  was s e t  t o  10 appm He/dpa w i t h  a damage r a t e  

For temperatures up t o  6OOOC and doses t o  100 dpa, the  p r e d i c t e d  

s w e l l i n g  values, S, were f i t  u s i n g  a f u n c t i o n  o f  t h e  f o l l o w i n g  fotm: 

S(T,d) A(T)[d - T ( T ) ]  - B(T)[d - T ( T ) I a  (3.65) 

f o r  d > T, where T i s  t h e  i r r a d i a t i o n  temperature ( " C ) ,  d i s  t h e  dose 

(dpa) and A, B and T a r e  temperature-dependent parameters used t o  f i t  

Equat ion  (3.65) t o  t h e  s w e l l i n g  curves. 

M t e l y  equal t o  t h e  p r e d i c t e d  maximum s w e l l i n g  r a t e  and T corresponds 

t o  the  dose r e q u l r e d  t o  reach 1% s w e l l i n g .  

a = 1.25 is r e q u i r e d  t o  y i e l d  t h e  p roper  c u r v a t u r e  i n  t h e  s w e l l i n g  

curves. 

l eas t - squares  reg ress ion  program f o r  each o f  t he  t h r e e  va lues  o f  p. 

I n d i v i d u a l  f l t s  f o r  A, B and T as a f u n c t i o n  o f  temperature were then 

The parameter A i s  a p p r o x l -  

A va lue  o f  t h e  exponent 

B e s t - f i t  va lues  o f  A, B and 'I were computed u s i n g  a n o n l i n e a r  
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obtalned In each case. These funct lons a r e  given below I n  Equatlons 

(3.66) t o  (3.68). 

F o r  the p = 0.2 case: 

A ( T )  = 1.285 ex[- (1 - 500)' + 0.80 ex{- --] (T - 615)' 

(T - 380)' + 0.09 e ~ i -  (3.66a) 

10, T < 490°C 

(T - 490)' I 18.6 C1.0 - expl- ) ]  , T 2 490°C . (3.66d) 
t ' ( T )  = 

F o r  the p = 0.5 case: 

= 1.08 ex{- -1 (T - 450)' + 1-12  ex+- .-mi~----j (1 - 555)' 
A ( T )  

B ( T )  - 0.235 e 

+ 0.04 ex{- (1 --] - 400)' (3.67a) 

p[ (T  - 4 8 5 ) ' j  p[ (T  - 400)' ] 
0.035 ex - .9Dll -7400 

, (3.67b) 1 ( T  - 540)*  
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W) * 

T(T)  - 8.5 + 16.5 ex{- --I (T - 300)' + 24.5 ex[- (T - 2100 558)' j . 

T < 500°C 

T 2 500°C . -42.8 + 7.0 x lo- '  (T - 500)' ; 

( 3 . 6 7 ~ )  

For  t h e  p = 0.8 case: 

(T - 426)' 
A(T)  = 1.07 exp [ + 1.30 exp [- 

- - 
(T - 550)' 

+ 1.40 ex{- .r , (3.68a) 

(T - 430)' (T - 505)' 
B(T)  = 0.20 exp ,- j + 0.22 e+- -  -ma6_1 

(T - 555)' 

n e g a t l v e  va lues  I n  t h e  l a s t  t e n  I n  Equat ion  (3.68b). 

The model-based equa t lons  a r e  compared w l t h  t h e  two data-based 

equations In F l g u r e  3.23. 

50°C temperature s h l f t  has been a p p l i e d  I n  p l o t t l n g  t h e  r e s u l t s  s ince  

In t h e  case o f  t h e  HFIR-based equat ion ,  a 

t h i s  equa t ion  was developed p r i o r  t o  t h e  d i s c o v e r y  t h a t  t h e  a c t u a l  
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Figure 3.23. Comparison o f  alternate design equations f o r  the 
swelling of 20% cold-worked type-316 stainless steel i n  a D T  fusion 
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the value o f  p, as indicated. 

The curves for the model-based equations r e f l e c t  
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I r r a d l a t l o n  temperatures I n  t h e  HFIR were s y s t e m a t i c a l l y  h l g h e r  than 

o r i g i n a l l y  thought . " r2@' The curves shown f o r  t h e  EBR-II-based 

e q u a t l o n  do n o t  i n c l u d e  t h e  h e l l u m  bubble s w e l l i n g  c o n t r l b u t l o n  t h a t  

t h e  au tho rs  r e c m e n d e d ; 2 @ 0  t h l s  te rm would y i e l d  a smal l  amount o f  

s w e l l i n g  a t  low temperatures (<0.5% a t  100 dpa a t  30OOC). 

The comparfson shown i n  F I g u r e  3.23 re-emphasizes t h e  key r e s u l t  

d lscussed I n  t h e  preced lng  s e c t l o n  (1.e.. t h a t  n e l t h e r  EBR-I1 n o r  HFIR 

may p r o v i d e  a c o n s e r v a t l v e  e s t l m a t e  o f  s w e l l i n g  I n  a DT f u s l o n  r e a c t o r  

f l r s t  w a l l ) .  Dose and temperature reglmes a r e  observed I n  whlch each 

o f  t he  t h r e e  a l t e r n a t e  d e s l g n  equat lons  p r e d l c t s  the  h l g h e s t  swe l l l ng .  

However, t h e  model-based I n t e r p o l a t l o n  ( a t  t he  a p p r o p r f a t e  Heidpa 

r a t l o )  g e n e r a l l y  p r e d l c t s  much h f g h e r  s w e l l l n g  than t h e  two data-based 

equat lons.  

3.3.2 O e s c r l p t l o n  o f  Comprehenslve Microstructural Model 

The c m p r e h e n s l v e  model d lscussed here Is b u l l t  on the  founda t lon  

o f  t he  s l m p l e r  model J u s t  descr lbed.  The c a v l t y  e v o l u t l o n  component 

o f  t h e  model Is l d e n t l c a l  t o  t h a t  descr lbed I n  Sec t l on  3.3.1. Here 

t h e  assumptlon o f  a t lme-Independent d l s l o c a t i o n  d e n s l t y  has been 

r e l a x e d  and an e x p l l c i t  t r e a t m e n t  o f  t h e  e v o l u t l o n  o f  b o t h  Frank 

f a u l t e d  d l s l o c a t l o n  loops and t h e  d l s l o c a t l o n  network a r e  Inc luded.  

3.3.2.1 Rate Equat lons w l t h  Tlme-Dependent D t s l o c a t i o n  D e n s i t y  

I n  o r d e r  f o r  t he  model t o  I n c l u d e  the  t l m e  dependence o f  the  d l s -  

l o c a t i o n  s t r u c t u r e ,  the  r a t e  equat fons g l ven  above f o r  vacancies and 
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In 

dens i t y  

appropr  

Sect  

were  

ate.  

I n t e r s t i t l a P s  [Equat lons (3.429 and (3 .43)J  are  m o d l f l e d  t o  I n c l u d e  

t h e  presence o f  d l - ,  trl-, and t e t r a - l n t e r s t f t l a l  c l u s t e r s  and Frank 

f a u l t e d  d i s l o c a t i o n  loops.  A d d i t i o n a l  r a t e  equat ions  d e s c r l b e  t h e  

I n t e r s t l t i a l  c l u s t e r  c o n c e n t r a t i o n s  and the  e v o l u t l o n  o f  the f a u l t e d  

loops and t h e  d l s l o c a t l o n  network. 

The assumptlons d l s c u s s c d  I n  Seet lon  3.3 .1 .3  a p p l y  here  as w e l l ,  

a long w i t h  the followlng: 

1. Only the  monodefects a r e  assurnea t o  be mobl le .  

m o b i l l t y  o f  t h e  small I n t e r s t f t i a l  c l u s t e r s  can be I n c l u d e d  In a 

slmple manner, t h e l r  m o b i l l t y  has been shown t o  have no s l g n i f l c a n t  

e f f e c t  on the p o f n t  d e f e c t  c a l c u l a t l o n s . ' O  

A l though the  

2. The t e t r a - l n t e r s t i t l a l  I s  a s t a b l e  r a d l u s  f o r  Frank f a u l t e d  

loop f o m t f o n .  

by e m i t t i n g  a s i n g l e  l n t e r s t l t l a l . ' l  

The d l -  and t r l - l n t e r s t l t l a l s  may t h e r m a l l y  a l s s o c l a t e  

on 3 .3 .1 ,  parameters r e l a t e d  t o  the  t o t a l  d l s l o c a t l o n  

des ignated  by a s u b s c r l p t  o r  s u p e r s c r i p t  d where 

Here, because the  network and f a u l t e d  l oop  compcnents 

a r e  d i s t i n c t ,  the  l e t t e r  n w l l l  be used I n  re fe rence  t o  network param- 

e t e r s  and the  l e t t e r  a f o r  l oop  parameters. 

The r a t e  equat ions  a r e  as f o l l o w s :  

af- dCV = G,, - s;c, - s;c, - B;C, - aC,CV - D ~ c ~ ( s :  + sV e 

c v c l  + Sv + Sv + S:) , (3.69) 
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(3.70 1 

(4.71) 

(3.72) 

(3 .73)  

In Equat lons (3.69) th rough (3.73). t h e  B,,, j and rt,l a r e  r a t e  con- 

r e s p e c t i v e l y ,  Si,, a 

s t a n t s  f o r  t h e  implngement o f  p o i n t  d e f e c t s  on i n t e r s t i t i a l  c l u s t e r s  

o f  s l z e  j and t h e  thermal d l s s o c l a t l o n  o f  d i -  and t r l - l n t e r s t l t l a l s ,  

Is t h e  f a u l t e d  loop sink s t r e n g t h ,  T, w l l l  be 

d iscussed below and most o f  t h e  o t h e r  terms have a l r e a d y  been def ined.  

Varlable d e f l n i t l o n s  a r e  sumnarized i n  Table 3.6. 

j 
Z i  ,vDi * v C I  , v  J -  

a2 
0 

8 i , V  - (3 .74)  

(3.75) 



150 

Tab le  3.6. V a r i a b l e  d e f i n l t i o n s  I n  comprehensive model 

Parameter Value/Unl t s  

L a t t i c e  parameter, a. 3.58 x m 

Atomic volume, R 1.15 x 1 0 - 2 *  ma ( a i l 4 1  

Burgers v e c t o r  magnitudes 
Network d l s l o c a t i o n ,  b, 
F a u l t e d  loop, bp 

Vacancy, DV 
I n t e r s t i t i a l ,  DI 

D i f f u s i v i t l e s  
m2 / sec 

m2 /sec 

Concen t ra t l ons  
Vacancy, C v  No./atom 
Thermal e q u l l  lbrium vacancy, C i  No./atom 
I n t e r s t i t i a l ,  C1 No. /atom 
D i - l n t e r s t l t i a l ,  C No. /a tom 
i r i - I n t e r s t i t i a l ,  C, No./atom 
T e t r a - i n t e r s t l t l a l ,  C, No./atom 

j 
I ,v Sfnk s t reng ths ,  S 

Extended d e f e c t s  

E q u l l  i b r l u m  vacancy c o n c e n t r a t i o n s ,  C i  
where j = c f o r  c a v l t l e s ,  

= n f o r  network d i s l o c a t i o n s ,  
= i! f o r  f a u l t e d  loops ,  
= g f o r  subgra lns ,  
= v c l  f o r  m i c r o v o l d s ,  

No./atorn 

(3.76) 

a The Zi ,v(rn) a r e  e f f e c t i v e  f a u l t e d  l o o p  b i a s  f a c t o r s  f o r  I n t e r s t l t i a l s  

and vacancies. 

l n t e r s t l t l a l  i n  a c l u s t e r  (E!,,) and f o r  t h e  c o m b i n a t o r i a l  numbers 

(zl ,") I n  Equat ion  (3.74) w i l l  be d iscussed below. 

Values f o r  t h e  b i n d i n g  energy o f  t h e  second and t h i r d  

j 
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The present model dlstlngulshes between the small 

clusters and the larger faulted loops by treating thelr 

nterstltla 

evol ut Ion 

differently. The T, term In Equatlon (3.73) Is the llfetime of a tetra- 

interstltlal agalnst growth to the slze of the flrst faulted loop slze 

class. 

radlus of loops In the flrst slze class, 

If r ,  Is the radlus of the tetra-lnterstltlal and rf  Is the 

--.I dre {Za(r )O C - Za(r )D [C - C:(r,)]] , dt % l a i r  v t v v  

(3.77) 

(3.78) 

In whlch C:(rn) 1 s  the vacancy concentratlon In equlllbrlum with a 

faulted loop of radlus f a ,  be Is the magnltude of the Burgers vector 

of the faulted loop (be .I ao/fl) and B - 2n/Pn(ro/rc). 
- 

(3.79) 
r n  Gbe 

Ct(rn)  = C: ex!- - ( 
kT 4n(1-u)re 

The first term In the exponentlal in Equatlon (3.79) Is the elastlc 

energy opposing loop growth due to the lncreaslng dlslocatlon llne 

length while the second term is due to the stacking fault; G Is the 

shear modulus, u is Poisson's ratlo and ySf Is the stacklng fault 

energy. Here the calculation of the vacancy generation rate using 

Equation (3.44) also Includes vacancy ernlsslon from the faulted loops 

uslng Equation (3.79). 
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The use o f  t h e  t e r m  C & T * - ~  I n  Eaua t lon  (3.73) p e r m l t s  a m a t h e m t -  

I c a l  t r a n s i t i o n  between r e g l o n s  I n  which a l t e r n a t e  d e s c r l p t l o n s  o f  

l n t e r s t i t l n l  l aan  e v o l u t l o n  a r e  used. As shown In Equat lons (3.70) t o  

(3.73). a d l s c r e t e  c l u s t e r i n g  c n l c u l a t l o n  Is done f o r  s l z e s  up t o  t h e  

t e t r a - l n t e r s t l t i n l .  However, t h l s  d e s c r l p t l o n  would n e c e s s i t a t e  

I n t e g r a t i n g  g r e a t e r  than 10' r a t e  equa t lans  I f  I t  were used f o r  l oops  

UP t o  t h e  maxlmum slze observed exper lmen ta l l y .  The e v o l u t l o n  o f  t h e  

l a r g e r  ~ Q O D S  Is I n s t e a d  g l v e n  by equa t lans  o f  t h e  form, 

(3.80) 

a e where NI Is t h e  number o f  l oops  I n  a g l v e n  s l z e  c l a s s  w l t h  r a d l u s  rl 

and t h e  i1 a r e  g l v e n  by Equa t lon  (3.77) w l t h  t h e  a p p r o p r i a t e  l o o p  

rad11 used as  t h e  l l m l t s  o f  t h e  I n t e a r n t l o n .  The l o a p  slze space 

between r.. and the  mnxlrnum l o o p  r a d l u s  Is d l v l d e d  Into a d l s c r e t e  

number o f  s i z e  c lasses .  T h i s  l a t t e r  d l s c r e t l z a t l o n  p r o v i d e s  a p rac -  

tical d e s c r l a t l o n  o f  t h e  cont inuum d i s t r i b u t i o n .  The number o f  s i z e  

c l a s s e s  r e q u l r e d  t o  p rese rve  t h e  e s s e n t l a l  f e a t u r e s  o f  t h e  l o o p  d l s -  

t r i b u t i a n  can be determined n u m e r l c a l l y .  F l g u r e  3.24 i s  a p l o t  o f  t h e  

l o o p  d e n s i t y  and loop  l i n e  l e n g t h  a t  450°C as a f u n c t i o n  o f  t h e  number 

o f  s l z e  c l a s s e s  used. These parameters a r e  e s s e n t i a l l y  Independent of  

t h e  number af si7e c lasses  when g r e a t e r  t han  about  15 a r e  used. 

I t  remains t o  be shown t h a t  Equa t ion  (3.73) provldes a mathematl-  

c a l l y  a r m r o p r l a t e  boundary c o n d l t l o n  between t h e  t.wo reglons. For t h e  

f n t e f s t f t i a l  c l u s t e r s  UD t o  s i z e  f o u r ,  Equa t ions  (3.69)-(3.73) provlde 
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F i g u r e  3.24. F a u l t e d  l o o p  number d e n s i t y  (Ne) and f a u l t e d  loop 
l i n e  l e n g t h  (pq) as a f u n c t i o n  o f  t h e  nunher o f  1000 size classes. 

an e x a c t  r e p r e s e n t a t i o n  o f  t h e  o h v s i c n l  orocPsses involved i n  C l l l S t e r -  

ing.  Therefore,  the n e t  fo rward  ciirrent ( J+ )  obtained f r o m  Eaunt ion 

(3.73) p r o v i d e s  a p r e c i s e  measure a f  a source t e r m  f a r  t h e  r e g i o n  in 

which t h e  cont inuum d e s c r i o t i a n  i s  used. Th is  same c u r r e n t  can a l s o  

be e x a c t l y  c a l c u l a t e d  f o r  t he  d i s c r e t i z e d  continuum d l s t r l b u t i o n  uslng 

t h e  c a n t i n u i  t y  equat ion.  The cont. inui  t y  equa t ion  y i e l d s  the  f a1  lowing 

r e s u l t :  

-;(r + d r ) n ( r  + 6 r )  + ; ( r ) n ( r )  a a *  . (3.81) 3$n(r)l = - xCrn( r11  = 6 r  
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If r - f b p  r + 6r = rr, n ( r )  = c b  and n(r + 6 r )  = C r ,  then  Equat ion 

(3.81) y i e l d s :  

;(cb)cb 

j+ = 6r * (3.82) 

where Equa t ion  (3.78) has been s u b s t i t u t e d  f o r  r ( C b ) .  A l t e r n a t e l y ,  

J+ f rom Equa t lon  (3.73) i s  g i v e n  by  C b ~ b - l .  

where the  i n t e g r a l  has been approx ima te l y  eva lua ted  by  t h e  values of  

t h e  I n t e g r a n d  a t  t h e  lower  l l m l t  t lmes dr .  

approaches rr ( t h e  radlus o f  t h e  p e n t a - i n t e r s t l  t l a l ) ,  Equat ions  (3.83) 

and (3.85) a r e  equal by i n s p e c t i o n .  

assumpt ion t h a t  t h e  I n t e g r a n d  i n  Equat ion  (3.84) i s  o n l y  a weak func-  

t i o n  o f  ra. T h i s  c o n d i t i o n  I s  met by n o t l n g  t h a t  DvCt ( re )  - 0 f o r  

smal l  loops  and t h a t  i n  t h e  p resen t  model t h e  b iases  a r e  n o t  s l z e  

dependent f o r  t h e  s m a l l e s t  loops. 

t he  va lues  i n  F i g u r e  3.24 f o r  32 s i z e  c lasses  correspond t o  t h e  case 

where rl = r r .  

E I n  t h e  l l m l t  as r l  

T h i s  e q u a l i t y  I s  s u b j e c t  t o  t h e  

F i n a l l y ,  i t  i s  wor th  n o t i n g  t h a t  

a 



155 

The model for the evolution o f  the dislocation structure includes 

four components, two o f  which are solely due to the irradiation and 

two of which are thermal. 

ture cllmb source term (Bardeen-Herring sources) and a thermal annlhl- 

lation term due to stress-directed preferentla? thermal emisston o f  

vacancles. Models of this type have been developed f o r  the study o f  

creep processes.2@2r2@J 

climb and glide processes leading to annihllation. The present model 

assumes that climb is the rate controlling process. The cllmb veloc- 

ity o f  ail edge dislocation subject to a stress, o,  i s  given by N i x  et 

al.*@* as 

The thermal components are a hlgh tempera- 

Network dislocations can be recovered by 

(3.86) 

Adopting the model o f  Gibbs,'@' the stress is assumed to be an inter- 

nal (back) stress due to a population of imnobilized dlslocatlons 

o = AGbnpl'12 , (3.87) 

where A Is nominally 0.4 and pi is the density of plnned dlslocatlons. 

The average cllmb distance Is taken as the mean dislocation spaclng 

dCl = (~p,,)-'l' . (3.88) 

Using Equatlons (3.86) to (3.88), one obtains a llfetime against annl- 

hilation due to this cllmb-glide process as 

- 1  
277'" RGD,Ct 

f'n 
V cl a Pn(ro/rc) - 1  k T  

. (3.89) 
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I n  Equat ion (3.89) Ap!jz has been s e t  t o  A'pAjz and the parameter A' 

was used t o  f i t  thermal r e c o v e r y  data.  

The d i s l o c a t i o n  network can a l s o  be regenerated as the  r e s u l t  o f  

sources t h a t  a c t  by  d l s l o c a t i o n  c l l m b  and f rom the  emlss lon o f  d i s -  

l o c a t i o n s  a t  p r e c i p i t a t e  i n t e r f a c e s . 1 e T  I t  would be d i f f i c u l t  t o  

model these d i s l o c a t i o n  g e n e r a t i o n  processes i n  d e t a i l .  As a f i r s t -  

o rde r  approach, a model was developed f o r  t he  g e n e r a t i o n  o f  network 

d l s l o c a t l o n s  by  the  s o - c a l l e d  Bardeen-Herr ing sources." Bardeen- 

Her r i ng "  sources f o r  network d l s l o c a t l o n s  a r e  s i m i l a r  t o  the  

Frank-Read source except  t h a t  t h e  former a r e  c l lmb-d r i ven  w h i l e  the  

l a t t e r  a r e  g l i d e - d r i v e n . "  The source i s  shown schemat i ca l l y  I n  

F igu re  3.25 i n  which a p i n n e d  d i s l o c a t i o n  segment i s  bowed due t o  an 

a p p l f e d  s t ress .  A f t e r  c l i m b i n g  a s u f f i c i e n t  d is tance,  the  source will 

c o l l a p s e  l e a v i n g  a d i s l o c a t i o n  l oop  and the  o r i g i n a l  l l n e  segment once 

aga in  a b l e  t o  generate succeeding loops. For  s l m p l i c i t y ,  the  source 

may be assumed t o  generate 2ni o f  new d i s i e c n t i o n  l i n e  l eng th  a f t e r  

ORNL-DWG 85-46835 

F i g u r e  3.25. 
o f  Bardeen-Herr i ng 
source ( a f t e r  r e f .  

Schematic drawing 
dislocation 
62).  
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c l l m b l n g  a d f s t a n c e  L. The t l m e  t o  genera te  t h l s  new l l n e  l e n g t h  

(T 

Is g l v e n  by  Equat lon  (3.86) and t h e  genera t l on  r a t e  Is then 

) Is d e f l n e d  by ana logy  t o  Equat lon  (3.89). The c l lmb v e l o c l t y  
gen 

R t K  P - 2nvc1 0 SD 
* 

1 (3.90) 

(3.91) 

I n  whfch SD Is t h e  thermal  source d e n s l t y .  

t h e  subgra in  s t r u c t u r e  as w e l l  as t h e  network d i s l o c a t i o n s  p r o v l d e  

p o t e n t i a l  sources of  t h l s  type. The thermal  source d e n s t t y  was a l s o  

used as a f l t t l n g  parameter. 

I n  c o l d  worked m a t e r i a l s  

The thermal  d l s l o c a t l o n  source and a n n i h l l a t l o n  t e n s  were 

c a l l b r a t e d  i i s l n g  t e n s i l e  d a t a  ob ta ined  a t  450, 550 and 65Q"C f o r  A I S 1  

316 s t a l n l e s s  s t e e l .  T h i s  d a t a  Inc luded  y l e l d  s t r e n g t h  measurements 

(2% o f f s e t )  f o r  b o t h  20% cold-worked and s o l u t i o n  annealed m a t e r i a l  E S  

w e l l  as 20% c o l d  worked m a t e r l a l  aged f o r  4000 h r  a t  t he  t e s t  t em-  

perature.l's Assuming t h a t  t h e  hardenlng Increment  due t o  network 

d l s l o c a t l o n s  v a r l e r  as (pn)ll2 ( r e f .  296) and t h a t  t h i s  i s  t he  p r l m a r y  

cause o f  t h e  inc reased y l e l d  s t r e n g t h  o f  t h e  cold-worked m a t e r l a l  r e l a -  

t i v e  t o  the  s o l u t l o n  annealed m a t e r i a l ,  t he  r a t i o s  shown in Tab le  3.7 

a r e  ob ta lned  from t h e  data.  The mode l ' s  p r e d l c t i o n s  f o r  these same 

r a t i o s  a r e  a l s o  l i s t e d .  These w e r e  ob ta ined  by computing the  d i s l o c a -  

t i o n  e v o l u t i o n  w l t h  G = 0 i n  the  model. These va lues  a r e  a l s o  con- 

s i s t e n t  w l t h  t ransmlss lon  e l e c t r o n  microscope obse rva t i ons  on the  same 
dPa 
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Table 3.7. Resu l t s  o f  thermal d l s l o c a t l o n  e v o l u t l o n  model 

D l s l o c a t l o n  D e n s l t y  Ra t lo :  Co ld  Worked + 4000 hr  a t  T 
As Cold-Worked 

Data Mode 1 
Tes t  Temperature 

T ( "C)  - 
450 
550 
650 

0.73 0.99 
0.41 0.41 
0.054 0.053 

hea t  o f  s t e e l  a f t e r  thermal aglng. The parameters used t o  o b t a l n  

these r e s u l t s  a r e  l i s t e d  I n  Table 3.8.  They a r e  d lscussed f u r t h e r  I n  

the  s e c t l o n  on Model C a l l b r a t l o n .  

Table 3.8. Thermal d l s l o c a t l o n  e v o l u t l o n  parameters 

M o d l f l e d  back -s t ress  term, A' 0.05 
Temperature Source Oens l t y  

("C)  

550 
600 
650 
700 

2.0 Y loz1 m-' 
9.7 x l o 2 *  m-a  
1.2 x l o z o  m" 
2.0 x lo1@ rn-) 

Under I r r a d l a t l o n ,  t h e  growth  and u n f a u l t l n g  o f  Frank l oops  p r o -  

v l d e  an a d d l t l o n a l  source o f  network d l s l o c a t i o n s .  The model assumes 

t h a t  t h e  maxlmum loop  s l z e  Is governed b y  t h e  geomet r i ca l  c o n s t r a i n t  

t h a t  t he  l oop  u n f a u l t s  upon c o n t a c t i n g  ano the r  l oop  o r  network d l s l o -  

cation;'“ hence 

= ( n p p  (3.92) e 
'""f 
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where pt  

dens1 ty. 

s t h e  t o t a l  (1.e. 

As t h e  loops  grow 

oop l i n e  l e n g t h  p l u s  network)  d i s l o c a t i o n  

n t o  t h i s  s i z e  c lass ,  they  a r e  no l onger  

considered Frank l oops  and a d i s l o c a t i o n  l i n e  l e n g t h  21rr:,,~N:,~ i s  

added t o  t h e  d i s l o c a t i o n  network. The t ime  c o n s t a n t  f o r  t h l s  process 

i s  g i ven  by Equat ion  (3.77) w i t h  the  a p p r o p r i a t e  l i m i t s  o f  i n t e g r a -  

t i on .  The r a t e  a t  which new d i s l o c a t i o n  l i n e  l e n g t h  l s  generated by  

t h l s  mechanism i s :  

. (3.93) 

Network d i s l o c a t i o n s  can a l s o  be a n n i h i l a t e d  by  b i a s  d r i v e n  c l i m b  

o f  p o i n t  d e f e c t s  generated by i r r a d i a t i o n .  The c l i m b  v e l o c i t y  f o r  

t h i s  process i s :  

= 6, [ZYOiCi - Z$lv(Cv - C:)] , (3.94) 

where the  s u p e r s c r i p t  n denotes the  r e l e v a n t  parameter f o r  network 

d i s l o c a t i o n s .  By reason ing  s i m i l a r  t o  t h a t  which leads  t o  Equat ion 

(3.89), t h e  d i s l o c a t i o n  l l f e t i m e  f o r  t h i s  process I s :  

bn [Z'D C - ZnD (C - Cn)]-' . (3.95) TirrE(ap,)" 1 1 1  v v  v 

The l i f e t i m e s  g i v e n  i n  Equat ions (3.89) and (3.95) a r e  added u s i n g  an 

e l e c t r i c a l  r e s i s t a n c e  ana log  t o  y i e l d  t h e  t o t a l  l i f e t i m e  t lme  o f  n e t -  

work d i s l o c a t i o n s :  

(3.96) 
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With  t h i s  f o r m u l a t i o n  o f  IT, t h e  s h o r t e r  o f  t h e  two d i s l o c a t i o n  l i f e -  

times p r i m a r l l y  de termines  t h e  r a t e  o f  d i s l o c a t i o n  a n n l h l l a t l o n .  Thls 

f i n a l l y  l eads  t o  a r a t e  equa t lon  d e s c r l b l n g  t h e  e v o l u t i o n  o f  t he  

d i s l o c a t i o n  network as 

dpn 
21r(v:~S~ + r i n f N i n f )  - p r1 K '  n T  

(3.97) 

The thermal d i s l o c a t i o n  e v o l u t l o n  parameters i n  Equa t ion  (3.97) 

c o u l d  be expected t o  be a l t e r e d  by  i r r a d i a t i o n .  

Bardeen-Herr ing source d e n s i t y  i s  l i k e l y  t o  be dependent on t h e  

neu t ron  f l u e n c e  and t h e  thermal c l l m b  v e l o c l t y  c o u l d  be a l t e r e d  t o  

r e f l e c t  t h e  l r r a d i a t l o n - i n d u c e d  p o i n t  d e f e c t  c u r r e n t s .  However, s l n c e  

the  thermal d l s l o c a t l o n  model was c a l i b r a t e d  independent ly  o f  t h e  

I r r a d i a t i o n ,  these parameters have n o t  been subsequent ly  m o d i f i e d  f a r  

t h e  work d lscussed here. T h l s  component o f  t h e  d i s l o c a t i o n  e v o l u t i o n  

model shou ld  be viewed as be ing  I n  a somewhat p r e l i m i n a r y  s t a t e  o f  

development. 

For  example, t h e  

3.3.2.2 C a l l b r a t i o n  o f  Comprehensive Model 

The s e n s i t i v i t y  o f  t h e  comprehensive model t o  parameter  v a r i a -  

t l o n s  w i l l  be d iscussed i n  some d e t a i l  i n  t h e  n e x t  sec t i on .  I n  o r d e r  

t o  p r o v i d e  a base case f o r  purposes o f  comparison, t h e  R S - 1  s w e l l l n g  

da ta  was used once aga in  t o  p r o v i d e  a c a l l b r a t l o n  p o i n t  f o r  t h e  

s w e l l i n g  p r e d i c t i o n s .  The p r e d i c t e d  d i s l o c a t i o n  parameters were com- 

pared w i t h  the  m l c r o s t r u c t u r a l  da ta  d iscussed i n  Chapter 2. The base 
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parameter s e t  was o b t a i n e d  b y  s t a r t i n g  w i t h  the  va lues i n  Table 3.5 

where a p p l i c a b l e  and add lng  t h e  parameters which the  d i s l o c a t i o n  evo- 

l u t i o n  model requ l red .  I n  some cases, adjustment o f  the  parameters 

f rom Table 3.5 was requ l red .  These adjustments and the choice o f  

va lues f o r  t he  a d d i t i o n a l  parameters w i l l  now be discussed. Table 3.9 

l i s t s  t h e  va lues  f o r  the m o d i f i e d  and the  new parameters. 

The parameters i n  Table 3.9 which have been changed f rom the  
f va lues i n  Table 3.5 i n c l u d e  t h e  vacancy fo rma t ion  energy (Ev), the  

i n t e r s t i  t i a l  m i g r a t i o n  energy (q),  t h e  recombinat ion c o e f f i c i e n t  ( a ) ,  

the  su r face  f r e e  energy (Y) and the  vacancy c l u s t e r  parameters (x  and 

'mv) 
o f  " t y p i c a l "  va lues as d iscussed i n  Sec t i on  3.3.1.4. The changes 

g e n e r a l l y  r e f l e c t  b e t t e r  agreement w i t h  va lues  measured i n  a u s t e n i t i c  

a l l o y s  and a l s o  I n d i c a t e  t h e  I n t e r r e l a t i o n s h i p  o f  t he  v a r l o u s  param- 

e te rs .  

a l s o  be inc reased i n  o rde r  f o r  t h e  mode l ' s  p r e d i c t i o n s  t o  t r a c k  

observed d a t a  t rends.  As a r e s u l t ,  a l l  t h r e e  o f  these parameters a r e  

nearer  t o  t h e i r  t h e o r e t i c a l  values. The increased i n t e t s t l t i a l  m igra-  

t i o n  energy i s  a r e s u l t  o f  a new dependence I n  t h i s  more comprehensive 

model. A s  d iscussed above, t h e  r e s u l t s  o f  t he  s lmple theo ry  a r e  n o t  

dependent on EY. 

model a r e  dependent on ET  v i a  i t s  i n f l u e n c e  on the  p r e d i c t e d  f a u l t e d  

l oop  d e n s i t y  and the  subsequent e f f e c t  on the  network d i s l o c a t i o n  den- 

s i ty .  

The va lues  for a l l  these parameters s t i l l  f a l l  w l t h l n  the  range 

f For  example, t h e  Inc rease  I n  E V  r e q u l r e d  t h a t  b o t h  Y ar;d a 

However, t he  s w e l l i n g  p r e d i c t i o n s  o f  the p r e s e n t  

The s e n s i t i v i t y  o f  t he  mode l ' s  p r e d i c t i o n s  t o  E T  w i l l  be shown 
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Table 3.9. Mate r ia l  and i r r a d i a t i o n  parameters used i n  
c a l i b r a t i o n  o f  comprehensive model 

Ma te r ia l  Parameters 

Vacancy energies: n i g r a t f o n ,  E! 
f Formation, E, 

I n t e r s t i t i a l  m ig ra t i on  energy, EY 
Bind ing energies: b D i - i n t e r s t i t i a l  , E, 

b T r i - i n t e r s t i t i a l ,  E, 

I n t e r s t i t i a l  /vacancy combinator ia l  
number f o r  i n t e r s t i t i a l  c l u s t e r s  

Recombination c o e f f i c i e n t ,  a 

Surface f r e e  energy, y 

Stacking f a u l t  energy, ysf  

i n i t i a l  d i s l o c a t i o n  densi ty,  pn(0) 

I n t e r s t i t i a l  b ias 
Network d is loca t i on ,  Z; 

Faul ted loop, Z f  

Poissgn's r a t i o ,  v 

Shear modulus, G 

1.4 eY 

1.6 eV 

0.85 eV 

1.35 eV 

1.75 eV 

z 1  = 63, zf  = 90, Z: = 110, Z; 

z 2  = 33, zV = 38, 

127 
i 

= 42 3 
zV V 

2 x 1021 0, sec'l 

3.24 - 1.4 x 10-3 T(OC) J/m2 

1.5 x 10-2 J/m2 

3.0 x 101s m-2 - 202 c o l d  worked 
3.0 x 1013 r2 - s o l u t i o n  annealed 

1.25 

1.50 

0.3 

Temperature-dependent value from 
re f .  297 

I r r a d i a t i o n  Parameters 

Cascade e f f i c i e n c y  , VI 0.333 

F rac t i on  o f  vacancies col lapsed 
i n t o  microvoids, x 0.6 

M i  crovoi  d r a d i  us , rmv T = 35OOC 7.0 x m 
T = 400°C 7.5 x 10-l0 m 
T > 450°C 8.0 x m 
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below. 

r e s u l t s  i n  f a u l t e d  l oop  d e n s l t l e s  whlch a r e  much lower  than i s  exper i -  

m e n t a l l y  observed. T h l s  reduced loop  d e n s i t y  leads t o  a lower  network 

d l s l o c a t l o n  d e n s l t y  s ince  the  source t e r m  I s  reduced. The p r e d l c t e d  

s w e l l i n g  can be e l t h e r  Increased o r  decreased, dependlng upon the  dose 

and temperature a t  whlch the  comparlson Is made. The va lue  o f  EY = 0.85 

g l v e n  i n  Table 3.9 f s  I n  agreement w i t h  recen t  measurements o f  t h l s  

parameter I n  a u s t e n l t l c  ~ t e e l s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  One p o s s l b l e  exp lana t lon  

f o r  t h l s  h i g h e r  l n t e r s t l t l a l  m l g r a t l o n  energy I n  the  a l l o y s  Is the  

e f f e c t  o f  s o l u t e  t r a p ~ l n g . ~ ~ *  The f a c t  t h a t  the  model r e q u i r e s  such 

a va lue  f o r  ET Is encouraging. As t h e  model became more complex, 

through the  I n t r o d u c t i o n  o f  a d d l t l o n a l  p h y s l c a l  mechanisms, more param- 

e t e r s  were In t roduced.  However, t h e  model a l s o  became somewhat 

" s t i f f e r "  w l t h  respec t  t o  a r b l t r a r y  parameter cholces. 

re fe rence  t o  Equat lon ( 3 . 6 1 )  i n d l c a t e s  t h a t  r e l a t l v e  changes I n  2; 

and q can be used t o  o f f s e t  one another  I n  a s lmple model. Th l s  I s  no 

l onger  the  case I n  the  p resen t  model s lnce  t h e  v a r i o u s  s i n k s  have d l f -  

f e r e n t  dependencles on these parameters. The c a v l t y  and d l s l o c a t l o n  

e v o l u t l o n  a r e  n o t  Independent, b u t  a r e  coupled I n  a complex way v i a  

t h e l r  mutual  e f f e c t  on the  p o i n t  d e f e c t  concent ra t lons .  

B r l e f l y ,  t he  use o f  t h e  lower ,  pure  m a t e r i a l  va lue  f o r  < 

For  example, 

An example o f  t h l s  c o u p l i n g  Is shown I n  F l g u r e  3.26 where the  

dose dependence o f  s w e l l l n g  Is p l o t t e d  f o r  v a r l o u s  assumed d l s l o c a t l o n  

d e n s l t l e s  a t  400 and 550°C. For  b o t h  temperatures the  r e s u l t s  o f  the 

p resen t  model w l t h  the  t i m e  (dose) dependent d i s l o c a t i o n  d e n s i t y  a r e  

compared w i t h  r e s u l t s  ob ta ined w i t h  th ree  t lme- independent  va lues.  
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Figure 3.26. Comparison o f  predicted swelling at 400 (a) and 
550°C (b )  wlth dose-dependent and various constant network dislocation 
densities. 
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The va iues of 6.J/ and 1.95 x 10'' mi' a r e  the usteaay-statei '  va lues 

which evo lve  I n  the p r e s e n t  moael a t  400 and 55U°C, r e s p r c t f v e l y .  [he 

o t h e r  two va lues (5.0 x lo1' and 3.0 x m-*) a r e  used t o  h e l p  show 

the  s e n s i t i v i t y  o f  t h e  p r e d i c t e d  s w e l l i n g  t o  what has been termed a 

t y p i c a l  s t e a d y - s t a t e  va lue  i n  t h i s  temperature range' aria tnt! as-cold- 

worked vaiue. S i g n i f i c a n t  v a r l a t l o r r s  i n  t h e  i n c u b d t i o n  e i i w  diia swell- 

i n g  r a t e  a r e  observed I n  F i g u r e  3.26. The behav io r  a t  4UU"C Is par- 

t i c u l a r l y  complex. 

p a r t i t i o n i n g  between t h e  network d i s l o c a t i o n s  and t n e  other  t n i c ros t ruc -  

t u r a l  s inks ;  i n  p a r t i c u l a r ,  t he  small, h i g h l y  p ressur   ea h e l i u m  

bubbles. When t h e  d l s l o c a t l o n s  a r e  t h e  dominant slflk Increases In 

t he  d i s l o c a t i o n  dens1 ty reduce t h e  vacancy supersa tu ra t l on  [see 

Equat ion (3.61)]. 

t he  i n c u b a t i o n  t lme  f o r  v o i d  swe l l l ng .  

i n t e r s t i t i a l  b i a s  i s  l e s s  s i g n i f i c a n t  because m o s t  p o l n t  detects  a r e  

recombining a t  t h e  d i s l o c a t i o n s .  

a r e  n o t  t h e  dominant s i n k  and a h i g h  gas pressure reduces vacaflcy emis- 

s i o n  f rom t h e  bubbles,  an inc reased d i s l o c a t i o n  d e n s i t y  w i l l  r e s u l t  I n  

an inc reased s u p e r s a t u r a t i o n .  

e f f e c t i v e  vacancy s u p e r s a t u r a t i o n ,  S [Equat ion ( 3 . 3 ) ] ,  i s  plotted as a 

f u n c t i o n  o f  t he  d i s l o c a t i o n  d e n s i t y  f o r  400 and 550'C. 

i c  s w e l l i n g  behav io r  w i t h  d i s l o c a t i o n  d e n s i t y  a t  400°C shown i n  F f g u r e  

3.26(a) i s  a r e s u l t  o f  t he  maximum i n  t he  e f f e c t i v e  s u p e r s a t u r a t f o n  a t  

-1 x 10iL m-' shown in F i g u r e  3.27. 

Thls e f f e c t  i s  due t o  t h e  baiatrce o f  poirrt a e f e c t  

T h i s  inc reases  tne c r i t i c a l  bubble s i z e  ana extends 

The in f l ue r i ce  o f  the  alslucatlofl/  

On the  o t h e r  hand, when d i s l o c a t i o n s  

Th ls  i s  shown i n  F l g u r e  3.27 where the  

The nonmonoton- 

Th is  r e s u l t  emphasizes the  
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Figure 3.27. Effect o f  assumed network dislocation density on 
the effectlve vacancy supersaturation at 400 and 550°C. 

importance of uslng appropriate temperature-dependent values for the 

various s i n k  parameters In modeling studies. 

There are several parameters used I n  the present work which have 

not been required i n  more simple models. These Include the thermal 

dislocatlon evolution parameters in Equations (3.89) and (3.91) and 

the parameters used in the rate equations for interstitial clusters - 
Equations (3.69) through (3.75). The choice o f  the values for Inter- 

stitlal clusterlng parameters was guided by the results of more 
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d e t a i l e d  c l u s t e r l n g  ~ a 1 ~ ~ l a t l 0 n ~ . ~ * - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ * * *  I n  Equat lon 

(3.74),  t h e  va lues  chosen f o r  t h e  comb lna to r la l  numbers (zj 

on the  geometrical c o n f l g u r a t l o n  o f  t h e  p o l n t  d e f e c t s  and the ad jacent  

atom s l t e s .  For  example, Haynsl'O f o l l o w s  Damask and D lenesz**  and 

uses a va lue  o f  84 f o r  t h e  lnterstltial-interstltlal ( z i )  com: 

b l n a t o r i a l  w h l l e  Olander'  suggests a va lue  "between 100 and 200." A 

more d e t a l l e d  a n a l y s l s  l e d  Johnsonb0 t o  a va lue  o f  z; = 56. 

comb lna to r la l  numbers were c a l c u l a t e d  so t h a t  t h e  va lues o f  the  t e t r a -  

i n t e r s t i t i a l  s i n k  s t r e n g t h  o b t a l n e d  f rom the  comb ina to r la l  a n a l y s l s  

was the  same as I f  I t  had been c a l c u l a t e d  assumlng the  t e t r a i n t e r s t i -  

t f a l  was a f a u l t e d  loop. T h l s  l e d  t o  z; = 63, as shown i n  Table 3.9. 

Varying 2 ;  I n  t h e  range o f  56 t o  84 and s c a l l n g  t h e  o t h e r  comblnator-  

l a 1  numbers a p p r o p r i a t e l y  d i d  n o t  have a major  I n f l u e n c e  on the  p re -  

dictions o f  the  model. The l a s t  i n t e r s t l t i a l  b l n d i n g  energ ies  shown 

i n  Table 3.9 f o r  t h e  d l -  and t r l - l n t e r s t i t i a l s  a r e  i n  agreement w i t h  

t h e o r e t i c a l  va lues  o f  these parameters." v z * *  Vary lng these b i n d l n g  

energ les  w l t h l n  a reasonable range o f  va lues  I n f l u e n c e s  the tem- 

p e r a t u r e  dependence o f  t he  p r e d l c t e d  l oop  dens l t y .  The network d l s -  

l o c a t i o n  d e n s i t y  and c a v i t y  s w e l l i n g  a r e  a f f e c t e d  t o  a l e s s e r  degree 

as shown i n  t h e  n e x t  sec t l on .  The p r e d f c t e d  d l s l o c a t l o n  d e n s i t y  under 

i r r a d i a t i o n  i s  s e n s i t i v e  t o  t h e  thermal  d i s l o c a t i o n  e v o l u t i o n  parame- 

t e r s  (Table 3.8) o n l y  f o r  temperatures above about 550°C when f a u l t e d  

loops cease t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t he  d i s l o c a t l o n  network.  

To a f i r s t  approx imat lon ,  t he  source d e n s i t y ,  SD, should be a b o u t  

) depend I ,v 

Here  the  



equal t o  L-’ where L Is t h e  mean saaclnq o f  dislocatlon p l n n l n g  

p o l n t s .  I f  o t h e r  d i s l o c a t l o n s  P r o v l d e  t h e  p r i m a r y  p i n n i n g  s i t e s ,  then 

L shou ld  he r o u g h l y  R r a p O r t l ~ n a l  t o  pi1’’. 

and minlmum values a f  SIP g i v e n  In Table 3.8 wot-ild correspond t o  nlnned 

In t h l s  case,  t h e  maxlmum 

d i s l o c a t i o n  d e n s i t i e s  o f  1,6 Y I ,Q1‘ and 7 * 4  Y IO1’ 

3.3.2.3. P r e d i c t i o n s  o f  Comprehensive Model 

T h l s  s e c t l o n  d e s c r l b e s  t h e  D r e d l c t l a n s  o f  t h e  comprehens ve made 

u s l n q  t h e  parameters dlsciissed above (Tables 3.5, 3.8 and 3.9).  The 

equat ions  f o r  t h e  smal l  I n t e r s t i t i a l  c l u s t e r s  [Equat ions (3.71) through 

( 3 . 7 3 ) ]  a r e  couoled w i t h  t h e  oalnt d e f e c t  equatlons [Equat lons (3.69) 

and ( 3 . 7 0 ) l  so t h a t  t h e  s lmple.  a l q e b r a l c  s o l u t i o n  presented I n  

S e c t i o n  3 . 3 . 1 . 3  cannot he used he re  t o  c n l c t r l a t e  the point .  d e f e c t  con- 

c e n t r a t l o n s .  I n s t e a d .  a n i imer lca l  so lu t lon  has been implemented using 

t h e  method o f  f a l s e - o o s i t i o n .  A f t e r  oh tn ln ing  t h e  p o l n t  d e f e c t  and 

I n t e r s t i t i a l  c l u s t e r  c o n c e n t r a t i o n s  a t  s teady s t a t e .  t h e  r a t e  

equa t ians  f a r  t h e  v a r l a u s  extended d e f e c t s  were l n t e q r a t e d  uslng t h e  

LSODE s u b r o u t i n e  m c k a g e . 2 a ‘  

P r e d l c t e d  values f a r  v o i d  s w e l l i n q ,  network d l s l o c a t l o n  d e n s l t y  

and f a u l t e d  1 0 0 ~  d e n s i t y  a r e  shown In F i g u r e  3.2R(a-c) as a f u n c t l o n  

o f  Irradiatlon t emaera tu re  a t  50 and 100 daa f a r  70% cold-worked 

m a t e r l a l .  The temOerature f a m e  shown i n  F i q u r e  3.28 i n c l u d e s  t h e  

o p e r a t i n g  temoeratures o f  f a s t  r e a c t o r  core components. There a r e d i c -  

t i o n s  compare w e l l  w i t h  f a s t  r e a c t o r  i r r a d i a t i o n  da ta  as shown i n  the  
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Temperature demndence a f  model predictlons o f  
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n e x t  t h r e e  f i g u r e s .  

Is from t h e  RS-1 exper lment  I n  t h e  E B R - I I . ~ z ~ ' a ~ l c z  

compares s w e l l i n g  d a t a  I n  t h e  range o f  40 t o  60 dpa w l t h  the  p r e d i c -  

t i o n s  o f  t h e  model. T h l s  i n t e r m e d i a t e  f l u e n c e  Is j u s t  beyond t h e  

s w e l l l n g  I n c u b a t i o n  dose, so t h e  p r e d l c t e d  s w e l l l n g  Is h i g h l y  depen- 

d e n t  on dose. 

f o r  45 and 50 dpa I n  F i g u r e  3.29(a). The p r e d i c t e d  s w e l l i n g  incuba-  

t i o n  doses a r e  q u l t e  c o n s l s t e n t  w l t h  t h e  data. A comparlson o f  t h e  

t h e o r y  and t h e  R S - 1  d a t a  a t  h l g h  dose Is shown I n  F i g u r e  3.29(b). The 

f a c t  t h a t  t h e r e  i s  good agreement between t h e  theo ry  and t h e  d a t a  a t  

-70 dpa I n d l c a t e s  t h a t  t h e  p r e d i c t e d  s w e l l l n g  r a t e s  (-1Xldpa I n  t h e  

peak s w e l l l n g  r e g l o n )  a r e  c o n s i s t e n t  w l t h  o b s e r v a t i o n  a l so .  The model 

p r e d l c t l o n s  o f  s w e l l i n g  a t  temperatures g r e a t e r  than 650°C shown I n  

F i g u r e s  3.28(a) and F i g u r e  3.29 a r e  a l s o  c o n s l s t e n t  w i t h  r e c e n t  

o b s e r v a t i o n s . l C z  The i n f l u e n c e  o f  t r a n s i e n t  vacancy c l u s t e r s  reduces 

low- temperature s w e l l i n g  he re  i n  t h e  same way as I t  d i d  i n  t h e  e a r l i e r  

c a v i t y  e v o l u t i o n  model. The c l u s t e r i n g  f r a c t i o n  ( x )  has been reduced 

from 0.8 t o  0.6 and t h e  c l u s t e r  r a d i i  have been s l i g h t l y  increased.  

The s w e l l i n g  d a t a  shown i n  F i g u r e  3.29 once a g a i n  

F I g u r e  3.29(a) 

T h l s  can be seen by comparing t h e  t h e o r e t i c a l  curves 

c r o v o l d s  b e i n g  l e s s  impor tan t  than they  w e r e  I n  

I t  appears t h a t  t h e  dynamic n a t u r e  o f  t h e  

i n  t h e  p r e s e n t  model he lps  t o  suppress t h e  

temperatures.  Hence, t h e  

u t i o n  model a c t e d  as a 

s l o c a t i o n  e v o l u t i o n .  

T h i s  r e s u l t s  I n  t h e  m 

t h e  more s imp le  model 

d i s l o c a t i o n  s t r u c t u r e  

vacancy s u p e r s a t u r a t i o n  a t  l o w  doses and low 

h i g h e r  c l u s t e r i n g  f r a c t i o n  i n  t h e  c a v i t y  evo 

s u r r o g a t e  f o r  t h e  i nadequa te l y  rep resen ted  d 



17 1 

400 500 600 700 

TEMPERATURE ("C) 

ORNL-DWG 85-16845 

I I I 

DATA BAND, 60-80dpa 
- MODEL, 70dpa 

400 500 600 700 

TEMPERATURE ("C) 
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There i s  l e s s  d a t a  w i t h  wh ich  t o  compare the  model 's  p r e d i c t i o n s  

s l o c a t i o n  and f a u l t e d  l o o p  d e n s i t i e s .  F i g u r e  3.30 compares d i s -  

l o c a t i o n  d e n s i t i e s  f o r  M316 s t a i n l e s s  s t e e l  i r r a d i a t e d  I n  t h e  Oounreay 

Fas t  Reactor  and t h e  DO-heat o f  316 s t a i n l e s s  s t e e l  I r r a d l a t e d  I n  t h e  

E B R - I I . 1 " , 1 7 2  The agreement i s  q u i t e  good. The r e s u l t s  a r e  a l s o  

c o n s l s t e n t  w l t h  o t h e r  r e p o r t e d  va lues  f o r  A I S 1  316 s t a l n l e s s  s t e e l  

I r r a d i a t e d  I n  t h e  EBR-11."  P r e d i c t e d  f a u l t e d  l oop  d e n s i t i e s  a r e  com- 

pared w l t h  d a t a  f rom seve ra l  sources I n  F Igu re  3.31. The d a t a  a r e  f o r  

A I S 1  316 s t a l n l e s s  s t e e l  I r r a d i a t e d  I n  b o t h  t h e  so lu t i on -annea led  and 

cold-worked c o n d i t i o n s  a t  doses between about 6 and 16 dpa ( r e f s .  78, 

91,150,169,170). The d a t a  f rom r e f .  169 i n c l u d e  v a r y i n g  s t r e s s  

l e v e l s .  The p r e d i c t e d  curves  r e f l e c t  t h e  peak f a u l t e d  l oop  d e n s i t y  

f o r  b o t h  so lu t l on -annea led  and 20% cold-worked s t a r t t n g  cond t t tons .  

The d a t a  a r e  reasonab ly  w e l l  rep resen ted  by t he  p r e d l c t l o n s  except  a t  

low temperatures where t h e  l oop  d e n s i t y  Is somewhat low. 

A l though t h e  thermal d l s l o c a t l o n  e v o l u t i o n  model was c a l l b r a t e d  

Independent ly ,  t he  p r e d i c t i o n s  o f  t h e  model f o r  f as t -neu t ron -  

i r r a d i a t i o n  c o n d i t i o n s  can be s e n s l t i v e  t o  t h e  thermal d i s l o c a t i o n  

model parameters. T h i s  s e n s i t i v i t y  Is shown i n  F i g u r e  3.32 where t h e  

thermal source d e n s l t y ,  SD, has been v a r l e d  f r o m  t h e  nomlnal va lue  

which was de termined d u r i n g  t h e  thermal c a l l b r a t l o n .  For temperatures 

g r e a t e r  than 550°C, t h e  curves  l a b e l e d  "LOW S,," and "Hlgh SDn I n  

F Igu re  3.32 were c a l c u l a t e d  w l t h  a 10% decrease and Inc rease  I n  t h i s  

parameter ,  r e s p e c t i v e l y .  For  550°C and below, the  va lue  was v a r l e d  by 
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f i g u r e  3.30. Comparlson o f  p r e d l c t e d  ne twork  d i s l o c a t i o n  d e n s i t y  
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F i g u r e  3.32. I n f l u e n c e  o f  the  thermal d i s l o c a t l o n  source d e n s i t y  
(So) o n  the  p r e d i c t e d  network d i s l o c a t i o n  d e n s i t y  (a )  and v o i d  s w e l l i n g  
(b) a t  50 and 100 dpa (see t e x t  f o r  range of parameter v a r i a t l o n s ) .  

a f a c t o r  o f  10 w i t h  l i t t l e  e f fec t .  Th i s  i s  a temperature regime i n  

which l i t t l e  thermal  recovery  occurs. However, a t  about  575 t o  625°C.  

t he  p r e d i c t i o n s  a r e  q u i t e  s e n s i t i v e  t o  So.  Th is  i s  a temperature 

range i n  which the  m i c r o s t r u c t u r e  o f  t he  m a t e r i a l  beg ins  t o  recover  i n  

the  absence o f  i r r a d l a t i o n .  Th is  occurs l a r g e l y  because o f  inc reased 

thermal  vacancy d i f f u s i o n .  Under i r r a d l a t i o n ,  the  vacancy supersa tura-  

t i o n  decreases i n  t h i s  temperature range f o r  t he  same reason. Hence, 

the  b e h a v i o r  o f  the  m a t e r i a l  under i r r a d i a t i o n  begins t o  appear more 

l i k e  the  thermal  behav io r ,  and t h e r e f o r e  the s e n s i t i v i t y  of t he  model 
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p r e d i c t i o n s  i n  t h i s  t r a n s i t i o n  regime i s  n o t  s u r p r i s i n g .  The tempera- 

t u r e  range over  which t h i s  t r a n s i t i o n  occurs i s  known t o  be dependent 

on a l l o y    om position.'^^ There fo re ,  t h e  p r e d i c t i o n s  o f  t h e  p r e s e n t  

model a t  t h e  h i g h e r  temperatures r e f l e c t  t h e  s p e c i f i c  hea t  (DO)  which 

was used t o  c a l i b r a t e  t h e  thermal d i s l o c a t i o n  e v o l u t i o n  model. The 

s e n s i t i v i t y  o f  t h e  p r e d i c t e d  s w e l l i n g  shown i n  F i g u r e  3.32(b) t o  t h e  

network d i s l o c a t i o n  d e n s i t y  may e x p l a i n  i n  p a r t  t h e  o b s e r v a t i o n  t h a t  

s w e l l i n g  i s  f a i r l y  heterogeneous i n  cold-worked m a t e r i a l s .  

Dur ing  t h e  c a l i b r a t i o n ,  t h e  model was a l s o  used t o  compare a l t e r -  
2 n a t e  d e s c r i p t i o n s  o f  t h e  f a u l t e d  l o o p / i n t e r s t i t i a l  b i a s  f a c t o r ,  Zi. 

I f  i n t e r s t i t i a l  a b s o r p t i o n  a t  f a u l t e d  loops i s  d i f f u s i o n  l i m i t e d ,  t h e  

long-range s t r a i n  f i e l d s  a s s o c i a t e d  w i t h  t h e  l oop  would g i v e  r i s e  t o  

an i n t e r s t i t i a l  b i a s  t h a t  was dependent on t h e  l o o p  r a d  U S . ~ O ~ ~ *  On 

t h e  o t h e r  hand, i f  i n t e r s t i t i a l  a b s o r p t i o n  was r e a c t i o n  r a t e  l i m i t e d ,  

a c o n s t a n t  b i a s  f a c t o r  would be o b t a i n e d . l Z 7  The temperature depen- 

dence o f  t h e  p r e d i c t e d  f a u l t e d  l o o p  d e n s i t y  a t  50 and 100 dpa and t h e  

maximum f a u l t e d  l oop  d e n s i t y  a r e  shown i n  F i g u r e  3.33. 

compared f o r  t h e  s ize-dependent b i a s  o f  Wo l fe r  and Ashkin70 and t h e  con- 

s t a n t  v a l u e  o f  Z f  = 1.50. The c a l c u l a t e d  size-dependent b i a s  has been 

m o d i f i e d  so  t h a t  i t  a s y m p t o t i c a l l y  approaches t h e  v a l u e  o f  t h e  network 

d i s l o c a t i o n / i n t e r s t i t i a l  b i a s  as t h e  l oop  r a d i u s  becomes l a r g e  and a t  

smal l  s i z e s  a maximum va lue  o f  3.5 was 

t h e  size-dependent b i a s  a r e  c l e a r l y  t o o  h i g h  a t  t h e  h i g h e r  temperatures 

when compared t o  t h e  da ta  shown i n  F i g u r e  3.31. T h i s  r e s u l t  i s  i n  

R e s u l t s  a r e  

The p r e d i c t i o n s  u s i n g  
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f i g u r e  3.33. Comparison o f  p r e d i c t e d  f a u l t e d  loop d e n i i t i e s  
ob ta ined  u s i n g  a c o n s t a n t  f a u l t e d  l o o p / i n t e r s t i t i a l  b i a s  (Z i  = 1.5) 
and a s ize-dependent b i a s  ( f r o m  r e f .  70). 

agreement w i t h  an a n a l y s i s  o f  loop growth i n  n i c k e l  d u r ? n g  e l e c t r o n  

i r r a d i a t i o n  performed by Yo0 and S t i e g l e r . ” ’  

The f l u e n c e  dependence o f  t he  model p r e d i c t i o n s  a t  500°C i s  shown 

i n  F igu res  3.34(a) and ( b )  f o r  20% cold-worked and so lu t i on -annea led  

m a t e r i a l ,  r e s p e c t i v e l y .  The c o u p l i n g  o f  t h e  e v o l u t i o n  o f  t h e  v a r i o u s  

m i c r o s t r u c t u r a l  f e a t u r e s  i s  c l e a r l y  seen. A f t e r  an i n i t i a l  t r a n s i e n t ,  

the m i c r o s t r u c t u r e  reaches a s t a t e  which i s  independent o f  t he  i n i t i a l  

c o n d i t i o n .  The i n c u b a t i o n  t ime  f o r  s w e l l i n g  i s  n o t  p r i m a r i l y  asso- 

c i a t e d  w i t h  the  d i s l o c a t i o n  t r a n s i e n t  b u t  r a t h e r  w i t h  the  t i m e  

r e q u i r e d  f o r  the c a v i t i e s  t o  accumulate the c r i t i c a l  number o f  ! ! e l i um 
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Figure 3.34. Dose dependence o f  predicted swelling, network dis- 
location density and faulted loop denslty at 500°C f o r  20%-cold-worked 
(a) and solution-annealed material (b). 



179 

atoms. Followlng the lnltiation of vold swelllng, addltional recovery 

occurs as the cavlty slnk strength beglns to Increase. A regime in 

whlch the swelllng fate Is approximately constant and falrly high 

occurs when the cavlty and dislocatlon slnk strengths have slmllar 

values. When such parlty occurs, the maxlmum theoretfcal swelllng 

rate Is observed.7b Although It Is not shown In Flgure 3.34, at hlgh 

doses the cavlty sink strength exceeds the dislocatlon sink strength 

and the swelling rate begins to decrease as predlcted by theory.7b 

The near coincldence of the values for the solutlon-annealed and cold- 

worked materlal at low doses may be somewhat artificial. The model 

does not include an expllclt cavity nucleation salculatlon and the 

same Inltial cavity densities were used for both materlals. Some data 

Indlcate that void densltles at low doses are hlgher f o r  solution- 

annealed materlal , l V o  and neglectlng thls dlfference may Influence the 

model's predlctlons at low doses. 

The evolution toward a saturation microstructure has been 

~ b ~ e r ~ e d . ~ ~ * ~ ~ ~ ~ ~ ~  Thls was dlscussed In Chapter 2. The predicted 

low dose peak I n  the faulted loop number denslty in solutlon-annealed 

material has also been observed;170 however, Brager and Straalsund 

have reported simllar hlgh values at low doses In 20% cold-worked 

stalnless steel,1g1 In confllct with the predictions shown In 

Figure 3.34. Note that on the dose scale of Figure 3.34(b) the early 

transient in the faulted loop density occurs very quickly. The actual 

value of the predicted loop denslty I s  zero when the dose i s  zero. 
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While! the  i n l t l a l  recovery  of  t he  network d l s l o c a t l o n  d e n s l t y  I n  t h e  

20% cold-worked m a t e r l a l  appears t o  be I n  agreement w i th  t h e  a v a l l a b l e  

da ta ,7g*1a1 t h e  i n l t l a l  t r a n s l e n t  appears t o  occur  t o o  q u l c k l y  t n  the  

so lu t ion-annea led  m a t e r l a l  .77 The thermal d l s l o c a t l o n  source te rm may 

be t h e  cau5e o f  t h e  t o o  r a p l d  b u i l d u p  of t h e  network d l s l o c a t l o n  den- 

slty for the so lu t lon-annea iea  s imu la t lon .  

va lues  were developed f o r  20% cold-worked m a t e r i a l  and fmpllC1tly 

r e f l e c t  a near -s teady-s ta te  va lue  f o r  t he  network d l s l o c a t l o n  dens f t y ,  

as d lscussea above. Hence, for t he  so lu t lon-annea led  mater ' la l ,  t he  

va lues of SD may be t o o  h i g h  a t  low doses. 

s i t y  dependence I n  SD may be r e q u l r e d  t o  Improve t h e  agreement w l th  

the  so lu t lon-annea led  data. 

described above cou ld  a l s o  be respons ib le  f o r  some o f  t h e  d e v i a t i o n s  

frm the  data.  Th ls  model i m p l i c l t l y  assumes t h a t  a l l  o f  t h e  d l s l o c a -  

t l o n  l i n e  l e n g t h  Is homogeneously d l s t r l b u t e d  I n  t h e  m a t e r l a l .  I n  

f a c t ,  t he  a s - f a b r i c a t e d ,  cold-worked m i c r o s t r u c t u r e  Is q u i t e  he terog-  

eneous w l t h  t w o  p r i m a r y  fea tures :  

s t a c k l n g  f a u l t s ,  and de format ion  bands a long w l t h  a f l n e r  d l s t r l b u t l o n  

o f  network d ls locat lons. la l  These two f e a t u r e s  a r e  r e p o r t e d  t o  have 

d l f f e r e n t  thermal  s t a b l l i t l e s  w i t h  the  coarse s t r u c t u r e  s t a b l e  up t o  

the  r e c r y s t a l l l z a t l o n  temperature w h i l e  the  f l n e  d l s t r l b u t l o n  anneals  

o u t  a t  much l o w e r  temperatures.  

d i s t a n c e  f o r  network d i s l o c a t i o n  a n n i h l l a t l o n  may be I n s u f f l c l e n t  t o  

account  f o r  t he  v a r y i n g  thermal s t a b i l l t i e s  and s p a t i a l  o r l e n t a t l o n  o f  

t h e  d i s l o c a t i o n s  I n  the  m a t e r l a l .  

The source dens1 t y  (SD) 

E x p l l c l t  dislocation den- 

The s lmp le  d l s l o c a t l o n  recovery  model 

a coarse d l s t r l b u t l o n  o f  m l c r o t w l n s ,  

The use o f  a s l n g l e  " e f f e c t l v e "  c l l m b  



181 

3.3.2.4. S e n s f t l v l t y  o f  Comprehensive Mode 

The p r e v i o u s  s e c t i o n  has demonstrated 

t o  Pararneter V a r i a t l o n s  

h a t  t h e  model can success- 

f u l l y  p r e d i c t  a v a r l e t y  o f  f a s t  r e a c t o r  d a t a  when reasonable i n p u t  

parameters a r e  used. 

t o  small changes I n  t h e  va lues o f  key parameters w l l l  now be examfned. 

The genera l  t r e n d  o f  these r e s u l t s  1 s  c o n s l s t e n t  w l t h  t h e  key concept 

d iscussed above (v iz . ,  t h a t  v o i d  s w e l l i n g  and m l c r e s t r u c t u r a l  evolu-  

t i o n  a r e  primarily c o n t r o l l e d  by p o i n t  d e f e c t  p a r t l t l o n i n g ) .  In the 

c o n t e x t  o f  t h e  r a t e  theo ry ,  t h e  p o f n t  d e f e c t  stnk s t r e n g t h s  determine 

t h l s  p a r t l t i o n l n g .  A s  a r e s u l t  o f  t h e i r  mutual  I n f l u e n c e  on t h e  p o i n t  

d e f e c t  concen t ra t l ons ,  t h e  e v o l u t i o n  o f  any one s i n k  Is coupled t o  t h e  

o the rs .  The p r i m a r y  example o f  t h l s  c o u p l l n g  Is t h a t  o f  the c a v l t l e s  

and t h e  d l s l o c a t i o n s ,  b u t  t h e  o t h e r  s i n k s  can a l s o  p l a y  a s i g n l f l c d n t  

r o l e .  To h e l p  demonstrate t h l s  coup l i ng ,  t h e  I n f l u e n c e  o f  t h e  m u l t l p l e  

slnk s t r e n g t h  c o r r e c t i o n s  on t h e  p r e d i c t e d  v o i d  s w e l l l n g  ana network 

d l s l o c a t i o n  d e n s i t y  w l l l  a l s o  be examined. 

The s e n s i t l v l t y  o f  t h e  p r e d l c t l o n s  o f  m e  aioael 

I n  each o f  t h e  examples shown below, t h e  i n f l u e n c e  o f  a s p e c i f i c  

parameter v a r i a t i o n  w i l l  be demonstrated by  comparing t h e  p r e d l c t e d  

s w e l l i n g ,  network d i s l o c a t i o n  d e n s i t y  and f a u l t e d  l oop  d e n s i t y  w l t h  

t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  b a s i c  parameter s e t  d iscussed i n  t h e  

n these f i g u r e s  by 

ncuba t lon  dose 

m a t e r l a l s ,  t h e  

those f a c t o r s  t h a t  

p r e v i o u s  sec t i on .  These l a t t e r  va lues a r e  denoted 

t h e  d e s i g n a t f o n  "base case." Because t h e  s w e l l i n g  

I s  t h e  parameter t h a t  l i m i t s  t h e  eng lneer lng  use o f  

work d iscussed i n  Sec t i ons  3.2 and 3.3.1 emphasized 
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i n f l u e n c e  the  i n c u b a t i o n  dose. I n  the  r e s u l t s  t h a t  f o l l o w  here, more 

emphasis I s  p l a c e d  on t h e  behav lo r  o f  the  model p r e d i c t i o n s  a t  h i g h e r  

doses. V a r i a t i o n s  i n  the  s w e l l i n g  shown a t  50 dpa do r e f l e c t  changes 

i n  the I n c u b a t i o n  behav io r  s ince  the  i n c u b a t i o n  dose Is i n  the  range 

o f  35 t o  50 dpa f o r  the  base case parameters. 

100 dpa p r o v i d e  a measure o f  t he  mode l ' s  s e n s i t i v i t y  t o  parameter 

v a r i a t i o n s  a t  a dose w e l l  beyond the  i n c u b a t i o n  dose. T h i s  l i m l t  Is 

u s e f u l  t o  determine whlch parameters I n f l u e n c e  the  Swe l l i ng  r a t e  and 

t o  e x p l o r e  the  coupled e v o l u t i o n  o f  t he  m i c r o s t r u c t u r a l  f e a t u r e s  I n  

the  I' s t e ad y - s t a t e 'I reg  I me. 

The r e s u l t s  shown a t  

The I n f l u e n c e  o f  t he  I n t e r s t i t i a l  m i g r a t i o n  energy, q, on model 

p r e d i c t i o n s  Is shown I n  F i g u r e  3.35(a-c). 

shown i n  F l g u r e  3.35(c) i s  t h e  maxlmum va lue  observed o u t  t o  100 dpa. 

The va lues  o f  t h e  s w e l l l n g  and network d i s l o c a t i o n  d e n s i t y  a r e  a t  the 

doses shown i n  t h e  f i g u r e .  

dependence o f  s w e l l i n g  a t  I n t e r m e d i a t e  temperatures [F igu re  3.35(a)]  

IS a r e s u l t  o f  t h e  v a r l a t l o n  I n  the f a u l t e d  l oop  d e n s l t y  whlch i n  t u r n  

has a s t r o n g  e f f e c t  on t h e  network d i s l o c a t i o n  d e n s i t y  [F lgu re  3.35(b)3. 

The complex temperature dependence o f  t he  e f f e c t  on v o l d  s w e l l l n g  a t  

100 dpa I s  i n  agreement w i t h  t h e  arguments advanced above when 

d i s c u s s l n g  the  impact o f  v a r i o u s  d i s l o c a t l o n  d e n s i t i e s  on the  vacancy 

s u p e r s a t u r a t i o n  ( c f .  F i g u r e  3.27). A t  low t o  i n t e r m e d i a t e  tem-  

p e r a t u r e s ,  d i s l o c a t i o n s  a r e  t h e  dominant s ink  i n i t i a l l y .  I n  t h i s  tem-  

p e r a t u r e  regime, a reduced E: leads t o  a l o w e r  d i s l o c a t i o n  d e n s i t y ,  a 

The f a u l t e d  l oop  d e n s l t y  

These r e s u l t s  w e r e  ment ioned above and t h e  
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Figure 3.35. Influence o f  the interstitial migration energy (E:) 
on the predicted swelling (a), network dislocation density (b) and 
maximum faulted loop density (c). 



hlgher vacancy suaersaturation and therefore a reduced Incubatlon t h e .  

Increaslng $ has the opposlte effect and the swelling predicted at 
50 dDa 1s shlfted accardlngly. However, once swelling begfns, the 

increasing cavity s lnk  strength approaches the value o f  the dlsloca- 

tlon slnk strength and a higher swelling rate Is observed w l t h  the 

hlgher dislacatian denslty at low temperatures due t o  more effective 

partltlanlng a f  the vacancles to the cavitles. At intermedlate tem- 

peratures, lower cavlty densltles lead to a lower cavlty slnk strength 

at a glven swclllng and so the high dlSlOcation denslty does not pro- 

mate the more rasld swelllng seen belaw 4 5 O O C  and swelllng Is greater 

f a r  the lower dls loca t lon  denslty. Above about 680°C, the faulted 

and the  Dredlcted swelllng i s  not dependent loop denslty 

on q. 
The d l -  

fa1 1 s raoidly 

ntcrstltial b b nding energy, E,, has an effect on the pre-  

dlcted microstructural parameters which Is slrnllar to the lnterstltial 

mlgration energy. 

nominal value of 1,35 eV are shown i n  Figure 3.36(a-c). 

on the swell ing iocuhntlon tlme and the peak swelllng rate Is once 

aqaln due t a  changes In the faulted loop evolutlon. The Influence of  

the trl-lnterstltlnl binding energy, E,, Is relatively mlnor ,  as shown 

In FIgure  3 .37 (n -c ) .  At much l o w e r  values o f  E! ( 5  1.2 eV), the pre- 

d i c t e d  loop d e n s l t y  Is agaln t o o  low and the  response of the model 

beglns t o  be slmllar to that shown f o r  E a .  For  hlgher values o f  E, 

llttle change from the base case i s  observed. 

b The results obtained when Ex. Is varied about Its 

The Influence 

b 

b b 
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b. F i g u r e  3.36. I n f l u e n c e  o f  the  d i - i n t e r s t l t i a l  S ind ing  energy 
(E,) an the p r e d i c t e d  s w e l l i n g '  ( a ) ,  network d i s l o c a t i o n  d e n s i t y  ( b )  
and maximum f a u l t e d  loop d e n s i t y  ( c ) .  



Y E - 1 3 3 5 8  

- 
N 

E - 
4 

b Flgure 3.37. Influence of the trl-lnterstltlal blndlng energy 
(E,) on the predlcted swelling ( a ) ,  network dlslocatlon density (b) 
and maxlmum faulted l o o p  density (c). 
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The e f f e c t l v e  vacancy supersa tu ra t l on  I s  i n v e r s e l y  p r o p c r t l o n a i  

t o  the  s e l f - d i f f u s l o n  c o e f f l c l e n t  [Equat ion (3.3)J and the  c r l  t i c a l  

number o f  gas atoms f o r  bubb le- to -vo ld  conversfon Is I n v e r s e l y  p ropor -  

t l o n a l  t o  t h e  square o f  t he  n a t u r a l  l o g a r l t h m  o f  the  supersa tu ra t l on  

[Equat lon (3.8)J. Therefore,  t he  s e l f - d i f f u s i o n  c o e f f l c l e n t  has I t s  

most d l r e c t  e f f e c t  on t h e  s w e l l l n g  l ncuba t lon  tlme. The s e n s l t l v l t y  

o f  t h e  model t o  changes I n  the  a c t l v a t l o n  energy f o r  s e l f - d l f f u s l o n  i s  

shown I n  F Igu re  3.38(a-c). 

o f  ESD (2.9 and 3.0 eV) and the  p a r t l t l o n l n g  o f  the  s e l f - d l f f u s l o n  

energy between vacancy m i g r a t l o n  and fo rmat lon  a r e  shown (Eso = 

f + Ev). As expected, l n c r e a s l n g  the  s e l f - d f f f u s l o n  energy Increases  

the  maxlmum l e v e l  o f  s w e l l l n g  and increases the  peak s w e l l l n g  tem- 

pera ture .  For  a g i v e n  s e l f - d l f f u s i o n  c o e f f i c i e n t ,  t nc reas lng  the  

vacancy fo rma t lon  energy r e l a t f v e  t o  the  vacancy m l g r a t l o n  energy 

Increases the  p r e d l c t e d  s w e l l l n g  a t  h l g h  temperature. I n  bo th  o f  

these t w o  cases t h e  p r i m a r y  I n f l u e n c e  o f  t he  changes I n  the  s e l f -  

d l f f u s l o n  parameters Is t o  a l t e r  the  s w e l l l n g  l n c u b a t l o n  t l m e  r a t h e r  

than the  s w e l l i n g  r a t e .  

The I n f l u e n c e  o f  bo th  t h e  a b s o l u t e  va lue  

F o r  t he  case o f  t he  Increased s e l f - d l f f u s l o n  energy, a h l g h e r  

e f f e c t l v e  vacancy s u p e r s a t u r a t l o n  Is obta ined under I r r a d l a t l o n  s ince  

t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  I s  reduced [see Equat lon (3.3)]. When 

the  s e l f - d f f f u s i o n  energy Is h e l d  cons tan t  and the vacancy m i g r a t i o n  

energy i s  reduced, the  h l g h e r  vacancy d i f f u s i o n  c o e f f i c i e n t  leads t o  a 

l o w e r  vacancy c o n c e n t r a t l o n  under irradiation. Bulk recombina t ion  i s  

t h e r e f o r e  reduced and a somewhat increased supersa tu ra t i on  i s  a l s o  
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F i g u r e  3.38. I n f l u e n c e  o f  t h e  s e l f - d i f f u s l o n  energy (EsD) and 
vacancy formatton energy ( E t )  on the  p r e d i c t e d  s w e l l i n g  ( a ) ,  network 
d i s l o c a t i o n  d e n s i t y  (b)  and maximum f a u l t e d  loop d e n s i t y  ( c ) .  
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ob ta ined  a t  t h e  h l g h e r  temperature where b u l k  recomblnat lon Is respon- 

s i b l e  f o r  a n n l h l l a t i n g  a s i g n i f i c a n t  f r a c t l o n  o f  t he  p o l n t  defects.  

These h l g h e r  s u p e r s a t u r a t l o n s  reduce t h e  c r l t l c a l  number o f  gas atoms 

r e q u l r e d  f o r  bubb le - to -vo ld  convers ion  [see Equat lon (3.8)]. The 

d l s l o c a t l o n  c l i m b  v e l o c l t y  Is a l s o  a f u n c t l o n  o f  t h e  s e l f - d i f f u s l o n  

c o e f f l c l e n t  [Equat ions (3.86) and (3.94)]. Therefore,  t h e  temperature 

dependence o f  t h e  p r e d l c t e d  s w e l l i n g  can be f u r t h e r  a l t e r e d  because o f  

t h e  coupled e v o l u t l o n  o f  t h e  c a v i t l e s  and d l s l o c a t l o n s .  Genera l l y  

t o f  t h e  reduced 

s l o c a t l o n  d e n s l t y  

s w e l l l n g  Is 

h l g h e r  d l s l o c a t l o n  d e n s l t l e s  a r e  p r e d l c t e d  as a resu  

supersa tu ra t l ons .  A t  low temperatures t h l s  h i g h e r  d 

h e l p s  t o  promote s w e l l l n g  w h l l e  a t  h l g h  temperatures 

reduced as d lscussed I n  S e c t i o n  3.3.2.2. 

The model Is, o f  course, q u i t e  s e n s i t l v e  t o  t h e  

T h l s  Is shown I n  dlslocatlon/lnterstltlal b l a s ,  Zy. 

ne two r k  

F I g u r e  3.39(a-c). 

Because t h e  d l s l o c a t l o n  c l  Imb v e l o c l  t y  Inc reases  w l  t h  Z: [Equat lon 

(3.94)], t he  network d i s l o c a t i o n  d e n s i t y  i s  reduced when t h e  b l a s  Is 

Increased. T h l s  l eads  t o  enhanced l o o p  f o r m a t l o n  whlch h e l p s  t o  m l n l -  

mlze t h e  r e d u c t l o n  I n  t h e  network. S w e l l l n g  i s  increased w l t h  a h l g h e r  

b i a s  as a r e s u l t  o f  b o t h  a reduced i n c u b a t i o n  t l m e  and an i nc reased  

s t e a d y - s t a t e  s w e l l i n g  r a t e .  The b l a s  e f f e c t  Is g r e a t e r  a t  t h e  h f g h e r  

temperatures where t h e  d l s l o c a t l o n s  become t h e  domlnant s l n k  I n  t h e  

system. The low s w e l l l n g  a t  h i g h  temperatures w i t h  a b i a s  o f  1.20 I s  

a r e s u l t  o f  an unrecovered d l s l o c a t l o n  network suppress ing t h e  vacancy 

supersa tu ra t i on .  

b j a s  can be complex. T h l s  i s  shown i n  F t g u r e  3.40(a) where t h e  

The e f f e c t  o f  t h e  network dislocatlon/lnterstltlal 
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. Fi u r e  3.39. I n f l u e n c e  o f  t h e  network dislocation/interstftlal 
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Figure 3.40. Influence o f  the network dislocatlon/lnterstltlal 
blas (2;) at 500°C on the effectlve vacancy supersaturation (a), 
network dtslocatlon densl ty (b), swell Ing (c), faulted loop densl ty (d), 
and swelling rate (e) at the indicated doses. 
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vacancy s u p e r s a t u r a t i o n  has been p l o t t e d  as a f u n c t i o n  o f  the  b l a s ;  

no te  t h a t  t h e  nominal va lue  used here  i s  1.25. The supersa tu ra t i on  

i n l t i a l l y  Inc reases  w i t h  b ias ,  and the  expected changes I n  the  m i c r o -  

s t r u c t u r a l  parameters and the  s t e a d y - s t a t e  s w e l l l n g  r a t e  a r e  observed 

[Figure 3.40(b-e)] .  The r a p i d  r e d u c t i o n  i n  the  s u p e r s a t u r a t i o n  f o r  

b lnses  g r e a t e r  than about 1.3 i s  due t o  the  convers ion  o f  a l a r g e  

number o f  matrlx bubbles t o  voids. Th is  n o v e r - n u c l e a t l o n *  (compared 

w l t h  t h e  base case) leads t c  a d d l t i o n a l  recovery  o f  t h e  d l s l o c a t l o n  

network and a reduced s w e l l i n g  ra te .  Wi thout  t h e  a d d i t i o n a l  

d l s l o c a t l o n  recovery  f o r  27 > 1.3, a somewhat g r e a t e r  s w e l l i n g  r a t e  

than t h a t  shown i n  F i g u r e  3.40(e) would have been observed. 

The model I s  l e s s  s e n s l t l v e  t o  the  Frank f a u l t e d  l o o p / l n t e r S t l t I a l  

b l a s  as shown i n  F i g u r e  3.41. 

(Z: - 1) by  a f a c t o r  o f  20% r e s u l t s  I n  a maxlmum change I n  the  peak 

f a u l t e d  l oop  d e n s i t y  o f  about 40%. The h i g h e r  l oop  b l a s  leads  t o  a 

reduced loop  d e n s i t y  and a h i g h e r  network d l s l o c a t l o n  d e n s i t y  because 

the  loops  grow and u n f a u l t  a t  a h i g h e r  ra te .  

t u r e s  t h e  l o w e r  l oop  b i a s  leads t o  enhanced s w e l l i n g  because o f  t he  

l o w e r  d f s l o c a t f o n  d e n s i t y ;  t h i s  r e s u l t  I s  s l m l l a r  t o  the  case f o r  an 

inc reased Zy d iscussed above. 

o p p o s l t e  dependence on Z 1  i s  observed; s w e l l l n g  i s  h i g h e r  f o r  t h e  

h i g h e r  l o o p  b las .  A t  550°C, network d i s l o c a t i o n s  a r e  the  dominant 

s i n k  and the  reduced network d i s l o c a t i o n  d e n s l t y  w i t h  Zt = 1.4 leads 

t o  a somewhat s h o r t e r  i n c u b a t i o n  t l m e  and an l n i t l a l l y  h i g h e r  s w e l l l n g  

r a t e .  A t  650°C, network d l s l o c a t l o n s  a r e  n o t  dominant once recovery  

Vary ing  the  s t r e n g t h  o f  t h i s  b l a s  

A t  i n t e r m e d i a t e  tempera- 

A t  lower  and h i g h e r  temperatures t h e  
a 
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has occurred and the  h i g h e r  d i s l o c a t i o n  d e n s i t y  w i t h  Z! - 1.6 leads t o  

a h lghe r  s w e l l i n g  r a t e .  Comparing t h e  p r e d i c t e d  t m p e r a t u r e  depcn- 

dence o f  s w e l l i n g  I n  F igu res  3.39(a) and 3.41(a) I l l u s t r a t e s  the  d l f -  

ferences between v a r y i n g  Z: wl t h  a cons tan t  network d i s l o c a t i o n  dens1 t y  

and v a r y i n g  the  d l s l o c a t l o n  d e n s i t y  w i t h  a cons tan t  Z:. The p r e d i c t e d  

network d l s l o c a t l o n  d e n s i t y  Is ve ry  s i m i l a r  f o r  the  case o f  Zy = 1.3 

i n  F Igure  3.39(b) and Z'; - 1.4 I n  F i g u r e  3.41(b); y e t  the  p r e d l c t e d  

s w e l l i n g  I s  q u i t e  d i f f e r e n t .  

The dependence o f  t he  model on t h e  cnscade e f f i c j e n c y  (q) I s  

The e f f e c t  o f  a 20% increase o f  s i m i l a r  t o  the  dependence on Zy. 

decrease i n  q Is shown i n  F i g u r e  3.42. T h l s  general  s l m l l a r l t y  I s  

p r e d i c t e d  by  r e l a t i o n s  such as Equat lon  (3.61) f o r  t he  case when d is -  

locations a r e  the  dominant s ink .  However, t h i s  s imple e q u a t i o n  neg lec ts  

the  i n f l u e n c e  of  Z;' and r l  on t h e  d l s l o c a t l o n  dens i t y .  

d i f f e r e n c e s  a r e  observed between F i g u r e s  3.39(a) and 3.42(a), even I n  

the  In te rmed la te  temperature range where the  network d i s l o c a t i o n s  a re  

dominant. A t  the  h l g h e s t  and lowes t  temperatures,  these d i f f e r e n c e s  

increase.  O v e r a l l ,  t he  p r e d i c t e d  dependence on Zy and Is t oo  

s l m l i a r  t o  p e r m i t  t he  model t o  be used t o  d l s c r l m i n a t e  between the  t w o  

parameters when f i t t i n g  exper imenta l  data.  

Therefore,  some 

The m a j o r  e f f e c t  o f  t he  su r face  f r e e  energy ( y )  I s  t o  I n f l u e n c e  

the  s w e l l i n g  i n c u b a t i o n  t i m e  as p r e d l c t e d  by  Equat ion (3.8). I n  a d d l -  

t i o n ,  a t  low temperatures the  su r face  f r e e  energy i n f l u e n c e s  the  I i f e -  

t i m e  of  t he  t r a n s i e n t  vacancy c l u s t e r s  by  d e t e r m i n i n g  the  r a t e  a t  

which they  e m i t  vacancles [Equat ion  (3.53)]. T h l s  a f f e c t s  t he  vacancy 



195 

Y E -  1336 1 

1 

350 400 450 500 550 603 650 700 

TEMPERATURE ("C) 

. I , ,  , 
I 

fO'8 
350 400 450 500 550 600 650 700 

TEMPERATURE ("C) 
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f a u l t e d  l oop  d e n s i t y  ( c ) .  
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s u p e r s a t u r a t i o n  which I n  t u r n  a l s o  a l t e r s  the c r l t l c a l  number o f  gas 

atoms needed f o r  b u b b l e - t o - v o i d  convers lon.  I n  o rde r  t o  separate t h e  

d l r e c t  su r face  energy e f f e c t  on the  c r l t l c a l  s l z e  f rom t h e  l n d l r e c t  

e f f e c t  o f  t h e  vacancy c l u s t e r s ,  the r e s u l t s  shown i n  F Igu re  3.43 were 

ob ta ined by v a r y i n g  the  su r face  energy o f  t he  c a v i t i e s  w h i l e  the  sur -  

face  energy o f  t he  vacancy c l u s t e r s  remalned a t  t he  nomlnal  value. 

A l though t h i s  use o f  two d l f f e r e n t  su r face  energ les  was f o r  t he  sake 

o f  convenience, I t  may be p h y s l c a l l y  r e a l l s t l c .  I f  t h e  su r face  f r e e  

energy Is reduced as a r e s u l t  of adsorbed gases o r  s o l u t e  segregat lon,  

t he  a p p r o p r l a t e  va lue  o f  t he  su r face  energy f o r  t he  t r a n s l e n t  vacancy 

c l u s t e r s  i s  l e s s  1:ke ly  t o  be a f fec ted .  Th ls  same argument suggests 

t h a t  the  a c t u a l  su r face  energy c o u l d  be t i m e  (dose)-dependent. Com- 

pared t o  F I g u r e  3.43(a), t he  use o f  a s l n g l e  sur face  energy r e s u l t s  I n  

Increased s w e l l l n g  below 500°C when y - 0.9y(T) and reduced s w e l l i n g  

be low 500°C when y - 0.7y(T).  A t  low temperatures,  t he  v a r l a t l o n s  I n  

vacancy s u p e r s a t u r a t i o n  (due t o  a l t e r e d  vacancy emlss lon f rom the  

vacancy c l u s t e r s )  have a g r e a t e r  e f f e c t  on the  c r l t l c a l  s i z e  than do 

the d i r e c t  v a r l a t l o n s  I n  t h e  su r face  energy. Because t h e  su r face  

energy a f f e c t s  p r i m a r i l y  t h e  I n c u b a t i o n  t lme I n  e l t h e r  case, t h e  

r e s u l t s  shown i n  F i g u r e  3.43(a) a t  50 dpa a r e  somewhat more s e n s i t l x e  

t o  Y than the  r e s u l t s  a t  I00 dpa. O f  course, the  convers lon  o f  a 

h i g h e r  d e n s i t y  o f  bubbles t o  vo ids  w i t h  the  lower  y can l e a d  t o  a 

reduced s t e a d y - s t a t e  s w e l l i n g  r a t e .  A l though the  su r face  f r e e  energy 

can have no d i r e c t  e f f e c t  on d l s l o c a t l o n s ,  the  f a c t  t h a t  t he  e v o l u t l o n  
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I I I I I I 

o f  the  v a r i o u s  s i n k s  i s  coupled leads t o  an i n d i r e c t  e f f e c t .  The 

changes I n  the  c a v i t y  e v o l u t i o n  a r e  r e f l e c t e d  i n  s l i g h t l y  a l t e r e d  

va lues  f o r  t h e  d i s l o c a t i o n  parameters as shown i n  F i g u r e  3.43(b) and 

(c) .  The g r e a t e s t  e f f e c t  i s  on the  network d i s l o c a t l o n  d e n s i t y  between 

450 and 550°C. 

The f a c t  t h a t  b u l k  recombina t ion  i s  n o t  Impor tan t  a t  low t o  I n t e r -  

med ia te  temperatures has a l r e a d y  been discussed. Thfs  i s  daqons t ra ted  

I n  F i g u r e  3.44. Here the  recombina t ion  c o e f f i c l e n t  (a) has been 

v a r i e d  by a f a c t o r  o f  4 f rom the  nominal value. Below 550°C. no 

i n f l u e n c e  on t h e  p r e d i c t e d  s w e l l i n g  Is observed I n  F i g u r e  3.44(a). 

Above 550°C. t h e  e f f e c t  i nc reases  so t h a t  a t  700°C the p r e d i c t e d  

s w e l l i n g  w i t h  the  lowest  va lue  of  a is  more than doub le  t h a t  o f  the  

TEMPERATURE PC) T E M P E R A T U R E  ("C) 

F i g u r e  3.44. I n f l u e n c e  o f  t h e  recombina t ion  c o e f f i c i e n t  (a) on 
t h e  p r e d l c t e d  s w e l l i n g  (a)  and network d i s l o c a t i o n  d e n s i t y  (b). 
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base case. The network d l s l o c a t l o n  d e n s i t y  shows even l e s s  i n f l u e n c e  

o f  the  recombinat ion c o e f f i c i e n t  - l e s s  than a f a c t o r  o f  2 a t  700°C 

and no e f f e c t  below 6 5 O O C .  The f a u l t e d  loop d e n s i t y  i s  n o t  shown I n  

F i g u r e  3.44 because t h e r e  was e s s e n t l a l l y  no change i n  t h i s  parameter 

w i th  a. These r e s u l t s  l n d l c a t e  t h a t  p rev ious  model ing work which has 

f r e q u e n t l y  neg lec ted  b u l k  recombina t lon  d i d  n o t  I n c u r  any S i g n i f f c a n t  

e r r o r  as a r e s u l t ,  a t  l e a s t  f o r  temperatures up t o  about  600OC. 

The i n f l u e n c e  of  t h e  t r a n s l e n t  vacancy c l u s t e r s  (microvoids)  a t  

low temperatures i s  i l l u s t r a t e d  i n  F i g u r e  3.45. 

t h e  e f f e c t l v e  vacancy s u p e r s a t u r a t i o n  by a c t i n g  as a n e u t r a l  recomblna- 

t i o n  s l t e .  The f r a c t i o n  o f  t h e  cascade-produced vacancles whlch s u r v l v e  

These c l u s t e r s  reduce 

ORNL-DWG 86-10066 

TEMPERATURE ("C) 

F igu re  3.45. I n f l u e n c e  o f  t he  f r a c t i o n  o f  s u r v i v i n g  cascade- 
produced vacancies which c o l l a p s e  t o  f o r m  t r a n s i e n t  vacancy c l u s t e r s  

on the p r e d i c t e d  swe l l i ng .  ( f v c l )  
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i n t r a c a s c a d e  annea l i ng  and c o l l a p s e  t o  fo rm m i c r o v o i d s  (fvcl) d e t e r -  

mines t h e  degree t o  which t h e  e f f e c t i v e  vacancy s u p e r s a t u r a t i o n  i s  

reduced. The e f f e c t  i s  p r i m a r i l y  on t h e  i n c u b a t i o n  t i m e  f o r  bubble-  

t n - v o i d  convers ion  and i s  s i g n i f i c a n t  o n l y  a t  temperatures l e s s  than  

ahorit  500°C;. A t  h i g h e r  temperatures,  vacancy emiss ion  l i m i t s  t h e  

m i c r o v o i d  l i f e t i m e .  Because of  t h e  steepness o f  t h e  s w e l l i n g  cu rve  

between 400 and 500°C i n  F i g u r e  3.45, t h e  apparent  e f f e c t  i s  somewhat 

min imized.  A t  450°C, t h e  d i f f e r e n c e  between t h e  h i g h e s t  and lowes t  

s w e l l i n g  a t  100 doa i s  about 7%, o r  20% o f  t h e  a b s o l u t e  s w e l l i n g  

v a l u e  which i s  p r e d i c t e d  w i t h  t h e  base case parameters. 

The subgra in  s i z e  has a s i g n i f i c a n t  i n f l u e n c e  on t h e  p r e d i c t e d  

m i c r o  s t r u  c t 11 r a  1 evo 1 u t i  on, p a r t  i cu 1 a r 1 y a t  t h e  h i g h e r tempera t u r e s  . 
T h i s  e f f e c t  i s  shown i n  F i g u r e  3.461a-c) f o r  b o t h  20% cold-worked and 

so lu t i on -annea led  m a t e r i a l .  The subgra in  d iamete r  was inc reased  f rom 

t h e  nominal temoerati i re-dependent va lue  g i v e n  i n  Table 3.5 t o  a con- 

s t a n t ,  l a r g e r  va lue  o f  lo-'' m i n  o r d e r  t o  o b t a i n  t h e  comparison shown 

i n  F i g u r e  3,46. For  t h e  nominal va lues o f  t h e  subgra in  d iameter ,  and 

deoending uaon t h e  temperature.  o n l y  about  2 t o  15% o f  t h e  t o t a l  num- 

b e r  o f  p o i n t  d e f e c t s  a r e  absorbed i n  t h e  subgra in  s t r u c t u r e .  A l though  

t h i s  i s  a smal l  f r a c t i o n ,  t h e  amount i s  s i g n i f i c a n t  because t h e  p r e s -  

ence of t .h is n e u t r a l  s i n k  p e r m i t s  t h e  more e f f i c i e n t  p a r t i t i o n i n g  o f  

vacancies and i n t e r s t i t i a l s  t o  d i f f e r e n t  s i n k s  a t  low doses when t h e  

C a v i t y  s i n k  s t r e n g t h  i s  low. S p e c i f i c a l l y ,  i n  t h e  absence o f  t h i s  

n e u t r a l  s i n k ,  t h e  network d i s l o c a t i o n  d e n s i t y  remains f a i r l y  h i g h  o u t  

t o  >50 dpa s i n c e  t h e  a b s o r p t i o n  o f  n e a r l y  equal numbers o f  vacancies 
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Figure 3.46. Influence o f  the subgrain diameter (d ) on the pre- 
dicted microstructure for 20% cold-worked (a,b) and solu?lon-annealed 
(c,d) material. 
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and l n t e r s t l t l a l s  by network d l s l o c a t l o n s  r e s u l t s  In l l t t l e  ne t  c l l m b  

and t h e r e f o r e  l i t t l e  d l s l o c a t l o n  a f l n i h l l a t l o n  In t he  p resen t  model. 

Th i s  suppresses t h e  vacancy s u p e r s a t u r a t l o n  and leads t o  extended 

Incuba t lon  t lmes above 4 5 0 O C .  Below 450°C, the behav lo r  Is more com- 

p lex.  As d lscussed above, t h e  h l g h e r  d l s l o c a t l o n  d e n s l t y  can l e a d  t o  

h l g h e r  e f f e c t l v e  vacancy s u p e r s a t u r a t l o n s  a t  low temperatures.  

tends t o  reduce the  s w e l l i n g  I n c u b a t l o n  t l m e .  In a d d l t l o n ,  a t  l o w  

temperatures the  c r i t i c a l  number o f  gas atoms for b u b b l e - t o - m i d  con- 

version Is smal l  (see Table 3.4). Th i s  makes the  s w e l l l n g  l n c u b a t l o n  

t lme more s e n s l t l v e  t o  changes I n  t h e  s lnk  s t r u c t u r e  a t  these tem- 

p e r a t u r e s  because o f  t h e  p a r t l t l o n l n g  o f  h e l l w  t o  the  v a r l o u s  s lnks .  

Th ts  can change the  b u b b l e - t o - v o l d  convers lon dose f o r  a g l v e n  s l z e  

c l a s s  as w e l l  as the  number o f  s f z e  c lasses  t h a t  conve r t  t o  vo ids.  

The s w e l l l n g  r a t e  a t  h l g h  doses Is a l s o  a f f e c t e d  s lnce  b o t h  t h e  d l s -  

l o c a t l o n  d e n s i t y  and the  v o l d  d e n s l t y  a r e  a l t e r e d .  

the  subgra in  s t r u c t u r e  i s  s i m l l a r  t o  t h a t  observed i n  f a s t - n e u t r o n -  

i r r a d i a t e d  alumlnum and r e p o r t e d  r e c e n t l y  by Horsewel l  and Slnghaol 

and van Wltzenburg and Hastenbroek.'Og The I n f l u e n c e  o f  t h e  subgra in  

s t r u c t u r e  on the  peak f a u l t e d  l oop  d e n s l t y  Is l e s s  severe. The h l g h e r  

network d l s l o c a t l o n  d e n s i t y  s l l g h t l y  suppresses l oop  f o r m a t i o n  I n  t h e  

20% cold-worked m a t e r l a l  and In t h e  so lu t lon-annea led  m a t e r i a l  a t  l o w  

and h l g h  temperatures.  A t  I n t e r m e d i a t e  temperatures i n  s o l u t l o n -  

annealed m a t e r i a l ,  the  peak l oop  d e n s l t y  Is somewhat h lghe r .  T h l s  i s  

due t o  the  f a c t  t h a t  the  loops grow more s l o w l y  ( f o r  t he  same reason 

t h a t  the  network d i s l o c a t i o n s  c l i m b  more s l o w l y )  and b u i l d  i n  the  

T h l s  

T h l s  I n f l u e n c e  o f  



203 

d i s l o c a t i o n  network a t  a s lower  ra te .  So lu t ion-annea led  m a t e r i a l  

t y p i c a l l y  has a f a i r l y  l a r g e  g r a i n  s i ze ;  t he re fo re ,  t h e  sma l le r  sub- 

g r a i n  s i z e s  g i v e n  i n  Tab le  3.5 would be i n a p p r o p r i a t e  f o r  t h i s  m a t e r i a l .  

The f a c t  t h a t  t h e  model may n o t  adequate ly  represent  so lu t ion-annea led  

m a t e r i a l  has a l r e a d y  been d iscussed and these r e s u l t s  a r e  shown he re  

o n l y  f o r  purposes o f  comparison. 

The c a l c u l a t i o n  o f  t h e  m u l t i p l e  s i n k  c o r r e c t i o n  terms t o  t he  

p o i n t  d e f e c t  s i n k  s t r e n g t h s  o f  t h e  c a v i t i e s  and t h e  subgra in  s t r u c t u r e  

was d iscussed i n  S e c t i o n  3.3.1.3. 

t i o n  f a c t o r s  i n f l u e n c e  t h e  r e s u l t s  i s  shown i n  t h e  n e x t  f o u r  f i g u r e s .  

None of t h e  c o r r e c t i o n  terms examined j~ these f i g u r e s  showed any 

s i g n i f i c a n t  i n f l u e n c e  on t h e  peak f a u l t e d  l o o p  dei lsi tq’.  %G cn ly  t h e  

s w e l l i n g  and network d i s l o c a t i o n  r e s u l t s  a r e  inc luded.  I n  o r d e r  t o  

show t h e  s e n s i t i v i t y  o f  t h e  model t o  t h e  a l t e r n a t e  express ions f o r  t h e  

c a v i t y  and subgra in  s i n k  s t reng ths ,  no a t tempt  was made t o  r e c a l i b r a t e  

t h e  model when the  v a r i o u s  express ions  w e r e  used. Because solrle rem;:- 

The degree t o  which t h e s e  c c r r e c -  

b r a t i o n  c o u l d  c e r t a i n l y  p e r m i t  t h e  r e s u l t s  t o  more c l o s e l y  t r a c k  t h e  

base case p r e d i c t i o n s ,  these r e s u l t s  should n o t  be used i n  a s imple 

way t o  judge how a p p r o p r i a t e  i s  any one f o r m u l a t i o n  o f  t h e  s i n k  

s t reng ths .  

I n  F i g u r e  3.47, t h e  e f f e c t  o f  n e g l e c t i n g  the  rnul t ’ ip le  s i n k  

s t r e n g t h  c o r r e c t i o n  te rm t o  t h e  c a v i t y  s ? n k  i s  shown [see  Equat ion  

(3.46)]. T h i s  r e s u l t s  i n  a reduced c a v i t y  s i n k  s t r e n g t h  a t  any g t v e n  

s w e l l i n g  and shou ld  y i e l d  a lower  s w e l l i n g  r a t e .  L i t t l e  change 1 5  seer: 

i n  t h e  bubb le - to -vo id  convers ion  t i m e  because f o r  small a v i t i e s  t h e  
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F i g u r e  3.47. E f f e c t  o f  n e g l e c t i n g  the  m u l t i p l e  s tnk  c o r r e c t t o n  
t o  the  c a v i t y  s i n k  s t r e n g t h  on the  p r e d i c t e d  s w e l l i n g  (a )  and network 
d i s l o c a t l o n  d e n s i t y  (b) .  

c o r r e c t i o n  te rm approaches 1.0. The l a r g e  changes shown i n  the p re -  

d i c t e d  s w e l l i n g  a t  100 dpa a r e  due t o  the same p o i n t  d e f e c t  p a r t f t l o n -  

i n g  e f f e c t s  which have been d iscussed p r e v i o u s l y .  A l though the neg lec t  

o f  the  c o r r e c t i o n  t e r m  would lead t o  a reduced s w e l l i n g  r a t e  f o r  a 

g i v e n  m l c r o s t r u c t u r e ,  the  d t s l o c a t i o n  d e n s i t y  i s  a l t e r e d  by  the reduc- 

t i o n  o f  t he  c a v i t y  s i n k  s t reng th .  The s w e l l i n g  can then be e i t h e r  

inc reased o r  decreased, depending on the temperature and the  s l q n  o f  

the change I n  the d i s l o c a t i o n  d e n s i t y .  

I n c l u d i n g  the  e f f e c t i v e l y  b l a s e d  c a v i t y  s ink  s t r e n g t h  c o r r e c t i o n  

t e r m s  y i e l d s  the  r e s u l t s  shown I n  F i g u r e  3.48. H e r e  the c o r r e c t i o n  

t e r m s  r e f l e c t  the f a c t  t h a t  the t o t a l  system s ink  s t r e n g t h  f o r  i n t e r -  

s t i t i a l s  i s  g r e a t e r  than t h a t  f o r  vacancies.  Two analogous equat ions  
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F l g u r e  3.48. E f f e c t  o f  i n c l u d i n g  t h e  b iased  m u l t f p l e  slnk co r -  
r e c t l o n s  t o  t h e  c a v j t y  s i n k  s t r e n g t h  on the  p r e d i c t e d  swe' l l lng (a )  
and the  network d i s l o c a t i o n  d e n s i t y  (b ) .  

r e p l a c e  Equa t lon  (3.46) and S: > S:. Once again,  t h e  c o r r e c t i o n  t e r n s  

approach 1.0 for smal l  c a v i t i e s  and l i t t l e  change f n  t h e  i n c u b a t i o n  

t i m e  i s  observed. 

r e s u l t  o f  t h e  h l g h e r  c a v l t y  s l n k  s t r e n g t h  f o r  i n t e r s t i t l a l s .  

e f f e c t  i s  s m a l l e s t  a t  low temperatures where t h e  h i g h  v o i d  d e n s i t y  

y i e l d s  s m a l l e r  r a d i i  f o r  a g i v e n  l e v e l  o f  s w e l l i n g .  T h i s  reduces the 

degree t o  whlch t h e  p r e d i c t e d  s w e l l l n g  Is dependent on t h e  

temperature.  

i s  due t o  the  h i g h e r  b i a s  o f  t h e  network and f a u l t e d  loop d 5 f O C d -  

The s t e a d y - s t a t e  s w e l l i n g  r a t e  i s  reduced as a 

The 

r r a d i a t l m  
c f 

sv The f a c t  t h a t  c a v i t y  growth s t i l l  occurs when Si 

tiOnS. 

m o d i f i e d  c a v i t y  s i n k  s t r e n g t h .  Somewhat h i g h e r  network d!slocat?on 

The network d i s l o c a t i o n  d e n s i t y  I s  once aga in  a l t e r e d  by the  

d e n s i t i e s  a r e  a s s o c i a t e d  w i t h  the lower swe l l i f i g  l e v e l s .  
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The s i n k  s t r e n g t h  o f  the  subgra in  s t r u c t u r e  Is i n h e r e n t l y  a func- 

t i o n  o f  t he  o t h e r  s i n k s  i n  the  system [See Equat ion  (3.48)]. When t h f s  

s ink  s t r e n g t h  i s  c o r r e c t e d  t o  r e f l e c t  the  s y s t m  b i a s ,  the  r e s u l t s  

shown I n  F i g u r e  3.49 a r e  obta ined.  The importance o f  the  subgraln 

s t r u c t u r e  a t  h l g h  temperatures was dlscussed above and was shown i n  

F igu re  3.46. 

s t r u c t u r e  Is a n e u t r a l  s lnk ,  I t  p e r m i t s  p o i n t  d e f e c t  p a r t l t l o n f n g  t o  

d r i v e  d i s l o c a t i o n  recovery.  Thfs  inc reases  the  vacancy supersatura- 

t i o n ,  thereby  decreas ing the c r i t l c a l  number o f  gas atoms s u f f i c i e n t l y  

t o  p e r m i t  b u b b l e - t o - v o i d  convers ion.  When t h e  subgra ln  s t r u c t u r e  i s  

no l onger  n e u t r a l ,  d i s l o c a t i o n  recovery  and v o i d  s w e l l i n g  a re  delayed. 

The c o u p l l n g  o f  the  c a v l t y  and d i s l o c a t i o n  e v o l u t l o n  leads t o  a c e r -  

t a i n  degree o f  synergism s lnce  the  c o n d l t l o n s  t h a t  y l e l d  the  l o w e r  

A s i m i l a r  i n f l u e n c e  i s  seen here. When the  subgra ln 

YE- 13373 

4 0'6 I I 
4OOdpa 

40'2 - 
350 400 500 600 700 

TEMPERATURE ("C) 

F i g u r e  3.49. E f f e c t  of  i n c l u d i n g  the  b i a s e d  subgra ln  s ink  
s t r e n g t h s  on the p r e d i c t e d  s w e l l i n g  ( a )  and the  network d l s l o c a t l o n  
d e n s i t y  ( b ) .  
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supersaturations also lead 

the time a t  which the bubb 

strength. 

to slower bubble growth and therefore 

es would provide a significant neutra 

de 1 ay 

sink 

Finally, in Figure 3.50 the results are shown which were obtalned 

with both the cavity and the subgraln sink strengths reflectlng the 

system bias. 

shown i n  Figures 3.48 and 3.49. The strongest effect is once again 

observed at high temperatures where the lack o f  sufficient dislocation 

recovery has suppressed swelling out to 100 dpa. The fact that these 

results should not be used as a basis for determining the relative 

validity o f  the various expressions for the cavity o r  subgrein sink 

strengths has already been mentloned. The p o i n t  which Is significant 

The predicted swelling generally lies between the Values 
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YE-13372  
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Figure 3.50. Effect of including both the biased subgrain sink 
strength and the blased multiple sfnk correctton to the cavity slnk 
strength on the predicted swelling (a) and network dislocatlon density 
( b )  



i s  that whlch is independent o f  the detalls of the slnk strengths - 
namely, that the tendency of  a materlal to exhlblt vold swelllng :s 

largely determined by the balance of the  mdcrostructural slnks and 

polnt defect partitioning. 

3.3.2,5 Extrapolation of Comprehensive Model t o  Fusfon Heldpa Ratio 

A simple extrapolation o f  the cavity evolutlon model discussed 

In Section 3.3.1.5 Indicated a complex dependence of swelllng on the 

He/dpa ratlo and the cavity density. 

carrled out using the comprehensive model and the results are shown in 

Flgures 3.51 and 3.52. Here the model has been used to predict 

swelllng at conditions which would be characteristlc o f  an austenltlc 

stalnless steel, DT fusion reactor first wall (1.e.. lo-' dpa/sec and 

10 appm Hebdpa). The Influence o f  the cavity density was explored by 

agaln assumlng the simple power law dependence o f  the cavity density 

oli the He/dpa r a t l o  [Equation (3.64)]. 

A similar extrapolatlon was 

The predlcted swelling, network dlslocatlon density and maximum 

faulted loop denslty are shown In Figure 3.51 for a value of  p = 0.5. 

The general trends Include a reduced Incubation time at a l l  temperatures 

and enhanced swelllng at high doses for both low and hlgh temperatures. 

At intenedlate temperatures, the predicted swelling f o r  fusion Is 

reduced at hlgh doses. Related changes are observed in the predicted 

values of the dfslocatlon parameters. 

to a greater neutral slnk strength. T h l s  enhances dislocat?on recov- 

ery so that the p r e d f c t e d  d f s l o c a t i o n  d e n s l t y  a t  100 dpa is lower o u t  

The hlgher cavity density leads 
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Figure 3.51. Model predlctions of void swelling (a), network 
dislocation density (b)  and peak faulted loop denslty (c) for fusion 
conditions w i t h  p - 0.5. Base case i s  from fast-reactor callbration. 
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F i g u r e  3.52. E f f e c t  o f  c a v i t y  d e n s i t y  on p r e d l c t e d  s w e l l t n g  f o r  
f u s i o n  c o n d i t i o n s  a t  50 (a )  and 100 dpa (b ) .  

t o  about  6 5 O O C .  

network d t s i o c a t i o n  d e n s l t y  i n  t h e  r e p o r t e d  va lues f o r  oce  heat  o f  

A I S 1  type 316 s t a i n l e s s  s t e e l  (DO h e a t )  which has been i r r a d i a t e d  i n  

r e a c t o r s  which generate b o t h  low (EBR-11) and h f g h  (HFIR) l e v e l s  O f  

There i s  5 m e  s u p p o r t  f o r  t h i s  p r e d t c t l o n  of a lowet 

he l lurn . '*  The e x p l i c i t  temperature dependence o f  t h e  p r e d l c t e d  

s w e l l i n g  on the  c a v i t y  d e n s i t y  i s  shown i n  F l g u r e  3.52. The d e t a f l s  

o f  t h e  p r e d i c t e d  s w e l l i n g  a r e  complex and no doubt model dependent, 

b u t  t h e  major t r ends  observed i n  F l g u r e  3.51 a r e  rnaintalned. 

T w o  prominent f e a t u r e s  o f  t he  p r e d i c t f o n s  i n  F i g u r e s  3.5i and 

3.52 a r e  a reduced i n c u b a t i o n  a t  a l l  temperatures and enhanced low 

temperature s w e l l i n g .  S l m l l a r  p r e d i c t i o n s  were made w i t h  t h e  c a v l t y  



evolutfon model. The potentla1 sfgnlflcance of these predictions lies 

f n  the fact that only a very lirnlted amount o f  dlmenslonal Instability 

can be accomnodated In typlcal dlrsfon reactor desfgns;*r2s* therefore, 

the Incubation time I s  a paranieter of more englneerlng signlflcance 

than the peak swelling rate. Further, recent conceptual reactor 

deslgns have tended to move toward lower operating temperatures where 

fast-reactor-Irradiation data have indicated relatively little 

swelllng.'~1a2~2a*~aoa 

fusion He/dpa ratio may prove unwarranted. 

These expectatfons of low swelllng at the DT 

3.4 s u m r y  

The theoretical work presented In this chapter ha5 emphaslzed the 

major role o f  microstructural sink balances and point defect partttion- 

ing in determining the path o f  microstructural evolution and void 

swelling. 

tural parameters which reflect thelr temperature and dose dependence. 

The neglect o f  the temperature dependence has been shown to lead to 

Thls indicates the need to use values for the mlcrostruc- 

partlcularly misleading results slnce dlfferent sinks are dominant In 

dlfferent temperature regimes. The influence of even a relatively 

minor, neutral slnk such as the subgrain structure has been shown to 

be Important under certain condltlons. 

number of vacancies that survlve intracascade annealing ( i  G 
100 dpa which have been absorbed at the various s i n k s  are shown in 

Figure 3.53. The curve labeled "cavities" i n  Figure 3.53 Includes 

both bubbles and voids. 

The fractlons of the total 

) at dPa 

An analogous plot at the dose o f  the flrst 
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Figure 3.53. Fraction of total vacancies lost to various point 
defect sinks at 100 dpa, 20% cold-worked material. 

bubble-to-void conversion would yield 51% vacancy absorption at the 

cavities with the network dislocation fraction proportionally higher. 

A plot of the fractional interstitial absorption would be similar to 

Figure 3.53. 

absorption at 650°C and 100 dpa is detailed in Table 3.10. 

ison o f  the cumulative (to 100 dpa) and instantaneous (at -100 dpa) 

fractions gives an indication o f  how the sinks have evolved in time. 

The effect o f  the dislocation/interstitial bias is seen in that the 

The relative fraction of net vacancy and interstitial 

A compar- 
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Tab le  3.10. Net p o i n t  d e f e c t  a b s o r p t i o n  
f r a c t i o n s  a t  653'1: and 100 dpa 

F r a c t i o n a l  Absorp t ion ,  % 

Vacancies I n t e r s t i t i a l  s 

P o i n t  De fec t  S ink  Cumula t ive  I n s t a n t a -  Cumulat ive I n s t a n t a -  
neous neous 

~~~~~ 

Bu l k  recombina t ion  14.51 23.04 14.51 23.04 
Vacancy c l u s t e r s  0.42 0.64 0.42 0.64 
Bubbles 3.96 6.05 3.96 6.05 
Voids 21.52 57.35 20.71 56.19 
Subgra ins 6.77 6.90 5.38 6.71 
D i s l o c a t i o n  network 52.84 6.06 54.42 7.37 

v o i d s  and subgra ins  absorb a n e t  excess o f  vacancies w h i l e  t h e  d i s -  

l o c a t i o n  network absorbs m o r e  i n t e r s t i t i a l s .  Tab le  3.10 r e f l e c t s  t h e  

f a c t  t h a t  a t  any i n s t a n t  i n  t ime,  s t a b l e  bubbles absorb equal  numbers 

o f  vacancies and i n t e r s t i t i a l s .  T h i s  v e r i - f i e s  t h e  need f o r  a gas 

i n f l u x  t o  d r i v e  bubb le  growth. The inc rease  i n  bubb le  volume i s  so 

smal l  t h a t  t h e  cumu la t i ve  n e t  vacancy a b s o r p t i o n  i s  n o t  seen i n  t h e  

f i r s t  t h r e e  s i g n i f i c a n t  f i g u r e s  i n  Tab le  3.10. Bu lk  recombina t ion  

consumes equal  numbers o f  b o t h  d e f e c t  types,  and t h e  t r a n s i e n t  vacancy 

c l u s t e r s  a r e  a l s o  shown t o  be a recomb n a t i o n  s i t e .  

The impor tance o f  m ino r  s i n k s  and smal l  changes i n  t h e  p o i n t  

d e f e c t  p a r t i t i o n i n g  behav io r  can be PO n t e d  o u t  by  n o t i n g  how smal l  a 

f r a c t i o n  o f  t h e  t o t a l  d e f e c t s  produced f i n a l l y  s u r v i v e  and c o n t r i b u t e  

t o  v o i d  swe l l i ng .  

Tab le  3.10 represents  t h e  n e t  s u r v i v a l  o f  o n l y  0.29% o f  t h e  i n i t i a l - l y  

The p r e d i c t e d  swe l l ing .  f o r  t h e  case summarized i n  

produced vacancies (100 vacancies/atom).  Whi le  10.53 vacancies/atom 
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were i n i t i a l l y  absorbed a t  vo ids,  65.53% were l o s t  t o  re -emiss ion  and 

31.75% were recombined due t o  i n t e r s t i t i a l  abso rp t i on .  A t  l o w e r  tem- 

p e r a t u r e s  t h e  r e l a t i v e  f r a c t i o n s  o f  void-absorbed vacancies which a r e  

r e - e m i t t e d  and recombined a r e  reversed,  b u t  o n l y  a s i m i l a r l y  smal l  

f r a c t i o n  of  t h e  t o t a l  su rv i ve .  Fo r  example, a t  450°C and 100 dpa, 

98.23% o f  t h e  11.04 vacancies/atom t h a t  a r e  absorbed a t  v o i d s  a r e  t h e n  

l o s t  t o  recombinat ion,  w h i l e  o n l y  0.26% a r e  l o s t  t o  emission. The 

s e n s i t i v i t y  o f  t h e  p r e d i c t e d  s w e l l i n g  t o  a number o f  i r r a d i a t i o n ,  

m a t e r i a l  and m i c r o s t r u c t u r a l  parameters has been shown t o  be due t o  

t h e  way these parameters a l t e r  t h e  system s i n k  balance. The s i n k  

ba lance i n  t u r n  determines t h e  n e t  number o f  vacancies t h a t  s u r v i v e  

and cause s w e l l i n g .  Because such a smal l  f r a c t i o n  o f  t h e  t o t a l  gener-  

a t e d  s u r v i v e ,  smal l  changes i n  t h e  a b s o l u t e  number o f  vacancies which 

s u r v i v e  can g i v e  r i s e  t o  l a r g e  changes i n  t h e  p r e d i c t e d  s w e l l i n g .  

The i m p o r t a n t  r o l e  o f  t ransmutant  h e l i u m  i n  p romot ing  v o i d  f o r -  

m a t i o n  has been demonstrated b y  comparing t h e  c h a r a c t e r i s t i c  t imes  f o r  

v o i d  f o r m a t i o n  f r o m  two a l t e r n a t e  n u c l e a t i o n  paths.  The f i r s t  p a t h  

was c l a s s i c a l  n u c l e a t i o n  due t o  s t o c h a s t i c  f l u c t u a t i o n s  i n  t h e  vacancy 

c l u s t e r  p o p u l a t i o n ,  and t h e  second was bubble growth d r i v e n  b y  h e l i u m  

accumulat ion.  

f i e d  procedure and t h e  necessary a n a l y t i c a l  s o l u t i o n s  t o  p e r m i t  t h e  c a l -  

c u l a t i o n  o f  t h e  bubble parameters w h i l e  u s i n g  a hard-sphere e q u a t i o n  o f  

s t a t e  f o r  t h e  hel ium. Wi th m a t e r i a l  parameters t y p i c a l  o f  a u s t e n i t i c  

s t a i n l e s s  s t e e l s ,  t h e  r o l e  o f  f l u c t u a t i o n s  was shown t o  be s i g n i f i c a n t  

P a r t  o f  t h i s  work i n c l u d e d  t h e  development o f  a s i m p l i -  
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o n l y  when t h e  bubbles w e r e  near t h e  c r l t l c a l  s l z e  f o r  bubb le - to -vo ld  

conversion. 

t h e r e f o r e  Inc luded  o n l y  t h e  he l l um accumulat lon path. 

The model o f  Cavity e v o l u t l o n  developed and used here  has 

The development and use of  two models o f  m l c r o s t r u c t u r a t  evo lu -  

t i o n  under f a s t - n e u t r o n  I r r a d l a t l o n  have been descr lbed. A computer 

code t h a t  I n c o r p o r a t e s  these two models Is l l s t e d  I n  Appendix A. The 

models share a comnon founda t lon  I n  t h e  chemlcal r a t e - t h e o r y  d e s c r l p -  

t l o n  o f  t h e  r e l e v a n t  p h y s l c a l  processes. S l m l l a r  t rea tments  o f  he l l um 

p a r t f t l o n l n g  and t h e  e f f e c t s  o f  c a v l t y - p r e c l p l t a t e  a s s o c i a t i o n  a r e  

Inc luded  I n  b o t h  models. The I n l t i a l  model developed focused on 

c a v l t y  e v o l u t i o n .  Other  components o f  t he  m i c r o s t r u c t u r e  were t r e a t e d  

I n  a p a r a m e t r l c  and t lme-Independent fash lon .  

f f c a t i o n ,  t h e  model was a b l e  t o  p r e d l c t  t h e  observed s w e l l i n g  behav lo r  

o f  f a s t - r e a c t o r - i r r a d l a t e d  20% cold-worked type 316 s t a l n l e s s  s t e e l .  

T h l s  match lng  o f  d a t a  and theo ry  was ob ta lned  w h l l e  u s l n g  reasonable 

model parameters. The c a l i b r a t e d  model was then used t o  e x p l o r e  the  

I n f l u e n c e  o f  t h e  He/dpa r a t l o  on v o i d  s w e l l l n g  and a s u r p r f s l n g  r e s u l t  

was obtalned. The model p r e d i c t e d  a peak I n  t h e  s w e l l i n g  versus He/dpa 

r a t i o  curve  near t h e  DT f u s i o n  r e l e v a n t  va lue  o f  10 appm He/dpa. 

Recent r e s u l t s  from an exper iment  i n  w h i c h  t he  neu t ron  spectrum was 

m s d l f l e d  t o  y l e l d  t h l s  He/dpa r a t l o  I n  a f l s s l o n  r e a c t o r  appear t o  

c o n f i r m  t h i s  prediction.**‘ S l i g h t l y  o v e r  1% s w e l l l n g  was measured i n  

a 25% cold-worked, t i t a n i u m - m o d i f l e d  type 316 s t a l n l e s s  s t e e l  a t  500°C 

and o n l y  12 dpa. 

In spite o f  t h l s  s!mpl!- 

Such a l e v e l  o f  swelling i n  t h i s  m a t e r i a l  would n o t  



f a u  

t h e  

i nc 

e x p l i c i t  dose-dependence o f  t h e  d l s l o c a t i o n  network 

t e d  d i s l o c a t i o n  loops.  A model which d e s c r i b e d  

d i s l o c a t i o n  network under thermal a n n e a l l n g  was 

uded. Data f rom f a s t - r e a c t o r  i r r a d i a t i o n  exper  
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be observed i n  a f a s t  f l s s l o n  r e a c t o r  (-0.3 t o  1.0 appm He/dpa) u n t l l  

g r e a t e r  t h a n  75 dpa ( r e f .  153). 

T h i s  c a v i t y  e v o l u t i o n  model was then i n c o r p o r a t e d  i n t o  a more 

complex m i c r o s t r u c t u r a l  model. The comprehensive model i n c l u d e d  t h e  

and o f  Frank 

t h e  e v o l u t i o n  o f  

a l s o  developed and 

ments were once 

a g a i n  used t o  c a l i b r a t e  and determine t h e  v a l i d l t y  o f  t h e  m l c r o s t r u c -  

t u r a l  models. The comprehensive model was a b l e  t o  s imu l taneous ly  p r e -  

d l c t  va lues  f o r  s w e l l i n g ,  network d i s l o c a t i o n  d e n s l t y  and f a u l t e d  l o o p  

d e n s i t y  wh ich  were i n  s u b s t a n t i a l  agreement w i t h  t h e  data.  The 

r e q u i r e d  model parameters were shown t o  be I n  agreement w l t h  measured 

va lues  where such measurements a r e  a v a i l a b l e  o r  t o  be c o n s i s t e n t  w i t h  

t h e  expected range o f  va lues f o r  those parameters which have n o t  been 

d ! r e c t l y  measured. The comprehensive model has e x h i b i t e d  new o r  

a l t e r e d  s e n s i t l v i t y  t o  c e r t a i n  model parameters when compared w i t h  

t h e  c a v i t y  e v o l u t i o n  model. T h i s  l e d  t o  some parameter changes (e.g., 

E T )  i n  o r d e r  f o r  t h e  two models t o  p r e d i c t  s i m i l a r  s w e l l i n g  w h i l e  p e r -  

m i t t i n g  t h e  comprehenslve mode: t o  match t h e  observed d l s l o c a t i o n  den- 

s i t i e s .  T h i s  m o d i f i e d  p a r a m e t r i c  s e n s l t l v i t y  I s  b e l i e v e d  t o  be 

p h y s i c a l l y  meaningfu l  because t h e  model demonstrates t h e  complex way 

i n  which t h e  evolution o f  t h e  v a r i o u s  s i n k s  i s  coupled. The p r e d i c -  

t i o n s  o f  t h e  more s ima le  t h e o r y  n e g l e c t  t h i s  i n t e r a c t i o n  and t h i s  has  
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been shown t o  l e a d  t o  erroneous conc lus lons  I n  c e r t a i n  cases. A f t e r  

i n v e s t i g a t l n g  t h e  p a r a m e t r l c  dependenctes of  t he  comprehensive model, 

i t  was a l s o  used t o  p r e d i c t  t he  s w e l l i n g  behav io r  o f  a 20% cold-worked, 

DT f u s i o n  r e a c t o r  f l r s t  w a l l .  The key r e s u l t s  here  were a much 

reduced i n c u b a t i o n  t lme  f o r  v o i d  s w e l l i n g  a t  the  f u s l o n  Heidpa r a t i o  

and enhanced s w e l l i n g  a t  t h e  lower  temperatures. Taken toge the r  w i t h  

the  p r e d i c t l o n s  o f  t h e  c a v i t y  e v o l u t l o n  model when I t  was used t o  

exp lo re  t h e  He/dpa r a t i o  dependence o f  swe l l l ng ,  these r e s u l t s  i n d l -  

c a t e  t h a t  t h e  c o n s l d e r a t l o n  o f  s w e l l i n g  i n  f a s t  r e a c t o r s  can lead t o  

nonconserva t lve  e s t i m a t e s  o f  s w e l l i n g  I n  DT f u s l o n  r e a c t o r  components. 
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CHAPTER 4 

EXPERIMENTAL 

The exper imenta l  work t h a t  was undertaken t o  complement t h e  theo- 

r e t i c a l  mode l ing  d iscussed p r e v f o u s l y  Is desc r ibed  here. Thls compo- 

nen t  o f  t h e  work Invo  ved t h e  examlnat lon o f  I r r a d i a t e d  specimens o f  

a model a u s t e n i t i c  a1 oy by  t ransmiss ion  e l e c t r o n  microscopy (TEM), 

imners ion  d e n s i t y  and miCFQhardneSS. The a u s t m l t i c  a l l o y  was o r i g i -  

n a l l y  p repared a t  t h e  Oak Ridge N a t i o n a l  Labora to ry  and was des lgnated  

P7.'O' The major  c o n s t i t u e n t s  o f  t h e  P7 a l l o y  ( i n  we igh t  f r a c t i o n s )  

are:  0.17Cr-0.167Ni-0.025Mo, w i t h  l e s s  than 0.001 o f  any m ino r  e l e -  

ment and t h e  ba lance f r o n . 3 0 @  These we igh t  f r a c t f o n s  a r e  s i m i l a r  t o  

tha t  o f  an A I S 1  type-316 s t a l n l e s s  s t e e l  w i t h  t he  excep t ion  o f  t h e  

n i c k e l ,  which would have  a nominal c o n c e n t r a t l o n  o f  12% ( r e f .  160, 

V o l .  1). I n  o r d e r  t o  s tudy  t h e  behav io r  of  a u s t e n i t i c  s t e e l  w i t h o u t  

t he  comp! ica t ing  e f f e c t s  o f  c a r b i d e  p r e c i p i t a t i o n ,  t he  w e i g h t  f r a c t i o n  

of  carbon i n  P7 was reduced t o  -lo-' ( r e f .  304). This p r e p a r a t i o n  

r e s u l t e d  I n  a h l g h  l e v e l  o f  r e s i d u a l  oxygen i n  t h e  a l l o y ,  -1000 appm 

( r e f .  1881. The h i g h  s w e l l i n g  o f  P7 observed I n  a v a r i e t y  o f  charged- 

p a r t i c l e  and neu t ron  i r r a d i a t i o n  ~ x p ~ r l m e n t s ' 1 ~ 1 B B ~ 1 B J ~ 2 " ~ J o ' - ' o B  

appears t o  be p a r t l y  a r e s u l t  o f  t h i s  h i g h  oxygen co ; l t en teb '  

4 . 1  I r r a d i a t i o n  C o n d i t i o n s  

The m a t e r i a l  examined here  was I r r a d i a t e d  i n  t w o  r e a c t o r  e x p e r i -  

ments. The f i r s t  sxper lment  was the  MFE-I1 exper iment  i n  t h e  ORR.'* '  
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The P7 was i r r a d i a t e d  I n  t h e  fo rm o f  TEM d l sks ,  3 m I n  d lameter  and 

0.254 mn t h i c k ,  I n  b o t h  t h e  s o l u t l s n  annealed (SA)  and 20% cold-worked 

(CW) c o n d i t i o n s .  Some specimens were u n l f o r m l y  Implanted w i t h  he l fum 

a t  room temperature and subsequent ly  annealed f o r  one hour a t  va r ious  

temperatures p r l o r  t o  i r r a d i a t f o n .  These p r e i r r a d i a t i o n  t rea tments  

were des lgned t o  p e r m l t  t h e  obse rva t i on  o f  t h e  i n f  

i n i t i a l  m i c r o s t r u c t u r e s  on the  subsequent response 

neu t ron  I r r a d i a t i o n .  E a r l y  work had shown t h a t  he 

uence o f  va r lous  

o f  t h e  m a t e r l a l  t o  

Ium p r e i n j e c t ! c n  

suppressed v o l d  f o r m a t i o n  i n  the  EBR-11  and t h a t  p o s t l n j e c t i o n  

annea l i ng  a t  750°C had enhanced v o i d  s w e l l i n g  r e l a t i v e  t o  u n l y j e c t e d  

The exper lmenta l  m a t r i x  planned f o r  a l l a y  P 7  I n  the  

MFE-I1 exper lment  is shown I n  Table 4.1. Nofie o f  t he  2QX cold-worked 

specimens were annealed f o l l o w i n g  t h e i r  he l i um I m p l a n t a t t o n  i n  o r d e r  

Table 4 . 1  Planned Exper imenta l  M a t r i x  f o r  Alloy P7 
i n  t h e  MFE-11 experlmentaqb 

He1 I um I r r a d l a t i o n  Temperature ("C) 
(appm) 450 550 650 

SA 0 n.a. 

10 n.a. ,600, 
700,800 

30 n.a. ,600, 
700,800 

20% cw 0 n.a. 
10 n.a. 
30 n.a. 

n.a. 

n.a. ,700, 
750,800 

n.a. ,700, 
750,800 

n.a. 
n.a. 
n.a. 

n.a. 

n.a. ,700, 
800.900 

n.a. ,700, 
aoo ,900 

n.a. 
n.a. 
n.a. 

aTemperatures a r e  one hour ,  post -he1 ium- imp lan ta t i on  anneal i n g  

denotes n o t  annealed. 
tern e ra tu res .  
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t o  p r e v e n t  r e c o v e r i n g  the  as-cold-worked d l s l o c a t l o n  s t ruc tu re .  The 

MFE-I1 exper lment  was p lanned t o  reach a t o t a l  exposure o f  10 dpa. 

Th ls  would have r e s u l t e d  I n  the  g e n e r a t l o n  o f  about 138 appm He I n  

a l l o y  P7 by  neutron- Induced t r a n s m u t a t l o n  reac t l ons .  

The h e l l u m  i m p l a n t a t l o n s  and p o s t l n j e c t l o n  heat  t rea tments  f o r  t h e  

MFE-I1 l r r a d l a t e d  speclmens were c a r r l e d  o u t  a t  t h e  Argonne Na t iona l  

L a b o r a t o r y , a o '  b u t  no u n l r r a d l a t e d  c o n t r o l s  were  malnta lned.  There- 

f o r e ,  as p a r t  o f  t h l s  work, h e l l u m  Imp lan ted  and aged c o n t r o l  spec i -  

mens w e r e  prepared. 

t h i c k ,  were o b t a l n e d  from a r c h l v a l  m a t e r l a l .  

t e r )  were m e c h a n f c a l l y  punched from the  0.254-mn-thlck sheet and sub- 

sequent ly  l a s e r  engraved f o r  I d e n t l f l c a t l o n  purposes. The 24% 

cold-worked d l s k s  were so lu t lon-annea led  a t  1050°C f o r  one hour. 

Hel lum l m p l a n t a t l o n s  were c a r r l e d  o u t  a t  t he  Crocker Nuc lear  Labora- 

tory on t h e  campus of t he  U n l v e r s l t y  o f  C a l l f o r n l a  a t  Davis ,  us ing  

t h e i r  1.93 m Isochronous c y c l o t r o n .  Approx lmate ly  u n l f o r m  through-  

th l ckness  h e l i u m  l e v e l s  were o b t a l n e d  by pass lng  a 57 MeV a lpha-  

p a r t l c l e  beam through a r o t a t l n g  g r a p h i t e  wheel.a11 The th l ckness  o f  

t he  g r a p h i t e  degrader  v a r l e d  l l n e a r l y  from 0.508 t o  1.27 mn t o  y l e l d  

a lpha p a r t t c l e s  w l t h  energ ies  u n l f o r m l y  d l s t r l b u t e d  between 0 and 38 

MeV on the  t a r g e t  m a t e r i a l .  C a l c u l a t l o n s  w l t h  the  EDEP codea1' I n d i -  

c a t e  t h a t  t he  range of a 38 MeV a lpha p a r t f c l e  I n  P7 should be 

-0.22 mn so t h a t  a l l  o f  the  p a r t l c l e s  should be stopped I n  the  t a r g e t .  

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

30 appm would r e s u l t  I n  about l o -*  dpa. 

S t r l p s  o f  20 and 24% cold-worked P7, 0.254 mn 

TEM d l s k s  (3  mn dlame- 
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The h e l i u m  i m p l a n t a t i o n s  were c a r r l e d  o u t  a t  near room tempera- 

t u r e  I n  o rde r  t o  p reven t  he l lurn d l f f u s l o n .  Temperature c o n t r o l  was 

achieved by  mauntlng t he  d l s k s  I n  a water-cooled f i x t u r e  t h a t  ean- 

s i s t e d  o f  two b locks  of aluminum. To a c c m o d a t e  the  TEM dtsks ,  the  

base block had recesses 0.25 mn deep m l l l e d  i n  a c lose  packed array on 

3.36 mn centers .  The recesses w e r e  3.05 mn i n  diameter. The c o v e r  

b lock  had 2.54 mn ho les  d r l l l e d  I n  corresponding p o s i t t o n s  to e x p ~ s e  

one face of the speclmens t o  t h e  beam. 

base b lock  was p rov lded  by the  use o f  a t h l n  (0.1 mn) l a y e r  o f  pure 

tndium between the  b l o c k  and t h e  samples. The indlurn f o f l  was very 

m a l l e a b l e  and deformed t o  f i l l  the  recess below the sample when t h e  

cover b lock  was b o l t e d  t o  the  base b lock.  

Good thermal con tac t  wEth t h e  

F i g u r e  4.1 Is a schematic 

' E - 1 3 3 8 7  
i n c i d e n t  B e a m  

U 

A l u m i n u m  
C o v e r  B l o c k  

3m.n x 0 0 2 5 d m m  
l n d i u m  F o i l  

mm 

A i u n i n l i l i  
E a s e  B l e c k  

F i g u r e  4.1. Cross-sec t ion  v i e w  o f  a s i n g l e  segment o f  t h e  f t x -  
t u r e  used t o  clamp TEM disks d u r i n g  h e l i u m  I m p l a n t a t i o n .  



drawing o f  one segment o f  t he  mount lng f i x t u r e .  The Ind ium f o l l  a l s o  

p r o v i d e d  a crude temperature m o n l t o r  s lnce  I t  m e l t s  a t  a low tempera- 

t u r e ,  - 1 5 6 O C .  A l l m l t e d  amount o f  Ind ium m e l t l n g  was observed behlnd 

some o f  t he  samples when they  were removed f rom the  f l x t u r e .  Typ i -  

c a l l y  a smal l  c i r c u l a r  area l e s s  than 1 mn In d iameter  a t  t h e  cen te r  

o f  these d i s k s  had been wet ted  by m e l t l n g  Indium. Th ls  l n d l c a t e s  t h a t  

the  maximum speclmen temperature d u r l n g  t h e  h e l i u m  I m p l a n t a t i o n  was 

s2OO0C. 

l o w  temperature.  

TEM o b s e r v a t i o n  o f  t h e  as- tmplanted specimens conf l rmed t h i s  

F o l l o w i n g  t h e  lmp lan ta t l on ,  t he  r e l a t l v e  h e l i u m  l e v e l  o f  each 

d i s k  was determlned by  au torad lography  and densi tometry .  

h e l l u m  l e v e l  was determlned from the t o t a l  c y c l o t r o n  beam c u r r e n t .  

Due t o  the  nonuni form cross s e c t l o n  o f  t he  c y c l o t r o n  beam, the  a c t u a l  

h e l i u m  l e v e l s  i n  the  10 appm s e t  o f  specimens v a r i e d  f rom 5.3 t o  

15.8 appm He and the  30 appm s e t  v a r l e d  f rom 16.5 t o  39.1 appm He. 

The h e l i u m  l e v e l s  o f  t he  MFE-I1 l r r a d l a t e d  specimens e x h i b i t e d  a 

s i m i l a r  range o f  values. P r i o r  t o  t h e  p o s t i m p l a n t a t i o n  anneals ,  t he  

speclmens were I n d i v i d u a l l y  wrapped I n  25-pm-thick t a n t a l u m  f o l l  t o  

p r e v e n t  o x i d a t i o n .  The wrapped speclmens were  encapsulated I n  q u a r t z  

tubes. The tubes were  vacuum evacuated t o  a p ressure  o f  -1.3 x lo-’ Pa 

and back f i l l e d  w i t h  he l ium t o  a p ressure  o f  -5.3 x 10‘ Pa. 

The a b s o l u t e  

The second s e t  o f  neut ron  I r r a d i a t e d  specimens examined here  w e r e  

o b t a i n e d  f r o m  an i n - r e a c t o r  f r a c t u r e  exper iment by B l o o m  and W o l f e r . ’ o s  

Th is  novel  exper iment i n v o l v e d  the  use o f  a “ d r i v e r ”  tube made from 

t h e  h l g h  s w e l l i n g  a l l o y  P7 t o  s t r a i n  t e n s i l e  specimens made f rom l o w e r  
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s w e l l l n g  e n g i n e e r l n g  a l l o y s .  

X3) was i r r a d i a t e d  a t  6 5 O O C  t o  a t o t a l  dose o f  12.5 dpa I n  the 

E B R - I I . J o s  Only about 4 appm He would have been generated du r ing  

t h i s  I r r a d l a t l o n .  The measured d e n s l t y  decrease i n  t h i s  speclmen was 

4.7% ( r e f .  305), and F a r r e l l  and Packan l a t e r  measured about 6% v o l d  

volume by  TEM.'O' The p o t e n t i a l  i n f l u e n c e  o f  the  h i g h  oxygen con ten t  

o f  a l l o y  P7 I s  e v l d e n t  I n  the  r e s u l t s  o f  Bloom and W o l f e r a a 8  where 

they show g r e a t e r  s w e l l l n g  i n  P7 than i n  a s l m l l a r  "pure 316 s t a i n -  

l e s s  s t e e l "  ( the MS heat) .  The MS heat  was a l s o  f a b r i c a t e d  w i t h  a 

low l e v e l  o f  carbon, b u t  t h e  we lgh t  f r a c t l o n  was o n l y  reduced t o  

5 x lo -& ( r e f .  313). Al though no oxygen a n a l y s l s  has been repo r ted  

f o r  t he  MS-heat, I t  Is reasonable t o  assume t h a t  t h l s  heat  would have 

had a lower  l e v e l  o f  oxygen than the  P7 heat  because the  h i g h  oxygen 

l e v e l  i n  P7 was a r e s u l t  o f  t he  t rea tmen t  used t o  e l i m i n a t e  carbon. 

M a t e r i a l  f r o m  the  X3 d r i v e r  tube was used In a p o s t l r r a d l a t i o n  

annea l lng  exper iment t o  s tudy t h e  k l n e t l c s  o f  v o i d  and d l s l o c a t l o n  

recovery.  

The tube used I n  t h i s  work (des ignated 

4.2  Speclmen P r e p a r a t i o n  and Examinat ion Procedures 

Specimens w e r e  prepared f o r  TEM examinat ion I n  a Tenupol t w i n - j e t  

A s o l u t l o n  o f  seven p a r t s  methanol t o  one p a r t  e l e c t r o p o l i s h l n g  u n l t .  

s u l f u r i c  a c i d  (by  volume) was used a s  the  e l e c t r o l y t e .  

c o n d i t i o n s  w e r e  an e l e c t r o l y t e  temperature o f  -20°C and an a p p l i e d  

v o l t a g e  o f  17 V dc lead ing  t o  a p o l l s h i n g  c u r r e n t  o f  -120 mA. 

c a l  P7 specimen w i t h  an i n i t i a l  th lckness  o f  0.254 m r e q u i r e d  7 t o  

The p o l l s h l n g  

A t y p i -  
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8 minutes t o  pollsh. Because of t h e  r e s l d u a t  r a d i o a c t l v l t y  I n  t h e  

neutron i r r a d i a t e d  specfmens, a l l  sample p r e p a r a t i o n  was done i n  a 

soecially desdgnated l a b o r a t o r y  a t  t h e  Oak RIdge N a t i o n a l  L a b o r a t o r y  

(ORMJ. 

Several t ransrn lss lon e l e c t r o n  microscopes were used t o  examine 

specimens In t h i s  work, The JEOL 200 CX a t  t h e  U n i v e r s l t y  o f  

C a l l f s r n l a ,  S m t a  Barbara (UCSS) and t h e  P h l l i p s  EM430 a t  ORNL were 

used mast e x t e n s f v e l y ,  

e r 3 t l n g  v o l t a g e s  o f  200 and 300 keV, r e s p e c t i v e l y .  

t h e  JEOL 100GX ( a t  120 keV) and t h e  H i t a c h i  HV-1600 ( a t  1000 keV) a t  

O2NL were a l s o  used. 

c t - d r a c t e r i z e  t h e  observed m i c r o s t r u c t u r e s .  T y p l c a l  I n v e s t l g a t i o n s  

i n v o l v e d  t i l t l n g  t h e  specimens t o  o b t a i n  a p p r o p r i a t e ,  l ow-o rde r  g 

v e c t o r s  [e.g., (1111, (ZOO) o r  ( Z Z O ) ]  t o  photograph t h e  v a r i o u s  

defects .  

t h e  d i s l o c a t l o n  s t r u c t u r e  ( s  - 0).  

a b s o r p t i o n  c o n t r a s t  w l t h  s >> 0. 
were used t o  v e r l f y  t h a t  t h e  s p h e r i c a l  d e f e c t s  were c a ~ l t i e ~ . ~ ~ ~ ~ ~ ~ '  

In some a f  t h e  micrographs shown below, c a v f t l e s  a r e  shown underfocus 

[ d a r k  F resne l  f r i n g e  o u t s i d e ,  b r i g h t  i n s i d e )  w h i l e  I n  o t h e r s  t h e y  a r e  

shown over focus ( 1  i g h t  F resne l  f r l n g e  o u t s i d e ,  da rk  I n s l d e ) .  

These mfcroscspes were operated a t  a c c e l -  

To a l e s s e r  degree, 

Standard TEM t e c h n l q u e ~ ~ ~ ~ ~ ~ ~ ~  were used t o  

F a i r l y  s t r o n g  d i f f r a c t i o n  c o n d i t i o n s  were employed t o  image 

C a v i t i e s  were n o r m a l l y  Imaged I n  

A through- focus s e r i e s  o f  Images 

F o l l  t h i cknesses  were ob ta ined  by e i t h e r  s tereomicroscopy,  t h l c k -  

ness f r i n g e s  w i t h  s = 0, o r  t h e  use of  a new x - r a y  t e c h n i q u e . a L c  T h i s  

l a t t e r  t echn ique  was developed by K e s t e r n i c h 3 "  and r e q u i r e s  t h e  use 

o f  a s tandard  specimen o f  known t h i c k n e s s  t o  o b t a i n  a c a l i b r a t i o n  
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curve of speclmen th tckness  versus e m l t t e d  x- ray l n t e n s l t y .  

th lcknesses  up t o  severa l  hundred nanometers, Kes te rn i ch  has shown 

t h a t  t h e  x - r a y  I n t e n s l t y  Is l l n e a r  I n  speclmen thlckness.'lc The 

c a l l b r a t l o n  specimen f o r  t h l s  work was an a u s t e n l t l c  s t a l n l e s s  s t e e l  

d i s k  s u p p l l e d  b y  Kes tern lch .  A l l  x - ray  measurements were made w l th  

the  speclmen t l l t e d  (drum t l l t )  toward the  x- ray d e t e c t o r  by 20'. 

s tandard beam c u r r e n t  was o b t a l n e d  by  a d j u s t l n g  the  f l r s t  condenser 

l e n s  and t h e  gun t i l t s  u n t l l  t h e  camera exposure meter I n d l c a t e d  a 

20-sec exposure t lme w l t h  the  beam a t  crossover  and pass lng  through 

the  h o l e  I n  the TEM speclmen. 

background) was determlned by  I n t e g r a t l n g  t h e  t o t a l  number of  Counts 

between 4.2 and 20 keV f o r  10 sec ( d e t e c t o r  l l v e  t i m e )  u s l n g  the 

EDAX energy d l s p e r s l v e  x - r a y  d e t e c t o r  on the EM43O. 

t h l ckness  measurements o b t a l n e d  I n  t h l s  way should be l e s s  than 5% 

( r e f .  315). 

were o b t a l n e d  by  photographlng a ca I b r a t l o n  g r a t l n g  w l th  a known 

spac lng  o f  2160 l l n e s  p e r  mn. 

For 

A 

The average x - ray  count r a t e  ( l e s s  

The e r r o r  In 

M a g n l f l c a t l o n  c a l l b r a t  ons f o r  the  va r lous  mlcroscopes 

Defect  d e n s l t l e s  and s l z e s  were measured on p o s l t l v e  p r l n t s  w l t h  

Normal ly  50 t o  100 d e f e c t s  of  a t o t a l  m a g n l f l c a t l o n  o f  1 t o  5 x 10'. 

the  type  i n  q u e s t l o n  were measured on any one p r l n t  t o  o b t a l n  the  

s i z e  d i s t r l b u t i o n s  d lscussed below. 

pad was coupled t o  a microcomputer and used t o  measure t h e  de fec ts .  

Area l  d e n s l t i e s  w e r e  conver ted  t o  v o l u m e t r l c  d e n s l t i e s  u s l n g  t h e  

measured f o i l  th lcknesses.  

An e lec t romagnet ic  d l g l t l z l n g  
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Specirilctnr f o r  t h e  p o s t l r r a d l a t l o n  anneal l n g  exper iment were  c u t  

f rom the  X3 d r i v e r  tube In the  form o f  0.51-mn-thlck s l l c e s .  D i s k s  

3 mn I n  d iameter  were  then punched f r o m  these s l f ces .  The d l s k s  w e r e  

i n d l v f d u a l l y  wrapped I n  tan ta lun i  f o l l  and encapsulated i n  q u a r t z  tubes 

as  bfseusseb above. A s e r i e s  o f  i so thermal  anneals a t  750 and 900°C 

were per formed f o r  t tmes up t o  210 hours. An Isochrona l  annea l ing  

cui-ve f o r  1 hour  anneals between 600 and 1042°C was a l s o  obta ined.  

A f t e r  annea l ing ,  t he  specimens w e r e  mounted i n  A r a l d i t e  GY502 epoxy 

re5 in  f o r  microhardness measurements. 

m e c h a n l c a l l y  p o l l s h e d  t o  a h:gh g loss  us ing  s u c c e s s i v e l y  f l n e r  abra-  

s ives ;  t he  f i n a l  po ’ l i sh lng  s tep  was w i t h  0.5 pm alumina powder. 

Standard diamond pyramid microhardness (dph) measurements w e r e  made 

us ing  a Kentron microhardness t e s t e r  a t  loads o f  500 and 1000 9. 

Each inden t  was measured 8 t o  10 t imes u s i n g  a 1 6 ~  f i l a r  eyepiece 

and a 2 0 ~  o b j e c t i v e  lens .  The o p e r a t i o n  o f  t he  Kentron u n i t  was 

checked b e f o r e  each use by measur ing t h e  microhardness o f  a Tukon 

re fe rence  b l o c k  whfch had a hardness s i m i l a r  t o  t h e  i r r a d i a t e d  P7; 

t he  dph o f  t he  re fe rence  b l o c k  was 169 t o  172. 

The mounted speclmens w e r e  

F o l l o w i n g  the  microhardness measurements, the mounted specimens 

w e r e  r e p o l i s h e d  t o  remove the  Indents .  The specimens were then  

removed f rom the  epoxy mount u s i n g  success ive soakings i n  methy l  

c h l o r i d e  and 90°C N-N d ime thy l  formamide. For  some specimens, a d d i -  

t i o n a l  mechanical  a b r a s i o n  was used t o  remove the  l a s t  o f  t he  epoxy. 

The d e n s i t y  o f  t he  specimens was measured by imners ion  d e n s i t y .  The 

n e t  we igh ts  o f  t he  specimens w e r e  o b t a i n e d  i n  a b a t h  o f  a comnerc ia l  
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f 1 uorocarbon (34 Company * 

m lc rodens i tomete r  a t  ORNL 

F l u o r - f n e r t  FC-43). Expertence w f t h  t h l s  

l n d l c a t e s  t h a t  t h e  abso lu te  e r r o r  I n  t h e  

d e n s i t y  o f  a TEM-dfsk-size specimen Is less than lo-'. 

o f  s e l e c t e d  speclmens f r o m  t h e  MFE-I1 exper iment was a l s o  measured 

I n  t h e  m lc rodens l tomete r .  

The d e n s l t y  

4.3 Exper imenta l  R e s u l t s  

4.3.1 Hel ium-Implanted and Aged MFE-I1 C o n t r o l s  

The u n i r r a d l a t e d  c o n t r o l  speclmens were examined by  t ransmiss ion  

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

t h e  specimens t h a t  had been i r r a d i a t e d  I n  t h e  MFE-I1 experiment. 

V e r l f l c a t l o n  o f  t h e  l e v e l  o f  h e l l u m  Implanted was ob ta lned  f o r  two 

speclmens t h a t  had c a l c u l a t e d  h e l i u m  c o n c e n t r a t l o n s  o f  5.3 and 39.0 

appm He. 

v a p o r l z a t l o n  and mass spec t romet ry  t o  be 7.12 ? 0.13 and 51.6 2 1.2 

appm He, r e s p e c t l v e l y .  Two -1 m d l s k s  were punched f rom b o t h  spec i -  

mens t o  p e r m i t  redundant analyses t o  be performed. 

surements agreed w l t h i n  <4%. The mass spect rometry  was performed by  

t h e  Energy Systems Group o f  Rockwel l  I n te rna t l ona l .a l '  The 30% d l f -  

ference between t h e  c a l c u l a t e d  and measured h e l l u m  l e v e l s  has n o t  

been resolved.  

work s l n c e  t h e  I n f l u e n c e  o f  v a r l a t l o n s  I n  h e l l u m  con ten t  a t  these 

l e v e l s  was n o t  under examlnat lon.  Values f o r  h e l i u m  c o n c e n t r a t i o n s  

quoted below have been inc reased  by  30% f rom t h e  nominal c a l c u l a t e d  

va lues.  

The h e l l u m  c o n t e n t  o f  these speclmens was determlned by 

These two mea- 

T h l s  d i sc repancy  Is o f  no consequence t o  t h e  p resen t  



228 

The as- implanted m i c r o s t r u c t u r e  o f  b o t h  t h e  s o l u t i o n  annealed and 

20% cold-worked specimens c o n s i s t e d  o f  a h i g h  d e n s i t y  o f  smal l  " b l a c k -  

d o t "  c l u s t e r s .  I n  t h e  case o f  t h e  cold-worked specimen, t h e  as -co ld -  

worked m i c r o s t r u c t u r e  a l s o  remained. These o b s e r v a t i o n s  c o n f i r m  t h e  

f a c t  t h a t  t h e  specimen temperatures remained f a i r l y  low d u r i n g  t h e  

h e l i u m  i m p l a n t a t i o n .  A r e p r e s e n t a t i v e  m ic rog raph  o f  t h e  b l a c k - d o t  

damage i s  shown i n  F i g u r e  4.2. T h i s  i s  t y p i c a l  o f  h e l i u m  imp lan ted  

m a t e r i a l s  as d iscussed i n  Chapter 2 . 5 8 , 1 5 5 , 1 5 7 9 1 5 8  

Maziasz i n d i c a t e s  t h a t  most o f  t h e  b l a c k - d o t  c l u s t e r s  a r e  smal l  

i n t e r s t i t i a l  

The work o f  

Du r ing  thermal annea l i ng ,  t h e  as - imp lan ted  m i c r o s t r u c t u r e  o f  t h e  

s o l u t i o n  annealed m a t e r i a l  evo l ved  t o  y i e l d  l a r g e r  Frank f a u l t e d  

YE-13579 

F i g u r e  4.2. B lack -spo t  
damage observed i n  s o l u t i o n -  
annealed P7 a f t e r  room tempera- 
t u r e  h e l i u m  i m p l a n t a t i o n  t o  
-40 appm He. 
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lnterstttlal loops and small helfum bubbles. The temperature depend- 

ence of these two defect types is shown in Figure 4.3, These data 

are sumnarized In Table 4.2. When multiple measurements were made on 

the same sample, t he  data plotted In Flgure 4.3 are a volume average 

of the indivfdual measurements. The hellum levels In the speclmens 

annealed f o r  one hour at 600, 700, 750, 800 and 900°C were 32, 44, 

37, 47 and 41 appm, respectively. The observed bubble and faulted 

loop densltles are generally consfstent wlth the earller work 

dlscussed In Chapter Z . 4 s 9 1 4 c , 1 c 7 - L c e  

Table 4.2. Sumnary of bubble and faulted loop microstructures 
observed In solutlon-annealed P7 after 

helium Implantatton and annealing 

One-Hour Oefect Density, m-' Average 
He1 ium Annea 1 1 ng Radius, nm 

Implanted Temperature Bubble Loop 
(appm) ("C) Bubble Loop 

32 600 n.0.a 2.59 x loz1 11.0. 3.46 
44 700 8.25 x 10" 2.32 x 10" 0.82 24.7 
37 750 6.33 x 10" 1.49 x 10"' 1-09 25.4 
47 800 6.66 x 10" n.0. 1.57 n.0. 
41 900 2.15 x 10" n.0. 1.99 n.0. 

an.o. denotes not observed. 

Representatlve mfcrographs of  the annealed specimens are shown In 

FIgures 4.4 and 4.5. 

tures up to 75OOC. 

by Imaging the loops in bright fleld with the stacklng faults vislble 

( g z o 0  o r  g I l 1 )  and by dark field images using the <111> satellite 

streaks near the g Z a o  reflections.17J~J1b 

The faulted loops coarsen and grow f o r  tempera- 

The fact that the loops are faulted Is conflrmed 

The number o f  interstitials 
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F i g u r e  4.3. Observed average bubble r a d i u s  ( a ) ,  bubb le  dens1 t y  
( b ) ,  f a u l t e d  loop r a d l u s  (c) ,  and f a u l t e d  l oop  d e n s l t y  ( d )  a f t e r  -40 
appm He I m p l a n t a t i o n  and subsequent annea l i ng  f o r  one hour  a t  t h e  
I nd i ca t ed t empe r a  t u  re.  
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YE- 13820 

F i g u r e  4.4. F a u l t e d  l o o p  m i c r o s t r u c t u r e  observed i n  s o l u t i o n -  
annealed P7 a f t e r  annea l i ng  f o r  one hour  a t  600 ( a , b ) ,  700 (c ,d ) ,  and 
750°C ( e , f ) .  A b r i g h t  f i e l d  and da rk  f i e l d  p a i r  i s  shown f o r  each 
temperature.  Leve l  of h e l i u m  i m p l a n t a t i o n  i s  -40 appm. 
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YE- 13587 

Figure 4.5. Bubb le  microstructure o b s e r v e d  in solution-annealed 
P7 after annealing for one hour  a t  700 (a), 750 ( b ) .  800 ( c ) ,  and 
900°C ( d ) .  Level o f  helium implantation is -40 appm. 
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conta ined i n  the  f a u l t e d  loops  was c a l c u l a t e d  assuming c l o s e  pack ing  

on (Ill] planes. 

p e r  atom a f t e r  t h e  600°C anneal, 9.92 x lo-' per atom a f t e r  t h e  700°C 

anneal and 6.44 x 10'' p e r  atom a f t e r  t h e  750°C anneal. The f a c t  t h a t  

t h e  l n t e r s t t t l a l  con ten t  o f  t h e  loops  inc reased d u r l n g  thermal 

annea l l ng  suggests t h a t  small helium-vacancy c l u s t e r s  may be e f f e c -  

t l v e l y  ove rp ressu r l zed  and a r e  absorb ing  a n e t  vacancy f l u x  u n t i l  

they  reach e q u l l l b r f u m . * o ~ ~ ~ L  These smal l  c l u s t e r s  remalned I n v i s l b l e  

a f t e r  a one-hour anneal a t  700OC. 

The l n t e r s t l t l a l  con ten t  o f  t he  loops 1s 2.13 x 10" 

Several  obse rva t i ons  by o t h e r  researcherslL~-lco o f  apparent 

enhanced f a u l t e d  loop s t a b l l l t y  d u r i n g  thermal annea l ing  f o l l o w l n g  

h e l l u m  I m p l a n t a t i o n  were  d iscussed I n  Chapter 2. S h l r a l s h l  e t  al. ' ' '  

have r e c e n t l y  r e p o r t e d  a s i m l l a r  e f f e c t  I n  type-316 stainless s t e e l  

t h a t  had been i r r a d i a t e d  t o  a low dose I n  a r e a c t o r  w i t h  a primarily 

thermal neu t ron  spectrum. 8y v a r y i n g  t h e  c o n c e n t r a t i o n  o f  boron I n  

t h e i r  s t e e l ,  they  w e r e  a b l e  t o  va ry  the  amount o f  t ransmutant  he l l um 

generated d u r l n g  t h e  i r r a d i a t l o n .  

l e v e l s  o f  boron, l e a d i n g  t o  11 t o  490 appm He, they  observed f a u l t e d  

l oop  and bubble growth d u r l n g  a 30-1nin p o s t l r r a d l a t l o n  anneal a t  

750°C. However, i n  a speclmen w i t h  o n l y  5 appm He, t he  r a d l a t l o n -  

produced d e f e c t  c l u s t e r s  annealed out.  Th l s  r e s u l t  i s  a l s o  COnSlS- 

t e n t  w i t h  t h e  e a r l y  work of  Barnes and Mazey.J1l Uslng a c y c l o t r o n -  

produced beam of  a lpha p a r t l c l e s ,  they  imp lan ted  h e l i u m  I n t o  a s tack  

o f  t h i n  copper f o l l s .  Our ing  p o s t i m p l a n t a t i o n  anneals  tit 350°C. they  

observed t h a t  small d i s l o c a t i o n  loops and b l a c k  spot damage annealed 

I n  t h e  specimens t h a t  had h l g h e r  
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out in most o f  the foils. But in the f o i l  i n  which the hellurn came 

to rest, the growth o f  faulted loops and small bubbles was observed. 

The bubble distributions are characterlzed by growth at an approxi- 

mately constant bubble density up to 800OC. Above 800°C the dlstri- 

bution coarsens and the density i s  reduced. This evolution of the 

bubble size dlstribution is shown In F i g u r e  4.6. The helium content 

o f  the bubbles I n  the annealed speclmens was calculated assuming that 

the bubbles were in mechanical equilibrlum with the solld at the 

annealing temperature. 

in Chapter 3 was used to compute the gas pressure. 

The hard-sphere equation o f  state described 

The value chosen 

C R N L - D W G  8 6 C - 1 8 1 0 7  

0.4 

0.3 

0.2 

0.1 

0.0 

1 I I I I 

-40 appm He A POST- I M PLANTATl'ON 
ANNEALING 

TEMPERATURE ("C!  
I 

*. * .  . 

lI '. 
0.5  1.0 1.5 2.0 2.5 3.0 3.5 4 . 0  4.5 5.0 5.5 

BUBBLE R A D I U S  (nm) 

Flgure 4.6. I n f l u e n c e  o f  postimplantation anneallng temperature 
on the observed bubble s l z e  dlstribution, -40 appm He. 
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f o r  t h e  su r face  f r e e  energy has a l a r g e  i n f l u e n c e  cr! t h e  c a l c u l a t e d  

h e l i u m  con ten t .  When t h e  temperature-deFendent s c r f a c e  C r e e  ?cp_rgy 

used i n  Chapter 3 i s  a p p l i e d  here ,  about o n e - t h i r d  cf  t h e  i r ~ p l a n t e d  

h e l i u m  appears t o  be i n  t h e  bubbles a f t e r  t h e  700°C apneai ,  sk!c2?ut 

t w o - t h i r d s  a f t e r  t h e  750°C anneal ,  and e s s e c t i a l l y  a l l  o f  t h e  h,el  i d i n  

i s  accounted f o r  i n  t h e  bubbles f o r  t h e  800 and 90C"C anneals.  

The bubble and l o o p  d i s t r i b u t i o n s  a r e  s e n s i t i v e  t c  t h e  l e v e l  rjf 

h e l i u m  imp lan ted  as w e l l  as t h e  annea l i f ig  temperatur?.  The soecimen 

shown i n  F i g u r e  4.7 was imp lan ted  w i t h  -65 appn  He and then  annealed 

F i g u r e  4.7. Bubble and f a u l t e d  l o o p  m i c r o s t r u c t u r e s  ObSzrvEb i r  
so lu t i on -annea led  P7 a f t e r  annea l i ng  f a r  o c e  hour  a t  85CI"t'; ; e v e ?  of  
h e l i u m  i m p l a n t a t i o n  i s  65 apprn, 



f o r  one hour a t  85OOC. The d a t a  shown i n  F igu res  4.3, 4.4 and 4.5 

would i n d i c a t e  t h a t  no loops should be observed and t h a t  -4 x 10" 

bubbles/ma w i t h  an average r a d i u s  o f  1.8 nm should be observed. 

Ins tead,  t h e  h i g h e r  he l i um l e v e l  has r e s u l t e d  I n  a lower  than 

expected bubble d e n s i t y ,  1.8 x 1021m-a, and a l a r g e r  than expected 

average s i ze ,  2.6 nm. A number of  l a r g e  f a u l t e d  loops  a l s o  have sur -  

vived. The loop  d e n s i t y  i s  -8 x lo1* m" w i t h  an average r a d i u s  o f  

130 nm. The r a d i u s  o f  t he  l a r g e s t  loops  observed i n  t h l s  specimen 

exceeded 200 nm. A l l  of  t h e  loops  and many of  t h e  d i s l o c a t i o n  l i n e  

segments were  w e l l  decora ted  w i t h  bubbles as t h e  example I n  F i g u r e  

4.7(b) I n d i c a t e s .  The average s i z e  o f  t h e  bubbles on d i s l o c a t i o n s  

and the  l o o p  pe r ime te rs  was about  30% g r e a t e r  than t h e  average bubb le  

s i z e  I n  t h e  m a t r i x .  T h i s  f a c t ,  a long  w i t h  t h e  unusual l o o p  s t a b l l -  

I t y ,  p r o v l d e s  a d d i t i o n a l  suppor t  f o r  t h e  concept o f  s y m p a t h e t i c a l l y  

coupled growth  o f  bubbles and Frank loops  t h a t  was ment ioned above. 

4.3.2 Resu l t s  o f  t h e  MFE-I1 Experiment 

The MFE-I1 exper iment  f a l l e d  t o  reach t h e  planned damage l e v e l  of  

10 dpa. 

w i t h  65 appm He generated d u r i n g  t h e  I r r a d l a t l o n . J 1 o  The a c t u a l  

l r r a d l a t l o n  temperatures a l s o  d e v l a t e d  f r o m  t h e  des ign  va lues ;  t h e  

temperatures achleved i n  the  exper iment  w e r e  350, 550 and 600°C.a20 

F i n a l l y ,  a number o f  specimens w e r e  l o s t  when the  exper iment  was d i s -  

assembled. Because o f  these f a c t s ,  t he  va lue  o f  t he  exper lment  was 

s e v e r e l y  l i m i t e d .  The l o w  exposure produced i n s u f f i c i e n t  s w e l l i n g  a t  

The peak damage f o r  P7 a l l o y  TEM d i s k s  was about 4.7 dpa 



most o f  t h e  i r r a d l a t i o n  c o n d l t t o n s  t o  de termine whether " i e  varlolrs 

post-helium-implantation hea t  t rea tmen ts  had a s i g n i f i c a n t  impact. 

The i n l t l a l  examlnat fon o f  the specimens I n d i c a t e d  t h a t  the  fncuba- 

t i o n  t ime  f o r  v o l d  fo rma t lon  was s h o r t e s t  a t  550°C and t h a t  l i t t l e  

i n f o r m a t i o n  c o u l d  be ob ta ined  from t h e  350 and 600°C i r r a d l a t e d  soe r -  

imens. There fore ,  t he  d l s c u s s i o n  below w i l l  emphasize the  r e s u l t s  

a t  550°C. The TEM observatdons o f  t h e  speclmens I r rad ' ia ted  a t  550°C 

a r e  sumnarlzed I n  Table 4.3. Brager  and coworkers h e w  a t s o  examined 

a few specimens of a l l o y  P7 f r o m  the  MFE-I1 exper i rnent. ' *1"a*3 The i r  

r e s u l t s  w i l l  be r e f e r r e d  t o  f o r  purposes of  comparison when t t  Is 

approp r ia te .  

Table 4.3. Sumnary o f  m i c r o s t r u c t u r e s  observed I n  alloy P7 
a f t e r  t r r a d l a t i o n  t o  4 dpa a t  550°C :n t h e  M E - 1 1  Exper?ment 

C a v i t y  Parameters 
He1 ium Post-Hel lum o 1 s 1 oca t  li ona 

Imp lan ted  I m p l a n t a t l o n  D e n s i t y  Radfus Volume Dens1 t y  
(appm) Anneal T ( " C )  (m-') (nm) F r a c t i o n  m-* 1 

1x1 

20% Cold-Worked 

0 -- 1.2 x IOZ1 2.9 0.05 1.2 Y 10" 

So lu t lon-Annea led  

0 -- 2.3 x 10" 10.8 0.19 3.3 x 
50 -- not observed  1.7 x 10" 
36 750 -6 x IQ" 1.2 <lo -*  1.5 x l o '>  
42  750 9.9 x 10'' 1.8 <lO-Zb 1.5 x I O L 3  

17 800 -6 x 10" -1.2 < l o - z  1.5 x I O i 9  
6.8 x 10" 11.7 0.4gC 

aSee t e x t  f o r  i n f o r m a t i o n  on l oop  component, 
bOubbles th roughout  g r a i n s  ( s e e  t e x t ) .  
cLocal  region near g r a i n  boundary ( s e e  t e x t ) .  
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The m i c r o s t r u c t u r e  o f  t h e  specimens i r r a d i a t e d  a t  350°C was p r i -  

m a r i l y  comprised of smal l  Frank f a u l t e d  loops. 

F i g u r e  4.8 (a )  and (b )  f o r  t h e  s o l u t i o n  annealed m a t e r i a l  t h a t  was 

i r r a d i a t e d  w i t h o u t  h e l i u m  p r e i n j e c t i o n .  The average l o o p  r a d i u s  was 

7.0 nm and t h e  l o o p  d e n s i t y  was 3.7 x l o 2 *  m-3. 

T h i s  i s  shown i n  

No c a v i t i e s  were 

observed, b u t  t h e  r e s i d u a l  s t r a i n  c o n t r a s t  f rom t h e  h i g h  d e n s i t y  of 

f a u l t e d  l oops  c o u l d  have obscured bubbles w i t h  r a d i i  l e s s  t h a n  about  

1 t o  2 nm. The specimen t h a t  was i r r a d i a t e d  i n  t h e  as-hel ium- 

i n j e c t e d  c o n d i t i o n  was s i m i l a r .  C a v i t i e s  were observed i n  a specimen 

t h a t  was annealed a t  800°C f o l l o w i n g  i m p l a n t a t i o n  o f  37 appm He. 

T h i s  specimen i s  shown i n  F i g u r e  4.8(c). The c a v i t y  s i z e  d i s t r i b u -  

t i o n  i n  t h i s  specimen i s  n e a r l y  unchanged f rom t h e  u n i r r a d i a t e d  

c o n t r o l  [ F i g u r e  4.5(c)]; t h e  c a v i t y  d e n s i t y  was 7.7 x l o 2 '  m-3 and 

t h e  average c a v i t y  r a d i u s  was 1.28 nm. 

s l i g h t l y  h i g h e r  and t h e  average r a d i u s  s l i g h t l y  s m a l l e r  t han  i n  t h e  

c o n t r o l  specimen i s  c o n s i s t e n t  w i t h  t h e  d i f f e r e n t  l e v e l s  o f  h e l i u m  

t h a t  were i n j e c t e d .  C a l c u l a t i o n s  u s i n g  t h e  models d i scussed  p r e -  

v i o u s l y  p r e d i c t  t h a t  t h e  c r i t i c a l  bubble r a d i u s  shou ld  be about  0.8 

nm f o r  t h e  350°C i r r a d i a t i o n .  The o b s e r v a t i o n  o f  an a p p a r e n t l y  

s t a b l e  bubb le  d i s t r i b u t i o n  w i t h  a mean r a d i u s  l a r g e r  than  0.8 nm 

i n d i c a t e s  e i t h e r  t h a t  t h e  low temperature i r r a d i a t i o n  c o n d i t i o n s  a r e  

n o t  w e l l  modeled o r  t h a t  t h e  s u p e r c r i t i c a l  c a v i t i e s  a r e  growing v e r y  

s l o w l y  a t  t h i s  temperature.  The model does p r e d i c t  t h a t  v o i d s  w i l l  

grow v e r y  s l o w l y  a f t e r  b e i n g  formed a t  350°C and a pro longed,  low- 

The f a c t  t h a t  t h e  d e n s i t y  i s  
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YE- 13585 

F i g u r e  4.8. The m i c r o s t r u c t u r e  o f  so lu t i on -annea led  P7 observed 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  350°C. 
b r i g h t  f i e l d  and dark  f i e l d  comparison o f  a specimen i r r a d i a t e d  w i t h  
no he l i um p r e i n j e c t i o n  and ( c )  shows a specimen t h a t  was p r e i n j e c t e d  
w i t h  37 appm He and aged f o r  one hour  a t  800°C. 

P a r t s  ( a )  and ( b )  a r e  a 



s:u.el!iag t r d n s j s n t  regiriie a t  t h i s  low temperature i s  c o n s i s t e n t  w i t h  

t h e  d a t a  shown i n  F i g u r e  2.10. 

The specixenl; i r r a d i a t z d  a t  600°C a l s o  showed l i t t l e  s w e l l i n g .  

Z z u ; ’ r i e s  w e r e  observed i n  t h e  s o l u t i o n  annealed m a t e r i a l  t h a t  

;-ece j ;;z-j no  hei’iurri ? r e i n j e c t i o n  and i n  a specimen t h a t  had 32 apprn 

He in:pTai?ted f o l l o w e d  by  an 800°C anneal .  These two specimens a r e  

ShJWii a t  h<gh m a g n i f i c a t i o n  i n  F‘igure 4.9. 

h e l i m  p r e i n j e c t i o n  w i t h o u t  a subsequent anneal suppressed t h e  f o r -  

R a t i o n  c f  v i s i b l e  c a v i t i e s .  The c a v i t i e s  i n  t h e  specimen w i t h o u t  

h e i i u r n  p r e i n j e c t i o n  [F igu re  4.9(a)]  appear t o  be h e l i u m - s t a b i l i z e d  

bubbles.  The bubble d e n s i t y  i s  7.5 x lo2’ m-’ and t h e  average bubble 

Bo th  c o l d  work ing  and 

YE-13581 

F i g u r e  4.9. The m i c r o s t r u c t u r e  o f  s o l u t i o n - a n n e a l e d  P7 observed 
A specimen i r r a d i a t e d  w i t h  no a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  6 O O O C .  

h e l i u m  p r e i n j e c t i o n  i s  shown i n  ( a ) ,  and (b )  shows a specimen t h a t  
was p r e i n j e c t e d  w i t h  32 appm He and aged f o r  one hour  a t  800°C. 
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radius is 1.2 nm. Thls distribution Is conslstent wlth all of the 

transmutant hellum (65 appm) belng contalned in the bubbles. The 

theory predlcts that the crltlcal bubble radius for these lrradlatlon 

condltlons could be as large as 16.0 nm so that the lack o f  void 

growth Is not surprising. The bubble distrlbutlon In the specimen 

that was helium Implanted and aged prlor to Irradlatlon [Flgure 

4.9(b)J has not changed appreclably, It Is slmllar to both the 

unirradiated control [Figure 4.5(c)] and a correspondlng speclmen 

lrradlated at 350°C [Flgure 4.8(c)]. An lnterestlng observatlon In 

the specimens Irradiated at 600°C was the presence o f  a large number 

of stacklng fault tetrahedra. These were also observed In some o f  

the 550°C lrradlated speclmens and wlll be discussed further below. 

The specimens Irradlated at 550°C showed the hlghest swelling 

and the greatest varlation In thelr behavlor, 

the solutlon annealed specimen that was lrradlated at 550°C without 

helium preinjection is shown in Figure 4.10. 

ture i s  shown in Figure 4.10(a) and conslsted o f  a low denslty of Frank 

faulted loops wlth -100 nm rad11 and a loose dlslocatlon network. 

The network dlslocatlon density was -3.3 x lo1' m'* and the loop den- 

sity was slO1' m-'. 

as shown i n  Figure 4.10(b) and (c). 

m-' and the average radlus was 10.8 nm. 

plotted in Figure 4.11. 

specimen was 0.19% and was primarily due to the fairly uniformly 

dlstrjbuted population of octahedral voids shown in Figure 4 . 1 0 ( b ) .  

The mlcrostructure of 

The dlslocatlon struc- 

The cavity distributlon was approximately bimodal 

The cavlty denslty was 2.3 x 10" 

The cavity distribution IS 

The cavity volume fraction observed In this 



a 

z t.2 
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T = 55OOC 

CAVITY RADIUS (nm) 

FIgure 4.11. Observed cavfty dfstrlbutfon In solutlon-annealed 
P7 after lrradfatfon to 4.7 dpa at 5 5 O O C .  

These voids had an average equivalent radius of 18.7 nm. The large 

number of small grain boundary bubbles and matrix bubbles Is shown In 

Figure 4.10(c). The measured fmnersfon densf ty change was -0.054%. 

Brager and coworkers have reported somewhat higher cavity densities 

and smaller sizes i n  a nominally identical speclrnen.J*l-aza They 

report a cavity vqlume fraction of 0.08% and an lmnerslon density 

change o f  -O.lS%.Jzl~~zz The systematlc error in the imnerslon den- 

sity measurements used here i s  ~0.1% for a TEM-disk-sized specimen”‘ 

and Brager et al.”’ report a similar degree of accuracy. 
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Therefore, the imnersion density and cavity volume fractlon measure- 

ments are in reasonable agreement. 

The critical bubble radius appears to be about 4.5 nm In 

Figure 4.11. Using the comprehensive model and the nominal model 

parameters dlscussed in Section 3.3.2, the predicted crltlcal radius 

Is between 3.9 and 4.3 nm. 

of the crltlcal radius reflect the fact that there Is some uncer- 

talnty about the damage rate experienced by these speclmens In the 

MFE-I1 experiment. No dosimeters were Included In the capsules that 

contained the PEM d i s k s . a l o ~ a z c  

sent damage rates of 2.5 and 2.0 x 10’’ dpa/sec, respectlvely. The 

good agreement between the observed critical radius and the values 

calculated with the nominal model parameters is probably somewhat 

fortuitous. Small changes In either the assumed self-diffusion 

energy o r  the surface free energy will slgniflcantly alter the pre- 

dicted values [see Equatlon (3.81)]. The predicted crltlcal radius 

Is also sensitive to changes in other model parameters because o f  

their influence on the vacancy supersaturation as dlscussed in 

Chapter 3. 

The range glven In the predicted values 

The two values glven here repre- 

The speclmen lrradiated In the 20% cold-worked condition at 550°C 

with no helium pre-Injection exhlblted a somewhat higher denslty of 

smaller cavities than the solutlon annealed speclmen. Cavlty f o r -  

mation was also less uniform from grain to graln In the cold-worked 

material. lyplcal microstructures at an intermediate and high magnl- 

fication are shown in Figure 4.12 and the cavity distribution i s  
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F i g u r e  4.12. The m i c r o s t r u c t u r e  o f  20% cold-worked P 7  observed 
a f t e r  i r r a d i a t i o n  t o  4.7 dpa a t  550°C w i t h  no h e l i u m  p r e i n j e c t i o n .  
The d i s l o c a t i o n  s t r u c t u r e  i s  shown i n  ( a )  and t h e  c a v i t i e s  a r e  shown 
a t  h i g h e r  m a g n i f i c a t i o n  i n  ( b ) .  
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p l o t t e d  i n  f i g u r e  4.13. 

r e g i o n s  o f  t h i s  specimen was 1.2 x laz1 m'' w i t h  an average r a d f u s  o f  

2.91 run. 

c a t i o n  d e n s l t y  was 1.2 x 10" ifl t h e  vo ided reg ions  and no f a u l t e d  

loops were observed. 

values r e p o r t e d  by Brager  e t  a l . J 2 1 - J 2 s  f o r  a s i m i l a r  specimen. They 

r e p o r t  a l a r g e r  average c a v i t y  r a d l u s  (8 nm), a c a v i t y  volume f m -  

t l o n  of 0.03% and an imners ion  d e n s i t y  change o f  -0.22%.'*'*''* T h i s  

Imners ion  d e n s i t y  change seems i n c o n s i s t e n t  w i t h  t h e  measured c a v i t y  

volume f r a c t i o n s ,  b u t  no s l m i l a r  specimen was a v a i l a b l e  t o  p e r m i t  an 

a d d i t i o n a l  measurement as p a r t  o f  t h i s  work. 

The average c a v i t y  d e n s i t y  I n  t h e  voided 

The c a v i t y  volume f r a c t i o n  was 0.049%. The network d i s l o -  

These r e s u l t s  a r e  g e n e r a l l y  s i m i l a r  t o  t h e  

O R N L - D W G  8 6 C - 1 8 1 0 2  
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F l g u r e  4.13. Observed c a v i t y  d l s t r i b u t i o n  i n  20% co ld -worked P7 
a f t e r  i r r a d i a t i o n  to. 4.7 dpa a t  550°C. 
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Al though the  s w e l l l n g  va lues measured I n  the  two speclmens a r e  

ve ry  s l m l l a r ,  a comparison o f  the  cavity d l s t r i b u t l o n s  observed f n  

so lu t lon-annea led  (F igu re  4.11) and 20% cold-worked (F lgure  4.13) 

speclmens I n d l c a t e s  t h a t  the  i n l t i a l  c o l d  work has extended the  

s w e l l l n g  I n c u b a t i o n  t ime. Whi le  t h e  l a r g e r  c a v i t l e s  I n  t h e  co ld -  

worked specimen a r e  c l e a r l y  vo lds,  the  shape of  the  s i z e  d i s t r i b u t i o n  

i n  the  cold-worked m a t e r l a l  Is n e a r l y  exponent la l .  Th l s  I n d i c a t e s  

t h a t  t h e  speclmen 1 s  s t i l l  I n  t h e  v o l d  n u c l e a t l o n / i n c u b a t l o n  reglme 

a t  t h l s  dose. The bimodal d l s t r l b u t l o n  I n  the  so lu t lon-annea led  

speclmen Is I n d i c a t i v e  of a more mature c a v l t y  p o p u l a t l o n  and suggests 

t h a t  v o i d  growth r a t h e r  than n u c l e a t i o n  was the  dominant process a t  

t he  t l m e  the  l r r a d l a t l o n  was terminated.  I t  appears t h a t  one way in 

which the  I n i t i a l  c o l d  work ing  extends t h e  i n c u b a t i o n  t i m e  i s  by p ro -  

mot lng  a h lghe r  bubble dens i t y .  

h e l i u m  (-65 appm) t o  be d l s t r l b u t e d  t o  more  bubbles,  thereby d e l a y i n g  

the  t i m e  f o r  any one bubble t o  o b t a l n  the  c r l t l c a l  number o f  gas 

atoms. 

T h i s  would r e q u i r e  t h e  a v a i l a b l e  

The c a l c u l a t e d  c r l t l c a l  r a d l u s  f o r  t he  cold-worked speclmen 

Th is  va lue  i s  much h i g h e r  than t h a t  ranges f rom 8.3 t o  10.3 nm. 

c a l c u l a t e d  f o r  t he  so lu t lon-annea led  specfmen because the  h i g h e r  d i s -  

location d e n s l t y  suppresses the  e f f e c t i v e  vacancy s u p e r s a t u r a t i o n .  

F i g u r e  4.13 i n d i c a t e s  t h a t  the a c t u a l  c r i t i c a l  r a d i u s  i s  c l o s e r  t o  

5.0 nm. A s  mentioned above, t h i s  p r e d i c t e d  va lue  i s  q u i t e  s e n s l t i v e  
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t o  a number o f  model parcmeters and parameter ad justment  w i t h i n  a 

llmlted range could Improve t h e  agreement between t h e  observed and 

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

d i s t r f b u t e d  a l s a  makes a d l r e c t  cornoarison d l f f l c u l t  f o r  t h e  c o l d -  

wQrked m a t e r i a l .  The madel assurms a homogeneous d i r t r l b u t l o n  o f  

d l s l o c a t l o n s  while t h e  a c t u a l  d f s l o c a t f a n  d e n s l t y  i s  v e r y  heteroge-  

neous; I n  p a r t l c u l a r ,  lower  d i s l o c a t i o n  d e n s f t f e s  were observed I n  t h e  

reg ions  I n  which vo'lds had farmed. 

dpa/sec, t h e  d t s l s c a t l a n  d e n s l t y  wao a r e d l c t e d  t o  be 4.4 x 10" m" 

when t h e  f l r s t  bubbles conver ted t o  volds w i t h  a c r l t l c a l  r a d i u s  of  

8 .3  nm. L a t e r ,  w i t h  a d d i t t o n a l  d i s l o c a t i o n  recove ry  t o  a v a l u e  of 

1.7 x lo2' rn'* t h e  crlticnl r a d l u s  became 5.4 nm. T h i s  l a t t e r  value 

i s  i n  good agreement w i t h  t h e  value suggested by  F l g u r e  4.13. 

F o r  a dose r e t e  o f  2.5 x lo-' 

T h l s  

s e n s f t l v l t y  O f  t h e  c r l t l c a l  number t o  t h e  d l s  O C i i t l Q n  deRSl ty  PSO- 

v i d e s  a second rnechanlsm by whlch c o l d  work tn  can extend t h e  s w e l l i n g  

I n c u b a t i o n  t l rne.  I n  l i g h t  a f  t h i s  s e n s i t i v f t y ,  t h e  f a c t  t h a t  t h e  

apparent  c r l t l c a l  rad11 a r e  so slmrlar i n  F i g u r e s  4.11 and 4.13 i s  

s u r p r i s i n g .  The o v e r l a p  o f  t h e  r e g i o n s  o f  t h e  s l z e  d i s t r l b u t l o n  t h a t  

a r e  l e s s  than (bubbles)  and g r e a t e r  than ( v o i d s )  t h e  c r i t i c a l  s l ze  

makes I t  l rnposs lb le  t o  preclselqc determine t h e  c r l t l c a l  r a d i u s  exper-  

l m e n t a l l y .  The values  o f  t h e  c r f t l c a l  rad11 quoted above r o u g h l y  

correspond t o  t h e  rninlma I n  the s l z e  d i s t r l b u t l o n ? ,  S lnce  t h e  

d i s t r ! b u t l o n s  a r e  so d i f f e r e n t ,  t h e  o f f s e t  between t h e  ac tua l  c r i t l -  

c a l  r a d i u s  and t h e  mln i rnum I n  t h e  s f z e  d t s t r f b u t f o n  n a y  n o t  be t h e  
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same f o r  both speclmens. 

responslble f o r  some shlft In the measured crltlcal radlus. 

Of course, experlmental error may also be 

The influence of helium implantation before lrradlatlon at 550°C 

I s  to suppress cavlty f o m t l o n  at law doses. The microstructure o f  

a speclmen lrtadlated In the as-helium-Injected candltlon conslsted 

of prlmarlly unfaulted dlslocatlon loops and a few dlslocatlon llne 

segments. The loop denslty was 8 x lo1@ m-’ wlth an average radtus 

o f  34 nm. A typical mlcrograph and the loop slze dlstrlbution f o r  a 

solution annealed specimen, pre-Injected with 5Q appm of hellum f s  

shown I n  Flgure 4.14. No cavltles were observed. The prelrradlatlon 

mlcrostructure for thls speclmen was a hlgh denslty o f  small Inter- 

stltlal clusters (Flgure 4.2) observable only as black dots. Based 

on the evolutlon o f  the as-Implanted microstructure durlng thermal 

anneallng, the Implanted helium was trapped I n  many small vacancy 

clusters. Thls results In a hlqh overall system sink strength for 

point defects that enhances pofnt defect recombinatfon, thereby 

reducfng the effectlve vacancy supersaturation. The lawer super- 

saturation Inhlblts cavlty formatlon; for example, the crltlcal 

bubble slze Is Increased [Equatlon (3.9)]. In addltlon, the hlgh 

denslty o f  hellumlvacancy clusters can be compared to a state of 

"over-nucleation." The number o f  sltes available to which the helium 

and vacancles can partltlon I s  too hlgh f o r  any bubbles t o  grow large 

enough to become vlslble durlng the subsequent irradiation. There- 

f o r e ,  the helium remalns trapped i n  many small bubbles that a r e  not 
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LOOP R A D I U S  (nm) 

F i g u r e  4.14, abserved d i s l o c a t i o n  l o o p  d i s t r i b u t i o n  i n  s o l u t i o n -  
annealed P 7  a f t e r  room temperature i m p l a n t a t i o n  o f  51  appm He and 
subseqlrerit i r r a d i a t i o n  t o  4.7 dpa a t  55Q°C. 
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v i s i b l e  by  TEM. 

l a r  r e s u l t s  o f  Packan and F a r r e l l "  

i r r a d l a t l o n  annea l ing  a t  900°C o f  a nomlna l l y  i d e n t i c a l  specimen by 

Brager and Garner r e s u l t e d  I n  t h e  fo rma t ion  o f  observable bubbles. '* '  

The work o f  Packan and F a r r e l 1 8 1 ~ 1 8 s * J o a  suggests t h a t  f r r a d l a t i o n  t o  

a h i g h e r  dose would have r e s u l t e d  I n  a h i g h e r  v o i d  d e n s l t y  I n  t h I s  

speclmen than I n  t h e  speclmen .without he l i um p r e l n j e c t i o n .  

Support f o r  t h i s  i n f e r e n c e  I s  prov lded  by the  slrrtt- 

and the  f a c t  t h a t  p o s t -  

A l l  o f  t h e  so lu t i on -annea led  speclmens t h a t  were  annealed 

f o l l o w i n g  he l i um I m p l a n t a t l o n  e x h l b l t e d  g e n e r a l l y  s i m i l a r  m t c r o s t r u c -  

t u r e s  a f t e r  i r r a d i a t l o n  t o  4.7 dpa a t  550OC. Th ls  m i c r o s t r u c t u r e  

cons ls ted  o f  a low d e n s i t y  o f  u n f a u l t e d  loops  and d i s l o c a t i o n  l i n e  

segments, he l l um bubbles and s t a c k i n g  f a u l t  te t rahedra .  The d l s l o c t -  

t i o n  loop d e n s l t y  was -1-3 x 1018/mJ9 about o n e - t h i r d  t h e  dens' l ty o f  

t he  unannealed specimen. The average loop s l z e  was l a r g e r  than t h e  

unannealed specimen, r g  - 120 nm. The t y p l c a l  d l s l o c a t l o n  s t r u c t u r e  

i s  shown I n  a b r i g h t  f Ield/weak-beam dark  f i e l d  comparison I n  

F l g u r e  4.15. T h i s  specimen was Imp lan ted  w i t h  36 appm He and 

annealed for one hour  at 7 5 O O C  prior t o  I r r a d f a t l o n .  The smal l  

t r i a n g u l a r  d e f e c t s  i n  F i g u r e  4.15 a r e  s t a c k i n g  f a u l t  t e t rahedra .  

- 

Because o f  t he  l o w  damage l e v e l  a t t a i n e d  I n  t h l s  exper iment,  t h e  

c a v i t y  d i s t r f b u t i o n s  observed I n  t h e  hel ium-implanted-and-aged 

specimens were  l a r g e l y  unchanged from those t h a t  were  formed during 

the  post-hellum-Implantation anneal. The one excep t lon  t o  t h l s  was a 

specimen t h a t  had been imp lan ted  w l t h  4 2  appm He and annealed f o r  one 
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Figure 4.15. Typical dislocation loop distribution in solution- 
annealed P7 after room temperature helium implantation with sub- 
sequent aging prior to irradiation to 4.7 dpa at 550°C. This specimen 
was implanted with 36 appm He and aged at 750°C. Stacking fault 
tetrahedra are visible as small triangular defects in the weak-beam 
dark field image in (6). 
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hour a t  7 5 Q O C .  T h i s  specimen e x h i b i t e d  vo ids  i n  a naricw bz:d nc?ja- 

cen t  t o  t h e  g r a i n  boundar ies.  These vo ids  a r e  snown a t  low magn;f;- 

c a t i o n  i n  F i g u r e  4.16 (a )  and ( b ) .  F i g u r e  6.16 ( d )  shows a r e g i o n  

a l o n g  a s t . ra igh t  seqment  o f  q r a i n  boundary t h a t  has heen a r e f e r e n -  

t i a l l y  t h i n n e d  d u r i n q  e l e r t r o p o l i s h i n g .  F i g u r e  4.15 (b )  demonstrates 

t h a t  t h i s  behav io r  was f a i r l y  u n i f o r m  i n  t h i s  specimen by showing a 

g r a i n  boundary t r i p l e  p o i n t  i n  ano the r  r e g i o n  o f  t h e  speciven. The 

v o i d s  form i n  a band t h a t  i s  about 400 nm i n  w i d t h  and t h e  edge o f  

t h i s  band l i e s  about 400 nril f r om the  g r a i n  boundary. The l o c a l  den- 

s i t y  of  these l a r q e r  v o i d s  i s  6.8 x 1 0 2 0  I'R-' w i t h  an average r a d i u s  

o f  11.7 nm. T h i s  l eads  t o  a l o c a l  s w e l l i n g  l e v e l  o f  0.49%. T h ! ~ s ,  

t h e  l o c a l  s w e l l i n g  i s  about two and ane-ha l f - t imes  g r e a t e r  t han  i n  

t h e  specimen i r r a d i a t e d  WlthOLJt h e i i u m  p r e i n j e c t i o n .  The f a c t  t h a t  

v o i d s  seem t o  fo rm p o s t  e a s i l y  i n  a r e g i o n  near,  b u t  n o t  immediate ly  

a d j a c e n t  t o ,  g r a i n  boundar ies has been renoi- ted earlier by L e i t n a k e r  

e t  a l .  f o r  ano the r  model a u s t e n i t i c  a l i ~ y ~ ' ~  and b y  Horsewel l  and 

Singh and van Witmenburg and Mastenbroek f o r  pure a l u r ~ i n u m . ~ ~ ~ ~ ~ ~ ~  

I n  a d d i t i o n  t o  t h e  v o i d s ,  t h i s  specimen a l s o  e x h i b i t e d  a h i g h e r  dec- 

s i t y  o f  smal l  bubbles.  T h i s  bimodal d i s t r i b u t i o n  i s  shown a t  h i g h e r  

m a g n i f i c a t i o n  i n  F i g u r e  4.16(c). T h e  average r a d  us  o f  t h e  b u b b l e s  

i n  t h i s  specimen was 1.1 nm w i t h  a d e n s i t y  o f  9.9 x m-3 .  Tne 

absence o f  v o i d s  i n  o t h e r  specimens t h a t  were sub e c t  t o  s i m i l a r  

i r r a d i a t i o n  conditions and l e v e l s  o f  h e l i u m  p r e i n j e c t i o n  may r e f l e c t .  

o n l y  specimen-to-specimen v a r i a t i o n s  o r  a s t r o n g  s e n s i t i v i t y  t o  t h e  

l e v e l  o f  h e l i u m  i m p l a n t a t i o n  i n  t h e  30 t o  70 appm range. AS 
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F i g u r e  4.16. Observat ion o f  v o i d  f o r m a t i o n  near  g r a i n  bound- 
a r i e s  i n  so lu t i on -annea led  P7 t h a t  was i m p l a n t e d  w i t h  42 appm He and 
aged a t  750°C p r i o r  t o  i r r a d i a t i o n  a t  550°C. Severa l  g r a i n  bound- 
a r i e s  a r e  shown i n  ( a )  and (b )  a t  low m a g n i f i c a t i o n ,  and ( c )  shows a 
bimodal c a v i t y  d i s t r i b u t i o n  a t  h i g h e r  m a g n i f i c a t i o n .  
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discussed above, such a sensitivity was observed In three speclmens 

that were prelnjected with 47, 65  and 41 appm He and annealed for one 

hour at 800, 850 and 900°C, respectively [cf. Figures 4.5(c) and (d) 

with Figure 4.71. 

The dislocation structure in the grain Interlor of the speclmen 

that developed the volded bands was slmllar to the other hellum- 

implanted-and-aged specimens. This structure Is shown In Flgure 

4.17. 

fleld and a weak-beam dark field image are shown. 

orientation (foi 1 normal near <ZOO>) the stacklng fault tetrahedra 

appear as nearly square defects.”’ They are most clearly seen in 

the weak-beam dark field image. 

For purposes of comparison wlth Figure 4.15, both a brlght 

For this specimen 

The observation of such large stacking fault tetrahedra (SFT) 

In these specimens was qulte surprislng since they have not been 

reported previously In austenitlc steel that was neutron irradiated 

at elevated temperatures. 

not trlangle loops was verifled by lmaglng them wlth g z o 0  with a foil 

normal near both the <110> and <ZOO> poles. 

tations the SFT wlll appear as a triangle and a square, respec- 

t l ~ e l y . * ~ * ~ ~ ~  Such a sequence o f  micrographs i s  shown in Flgure 

4.18, along with the appropriate dlffractlon patterns. This speclmen 

is the helium-lmplanted-and-aged one that exhiblted a band of volds 

near the graln boundarles. 

SFTs have grown to a slmllar size In roughly overlapplng reglons. 

There was some lndicatlon that the SFTs were being eliminated In the 

The fact that the defects were SFTs and 

In these two orlen- 

Flgure 4.18 shows that the volds and 
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YE-13608 

F i g u r e  4.17. D i s l o c a t i o n s  and s t a c k i n g  f a u l t  t e t r a h e d r a  
observed i n  t h e  g r a i n  i n t e r i o r  i n  so lu t i on -annea led  P7 t h a t  was 
imp1;;nted w i t h  42 appm He and aged a t  75OOC p r i o r  t o  i r r a d i a t i o n  t o  
4.7 dpa a t  5 5 0 O C .  The s t a c k i n g  f a u l t  t e t r a h e d r a  a r e  v i s i b l e  as smal l  
square d e f e c t s  i n  t h e  weak-beam d a r k  f i e l d  image i n  ( b ) ,  two a r e  
h i g h l i g h t e d  by smal l  ar rows.  
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YE-13583 

Figure 4.18. V e r i f i c a t i o n  of t h e  observa t ion  of s t a c k i n g  f a u l t  
t e t r ahedra  i n  solut ion-annealed P7 t h a t  was i m p l a n t e d  wi th  42 appm He 
and  aged a t  750°C p r io r  t o  i r r a d i a t i o n  t o  4.7 d p a  a t  550°C. 
sequences (a-c) and (d-f) show the  b r i g h t  f i e l d  and weak-beam d a r k  
f i e l d  images and the  d i f f r a c t i o n  p a t t e r n  f o r  g Z O O  near t h e  <110> and 
< l o o >  p o l e s ,  r e s p e c t i v e l y .  

T h e  



vo ided bdnd, b u t  t h e  p resen t  d a t a  a r e  i n c o n c l u s i v e  w i t h  r e s p e c t  t o  

t h i s  i s s d e .  The appearance of  t h e  SFTs was q u i t e  genera l  i n  t h i s  

Zxper iment  - they  were observed i n  specimens i r r a d i a t e d  a t  550 and 

' SOO'C ,  L V ; ~ ?  and w l t h u u t  h e l i u m  p r e i n j e c t i o n ,  and w i t h  and w i t h o u t  

pDst-hetiurn-implantation heat  t rea tment .  The average edge l e n g t h  was 

-20 nlii and t h e  d e n s i t y  v a r i e d  between 1 x 10'' and 1 x lo2' m-3.  The 

highest d e n s i t y  was observed i n  a so lu t i on -annea led  specimen i r r a -  

d iaced  a t  600°C w i t h  no he l i um p r e i n j e c t i o n .  

The o n l y  known p r e v i o u s l y  v e r i f i e d  obse rva t i ons  o f  SFTs i n  i r r a -  

d i a t e d  a u s t e n i t i c  S t a i n l e s s  s t e e l  have been under charged p a r t i c l e  

i r r a d i a t i o n  a t  low temperatures. Yoshida e t  a l . 3 2 8  i n d i c a t e  t h a t  

some smal l  (<1.0 nm) SFTs may be p resen t  i n  an Fe-Cr-Ni t e r n a r y  

a l l o y  a f t e r  14 MeV neut ron  i r r a d i a t i o n  a t  25°C. I n  a l a t e r  p u b l i -  

c a t i o n , 4 6  some o f  these same au tho rs  s t a t e  t h a t  t h e  d e f e c t s  were t o o  

smal l  to v e r i f y  t h e i r  morphology. S i n d e l a r 4 '  r e p o r t e d  obse rv ing  a 

f e w  de fec ts  t h a t  appeared t o  be SFTs near  t h e  end-of-range i n  a spec- 

imen o f  a l l o y  P 7  t h a t  had been i r r a d i a t e d  a t  400°C w i t h  n i c k e l  i o n s  

t o  a dose o f  10 dpa. Ko j i i na  e t  a l .  per formed h i g h  v o l t a g e  e l e c t r o n  

i r r a d i a t i o n s  o f  an Fe-13Cr-14Ni a l l o y  and r e p o r t e d  SFTs f o r  i r r a -  

d i a t i o n  temperatures below 325°C ( r e f .  46). I t  i s  n o t  known whether  

t h e  S i T  i s  more commonly p resen t  i n  i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  

s t e e l s  and has n o t  been repo r ted ,  o r  i f  t h e  p resen t  work has f o r -  

t u i t o u s l y  examined specimens i n  a narrow f l uence / tempera tu re  window 

t h a t  p e r m i t t e d  t h e i r  observa t ion .  T h i s  l a t t e r  p o s s i b i l i t y  i s  l i k e l y  

s i n c e  r e l a t i v e l y  few neut ron  i r r a d i a t i o n  exper iments have e x p l o r e d  
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t h e  dose regime below 5 dpa. C e r t a i n l y  these obse rva t i ons  l e n d  c red-  

i b i l i t y  t o  c a l c u l a t i o n s  which suggest t h a t ,  f o r  some c o n d i t i o n s  and 

parameter  cho ices ,  v o i d s  and SFTs shou ld  have s i m i l a r  ~ t a b i l i t y . ~ ~ - ~ ~  

Assuming t h a t  t h e  SFTs fo rm by  t h e  S i l c o x - H i r s c h  mechanism,327 these 

d a t a  a l s o  c o n f i r m  t h e  growth o f  vacancy loops  t o  reasonably  l a r g e  

s i z e s  under neu t ron  i r r a d i a t i o n .  

I n  summary, t h e  r e s u l t s  o f  t h e  MFE-I1 i r r a d i a t i o n  exper iment  a r e  

g e n e r a l l y  c o n s i s t e n t  w i t h  t h e  t h e o r e t i c a l  concepts d iscussed i n  

Chapter  3. 

f o r m a t i o n  by  s t a b i l i z i n g  bubbles and p r o v i d i n g  a d r i v i n g  f o r c e  f o r  

bubb le  g rowth  u n t i l  t h e  bubbles reach t h e  c r i t i c a l  s i z e  beyond which 

gas p ressu re  i s  n o t  r e q u i r e d  t o  p e r m i t  con t inued growth. The observa- 

t i o n  t h a t  t h e  s w e l l i n g  i n c u b a t i o n  t ime  was longer  f o r  t h e  cold-worked 

m a t e r i a l  i n  which t h e  bubb le  d e n s i t y  was about  f i v e  t imes g r e a t e r  

t han  t h e  so lu t i on -annea led  m a t e r i a l  suppor ts  t h i s  concept. The 

h i g h e r  bubb le  d e n s i t y  p r o v i d e s  more s i t e s  t o  wh ich  t h e  a v a i l a b l e  

h e l i u m  i s  p a r t i t i o n e d ;  hence, t h e  t ime  f o r  any one bubb le  t o  o b t a i n  

t h e  c r i t i c a l  number o f  gas atoms i s  extended. The suppress ion o f  

v o i d  f o r m a t i o n  b y  room-temperature h e l i u m  i m p l a n t a t i o n  i s  i n  agree- 

ment w i t h  t h e  arguments advanced and v e r i f i e d  w i t h  t h e  models t h a t  a 

h i g h  o v e r a l l  system s i n k  s t r e n g t h  c o u l d  ex tend t h e  s w e l l i n g  i n c u b a t i o n  

t ime  b y  reduc ing  t h e  e f f e c t i v e  vacancy supersa tu ra t i on .  The as- 

imp lan ted  m i c r o s t r u c t u r e  a l s o  p rov ides  a h i g h  d e n s i t y  o f  s i t e s  t o  

which h e l i u m  can be p a r t i t i o n e d  d u r i n g  t h e  subsequent i r r a d i a t i o n  so  

One o f  t h e  key concepts was t h a t  h e l i u m  promotes v o i d  
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t h a t  no observable bubbles were formed. 

took  p l a c e  and near c r l t i c a l l y  s i z e s  bubbles were formed d u r i n g  p o s t -  

I m p l a n t a t i o n  anneals, the  theo ry  i n d i c a t e s  t h a t  t h e  s w e l l i n g  incuba- 

t i o n  t ime should be reduced compared t o  t h a t  o f  t he  unlmplanted 

m a t e r i a l .  A l though the  g r e a t e s t  o v e r a l l  s w e l l i n g  was observed i n  t h e  

I f  s u f f i c i e n t  coarsening 

so lu t ion-annea led  specimen i r r a c i i a t e d  w i t h o u t  he l i um i m p l a n t a t i o n ,  

t h e  l o c a l  s w e l l i n g  i n  the  vo ided reg ions  o f  one o f  t h e  hel ium- 

implanted-and-annealed specimens was t h r e e  t imes t h a t  i n  t h e  former. 

Th ls  a l s o  p r o v l d e s  suppor t  f o r  t he  concept o f  vo lds  fo rming  from the  

convers ion  o f  bubbles t h a t  reach the  c r l t l c a l  rad ius .  More d e t a i l e d  

comparlsons between the  theo ry  and t h e  MFE-I1 exper iment a r e  i n h l -  

b l t e d  by the  f a c t  t h a t  t he  exper iment was te rmina ted  a f t e r  an expo- 

sure o f  only about 4 dpa. A t  t h i s  dose, most o f  t he  speclmens w e r e  

s t i l l  i n  t he  s w e l l i n g  i n c u b a t i o n  regime so t h a t  any d l f f e r e n c e s  t h a t  

m i g h t  nave evo lved a t  a h l g h e r  dose cannot be detected.  

4.3.3 R e s u l t s  o f  P o s t i r r a d i a t i o n  Annea l ing  Experiment 

P o s t i r r a d i a t i o n  annea l lng  s t u d i e s  I n  a u s t e n i t i c  s t a l n l e s s  s t e e l s  

have p r e v i o u s l y  y i e l d e d  somewhat c o n f l  l c t i n g  r e s u l  t s . 0 7 ~ a 2 0 - ’ a a  

r e s u l t s  o f  P o r t e r  e t  a l . J J 3  agreed w l t h  work by Cawthorne and 

F u l t o n o 7  and Holmes e t  a l . J f a  t h a t  t h e r e  w e r e  t w o  annea l lng  s tages 

e v i d e n t  i n  i r r a d i a t e d  m a t e r l a l .  B e l o w  about  600°C d i s l o c a t i o n  l oop  

a n n e a l i n g  leads t o  s o f t e n i n g  o f  t he  m a t e r i a l  w i t h  l i t t l e  change i n  

d e n s i t y ;  w h i l e  above about 700-750°C vo ids  beg in  t o  anneal ,  l e a d i n g  

The 
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t o  a d d i t l o n a l  s o f t e n l n g  and an Increase i n  t h e  d e n s l t y  o f  t he  spec l -  

men. Most  e a r l y  s t u d i e s ,  such as those by Cawthorne and F u l t o n , D y  

Holmes e t  a1 .330 and S t i e g l e r  and Bloom3a‘ r e p o r t e d  complete v o i d  

annea l lng  by about 900OC. St raa lsund  e t  a l . ” *  observed v o i d  coar -  

sentng i n  t h e  g r a l n  I n t e r i o r s  w h f l e  a v o i d  denuded zone g r a a u a l l y  

grew i n t o  t h e  g r a i n .  

a p e r s i s t e n t ,  s t a b l e  p o p u l a t i o n  of  l a r g e  vo ids  a f t e r  anf leal ing a t  

h l g h  temperatures (-1000-1050°C). 

Both  CawthorneYaD and P o r t e r  e t  a?.i33 OOSerVed 

The f a c t o r s  t h a t  de termine  v o i d  annea l lng  behav lo r  appear t o  be 

b o t h  the  v o i d  s i z e  and t h e  v o i d  s i z e  d i s t r i b u t i o n  w i t h  t h e  d l s l o c a -  

t i o n  network p l a y i n g  a r o l e  I n  some cases .aJs r33 ‘  The s t u d l e s  t h a t  

repo r ted  complete v o i d  annea l i ng  were  conducted on speclmens I r r a -  

d i a t e d  t o  low doses a t  f a i r l y  low temperatures. 

t h e  v o i d  s i z e s  tend t o  be f a i r l y  small [e.g., Holmes e t  a l .  r e p o r t  an 

average r a d i u s  o f  7.5 nm ( r e f .  330)]. Such vofds anneal q u l c k l y  

because the  vacancy e m i s s i o n  r a t e  I s  large.  F o r  t h e  case o f  vo ids ,  

where the  i n t e r n a l  gas p ressu re  i s  n e g l l g i b l e ,  Equat ion  (3.2) can be 

reduced t o  show t h a t  t h e  r a t e  o f  vacancy emission from a v o i d  w l t h  

r a d i u s ,  rv, i s  p r o p o r t i o n a l  t o  exp (-). 

approaches u n i t y  f o r  l a r g e  vo ids .  

a t  900°C, t h i s  t e r m  i s  1.76, 1.07 and 1.01 f o r  vo fds  w i t h  r a d l i  of  

2.5, 25 and 100 nm, r e s p e c t i v e l y .  

For s u m  c o n d l t l o n s  

2YR 
rvkT 

Th is  exponen t ia l  tern 

For  example, t a k i n g  Y - 1.0 J/m’ 

Thus, smal l  vo ids  e m i t  vacancles much more r a p i d l y  than l a r g e  

vo ids.  The l a r g e s t  vo ids  would tend t o  have vacancy emlss lon  r a t e s  



s i m l l a r  t o  d l s l o c a t l o n s  and would t h e r e f o r e  n o t  be expected t o  s h r l n k  

under thermal anneal ing.  Consequently, f o r  speclmens l r r a d l a t e d  t o  

h l g h e r  doses and c h a r a c t e r i z e d  by  a broader  s i z e  d l s t r l b u t l o n ,  coars-  

en ing  o f  t h e  d i s t r i b u t i o n  occurs d u r i n g  annea l ing  as the  smal l  vo lds  

s h r i n k  and t h e  l a r g e r  vo lds  grow I n  an Ostwald r l p e n l n g  process. 

Both Cawthornea2'  and S t r a a l s u n d  e t  al. '" r e p o r t  t h a t  t h e  coarsening 

o f  t he  v o i d  d l s t r l b u t l o n  I n  t h e i r  m a t e r i a l s  was c o n s l s t e n t  w i t h  t h e  

theo ry  o f  Ostwald r i p e n l n g a a c  developed by  Wagner'" and L i f s h i t z  and 

S l y o ~ o v . ~ ~ ~  T h i s  l a t t e r  t h e o r y  a l s o  p r e d l c t s  the  fo rma t ion  and 

growth of denuded zones a d j a c e n t  t o  g r a i n  boundar les and t w i n s  as 

observed b y  S t r a a l s u n d  e t  a l . a a z  The d a t a  o f  P o r t e r  e t  a1."' a l s o  

appear t o  be c o n s l s t e n t  w i t h  Ostwald r l p e n l n g  and they  r e p o r t  t h a t  

the  l a r g e  vo ids  t h a t  p e r s i s t e d  a f t e r  900 and 1054°C anneal were 

i n t e r c o n n e c t e d  by d i s l o c a t i o n  segments. 

Th is  e a r l l e r  work suggested t h a t  t h e  recovery  o f  t h e  r a d i a t i o n  

produced m l c r o s t r u c t u r e  I n  the  m a t e r i a l  chosen f o r  the  p r e s e n t  s tudy  

cou ld  be reasonably  f o l l o w e d  by  a combina t ion  o f  mlcrohardness and 

imners ion  d e n s i t y  measurements. 

expected t o  show o n l y  a l l m l t e d  amount o f  recovery  o f  t he  d i s l o c a t i o n  

s t r u c t u r e  because of  t h e  r e l a t l v e l y  h i g h  I r r a d i a t l o n  temperature of  

650°C. Therefore,  bo th  the  s o f t e n i n g  o f  t he  m a t e r i a l  and t h e  d e n s i t y  

recovery  would be due t o  the  a n n e a l i n g  o f  t h e  vo ids  and a s i m i l a r  

a c t i v a t l o n  energy should be observed f o r  b o t h  processes. I t  was 

expected t h a t  these measurements would l ead  t o  an e s t i m a t e  o f  t h e  

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

Annea l lng  a t  600°C and above was 
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The r e s u l t s  o f  t h e  microhardness and imners lon d e n s i t y  measure- 

ments from t h e  p o s t - i r r a d i a t i o n  annea l ing  exper iment a r e  shown i n  

F lgures  4.19 and 4.20. Two Iso thermal  annea l ing  curves, a t  750 and 

900°C, and a one-hour I soch rona l  annea l lng  curve  a r e  shown. Values 

f o r  the  a s - I r r a d i a t e d  c o n d l t l o n  and u n i r r a d l a t e d  c o n t r o l  m a t e r l a l  a r e  

a l s o  i nd l ca ted .  

(F igu re  4.19) r e f l e c t  t h e  range o f  8 t o  10 measurements and the symbols 

i n d l c a t e  t h e  average va lue  a t  each cond i t i on .  A d d i t i o n a l  da ta  p o f n t s  

a r e  i nc luded  t o  show t h e  s c a t t e r  I n  measurements on d u p l i c a t e  spec l -  

mens (one hour  a t  SOOOC) and t h e  e f f e c t  o f  1000 r a t h e r  than 500 g 

l o a d l n g  ( a s - i r r a d l a t e d  and one hour  a t  900OC). These mlcrohardness 

da ta  a r e  seen t o  be v e r y  sys temat fc  and a leas t -squares  polynomia l  

f l t  t o  t h e  d a t a  I s  a l s o  shown. Fo r  the  lmners ion  d e n s i t y  da ta  In 

F i g u r e  4.20, t he  e r r o r  b a r s  r e f l e c t  t h e  observed s c a t t e r  I n  repeated 

measurements on a s l n g l e  sample, approx imate ly  50.1%. The two va lues 

shown a t  600°C I n  t h e  I soch rona l  annea l ing  curve  aga in  i n d l c a t e  

measurements on n o m i n a l l y  d u p l i c a t e  specimens. 

specimen-to-specimen s c a t t e r  Is q u l t e  l a rge ,  l e a d i n g  t o  s i g n i f l c a n t  

u n c e r t a l n t y  I n  d e t e r m l n l n g  a "bes t  f i t "  t o  the  data.  

The e r r o r  b a r s  on t h e  microhardness d a t a  p o l n t s  

Here t h e  apparent 

F o l l o w i n g  the  example o f  Jostsons e t  al.,"* these da ta  w e r e  

analyzed u s i n g  the  method developed by Meechar! and B r l n k m a n e a a 0  Th is  

a n a l y s l s  r e q u i r e s  o n l y  the  use o f  a s l n g l e  Iso thermal  a n n e a l i n g  curve 

and an i soch rona l  a n n e a l i n g  curve. For  l n l t i a l l y  i d e n t i c a l  spec i -  

mens, e q u l v a l e n t  changes In t he  measured p r o p e r t y  ( imners lon  d e n s l t y  

o r  mlcrohardness)  a r e  observed a f t e r  a t l m e  Ti  d u r i n g  t h e  l so thenna l  
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FIgure 4.19. Diamond pyramid microhardness r e s u l t s  f rom p o s t -  

S t a r t f n g  
I r r a d i a t i o n  anneal ing exper iment ,  one hour  I s o c h r o n a l  a n n e a l i n g  curve 
(a)  and i so the rma l  annea l i ng  curves a t  750 and 900°C ( b ) .  
m a t e r i a l  was P7, i r r a d i a t e d  t o  12.5 dpa a t  650°C i n  t h e  EBR-11. 
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anneal a t  T i  and a temperature Ta d u r i n g  I soch rona l  anneals  f o r  a 

t i m e  ta. 

and Brlnkman as the  temperature-compensated t lmeJJ '  i s  equal f o r  t he  

two annea l ing  cond l t l ons .  

Th is  occurs when an I n t e g a l  parameter d e f i n e d  b y  Keechan 

For  t h i s  c o n d l t l o n  they  show t h a t :  

I n  ta - Ea/kTa = I n  r l  - Ea/kT1, 

where Ea Is t he  a c t i v a t i o n  energy f o r  t he  process r e s p o n s f b l e  f o r  t h e  

p r o p e r t y  change. Therefore,  a p l o t  o f  I n  xi versus Ta-% should y l e l d  

a s t r a i g h t  l l n e  w i t h  a s lope equal t o  E,/k I f  t h e  recovery  process i s  

c h a r a c t e r i z e d  by a s i n g l e  a c t l v a t l o n  energy. Regions o f  c u r v a t u r e  I n  

t h i s  p l o t  I n d i c a t e  t h a t  more than one process i s  r e s p o n s l b l e  f o r  t he  

p r o p e r t y  change. 

The r e s u l t s  presented here were o b t a i n e d  u s i n g  t h e  900°C I s o t h e r -  

mal annea l ing  curve because I t  p r o v l d e d  t h e  b e s t  o v e r l a p  w i t h  t h e  

isochrona l  annea l fng  data. 

curves ob ta ined from the  da ta  I n  F lgu res  4.19 and 4.20. The m l c r o -  

hardness da ta  i n  F l g u r e  4.21 (a)  shows a f a f r l y  s t r a l g h t  I l n e  from 

about 925°C t o  1000°C. 

these da ta  i s  4.3 eV. The lmners lon  d e n s l t y  d a t a  shown i n  

F l g u r e  4.21(b) a r e  l e s s  sys temat ic  2nd more d i f f l c u l t  t o  i n t e r p r e t .  

Th i s  res I t  Is expected from the da ta  s c a t t e r  I n  F i g u r e  4.20. If 

F i g u r e  4 21(b)  I s  a r e l l a b l e  I n d i c a t o r  o f  the  a n n e a l i n g  b e h a v i o r ,  t he  

c o n s t a n t  y changing s lope would i n d l c a t e  t h a t  m u l t i p l e  mechanlsms a r e  

a t  work. Two reg ions  o f  near  l i n e a r  behav io r  a r e  v i s i b l e .  The s lope 

F lgu re  4.21  shows the  In r f  versus Ta-' 

The apparent  a c t l v a t l o n  energy o b t a l n e d  from 
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of the lower temperature llnear region ylelds an actlvatlon energy o f  

2.0 eV while for the higher temperature region an actlvatlon energy 

of 4.5 Is calculated. Thls latter value Is slmllar to that calcu- 

lated for the recovery of the mlcrohardness. 

The activation energy o f  4.3 to 4.5 eV observed I n  the hlgh tem- 

perature Imnerslon denslty data and the mlcrohardness data is much 

too high to be a self-dlffuslon energy. 

P7,  the actlvatlon energy for self-dlffuslon Is measured to be 

-2.8 to 3.0 e V . 2 2 c ~ 2 2 a * 2 a 0 ~ 2 a 7  A TEM study of the annealed speclmens 

was conducted to verify that the volds remalned and to attempt to 

galn some lnslght into the reasons for the apparent stablllty o f  the 

Irradiatlon-produced rnlcrostructure. Representative mlcrographs from 

thls survey are shown in Flgure 4.22. 

at short times appeared to be due to the more rapld annealing of 

volds near the graln boundarles and the gradual growth o f  a denuded 

zone into the gralns [Flgure 4.22(a)]. 

boundary denuded zones was verlfled by scanning electron microscopy 

of  speclmens that had been lightly etched. 

graln scatter in the denuded zone wldths was too great to permit 

quantitatlve analysls o f  the process responsible for the growth of 

the denuded zones, the growth was easy to observe. Representatlve 

micrographs are shown In Flgure 4.23. Within the graln Interiors, 

the void population appeared to be evolvlng by Ostwald rlpenlng as 

predlcted by the theoryJ J c - J  J 7  and also observed by 

o t h e r s . J z o * J J 2 * J J J  [Flgure 4.22(bvc)J. A s  mentioned above, there 

For  materlals such as alloy 

The denslty recovery observed 

Thls growth of the graln 

Although the grain-to- 
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YE- 13584 

F i g u r e  4.22. P o s t i r r a d i a t i o n  annea l i ng  behav io r  of  a u s t e n i t i c  
a l l o y  P7 i r r a d i a t e d  i n  t h e  EBR-I1 t o  12.5 dpa a t  650°C. G r a i n  boun- 
d a r y  denuded zones a f t e r  two hour  anneal a t  800°C ( a ) ,  e v o l u t i o n  of  
t h e  v o i d  and d i s l c o a t i o n  s t r u c t u r e  w i t h i n  t h e  g r a i n s  a f t e r  two hours 
( b )  and t e n  hours ( c )  a t  950"C, and a f t e r  210 hours a t  900°C. 
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YE-13588 

F i g u r e  4.23. Scann ing  e l e c t r o n  m i c r o g r a p h s  o f  g r a i n  boundary  
denuded zones a f t e r  p o s t i r r a d i a t i o n  a n n e a l i n g  o f  a u s t e n i t i c  a l l o y  P7 
f o r  one h o u r  a t  600°C ( a , b )  and 900°C ( c , d ) .  
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I s  l i t t l e  d r l v l n g  f o r c e  f o r  l a r g e  vo lds  t o  shr lnk .  A f t e r  about 20 

hours a t  900°C f u r t h e r  recovery  was very  s low [F lgure  4.20(b)]. 

Even a f t e r  210 hours a t  900°C [F igu re  4.22(d)J, a s t a b l e  v o l d  popula- 

t l o n  w l t h  a d e n s l t y  o f  about 1 x 10'' m-' and an average r a d l u s  o f  

100 m remained. Larger  vo lds  w l th  rad11 up t o  300 nm were a l s o  

formed, a p p a r e n t l y  by coalescence. Th ls  v o l d  p o p u l a t l o n  accounts f o r  

t he  -2% s w e l l l n g  t h a t  was measured by l m e r s l o n  d e n s l t y  f o r  t h l s  

cond l t l on .  

The h l g h  apparent a c t l v a t l o n  energy measured here  seems t o  

r e f l e c t  t he  f a c t  t h a t  t h e  recovery  o f  t he  vo lds  and d l s l o c a t l o n s  was 

t h e  r e s u l t  o f  severa l  l n t e r a c t l n g  processes. These processes Inc lude  

f a l r l y  r a p i d  v o l d  annea l lng  near  the  g r a l n  boundar les,  t he  growth o f  

a v o i d  denuded zone I n t o  the  g r a l n  I n t e r i o r  and v o l d  coarsenlng w i t h i n  

t h e  g ra lns .  To t h e  degree t h a t  t h e  Imners ion  d e n s t t y  d a t a  a r e  f e l l -  

ab le ,  F l g u r e  4.21(b) a l s o  v e r l f l e s  t h a t  more than one mechanlsm Is 

respons lb le  f o r  the  observed behavtor.  Some c o r r e l a t e d  annea l lng  

behav lo r  o f  t he  vo lds  and d l s l o c a t l o n s  may a l s o  be p a r t l a l l y  respon- 

s l b l e  f o r  the  h l g h  apparent a c t l v a t l o n  energy. 

t h a t  many o f  t he  vo lds  were In te rconnec ted  by d l s l o c a t l o n  Segments. 

Evldence o f  d l s l o c a t l o n - v o l d  at tachment  was a l s o  seen In the  as- 

l r r a d l a t e d  m a t e r l a l .  P o r t e r  e t  have r e p o r t e d  t h a t  they 

observed s t a b l e  v o l d - d l s l o c a t l o n  a r r a y s  a f t e r  p o s t l r r a d l a t l o n  

annea l lng  o f  type-304L s t a l n l e s s  s t e e l .  They observed these a r rays  

a f t e r  annea l lng  f o r  one hour a t  temperatures as h l g h  as 1054°C. 

F l g u r e  4.22 l n d l c a t e s  

Th ls  
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i n d i c a t e s  t h a t  such a d e f e c t  geometry i s  h l g h l y  r e s i s t a n t  t o  recov- 

ery. One p o s s f b l e  e x p l a n a t l o n  f o r  t h l s  s t a b l l l t y  Is t h a t  t h e  d is -  

locations a r e  n o t  f r e e  t o  c l i m b  as a r e s u l t  o f  be ing  p inned by t h e  

volds. T h i s  p reven ts  them f rom absorb ing  excess vacancles. T h l s  

leads t o  n e a r l y  equal vacancy a b s o r p t l o n  and emiss lon  r a t e s  f o r  b o t h  

t h e  vslds and t h e  d l s l o c a t l o n s .  T h i s  comp lex l t y  f u r t h e r  l l m i t s  t h e  

a b l l l t y  o f  any s imp le  k l n e t l c  a n a l y s i s  o f  t h l s  exper iment  t o  y i e l d  

conc lus i ve  r e s u l  ts .  
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CHAPTER 5 

Y AND CONCLUS 3NS 

An e f f o r t  has been made t o  d i scuss  I n  some d e t a l l  t h e  lmp l l ca -  

t l o n s  o f  t h e  p resen t  work as t h e  r e s u l t s  were  p resented  I n  Chapters 3 

and 4. Therefore,  t h l s  f l n a l  chapter  w l l l  p r l m a r l l y  p resen t  a sum- 

mary o f  t h e  work a long  w l t h  some f u r t h e r  d l s c u s s l o n  where I t  Is 

approp r ia te .  Some unanswered ques t ions  whlch t h l s  work has r a i s e d  

w l l l  be desc r lbed  and f u r t h e r  work t h a t  c o u l d  h e l p  r e s o l v e  these 

ques t l ons  w l l l  be proposed. 

5.1 Sumnary o f  T h e o r e t l c a l  Work 

Several  t h e o r e t l c a l  models were  p resented  and dlscussed In 

Chapter 3. These models w e r e  b u l l t  on t h e  founda t lon  o f  t h e  chemlcal 

r a t e  t h e o r y  d e s c r i p t l o n  o f  r n l c r o s t r u c t u r a l  e v o l u t l o n .  Sec t l on  3.4 i n  

Chapter 3 p r o v l d e s  a d e t a l l e d  sumnary o f  t h e  t h e o r e t i c a l  work so o n l y  

the  key r e s u l t s  w l l l  be mentloned here. 

F l r s t ,  because o f  t h e  Impor tan t  r o l e  t h a t  he l l um Is thought  t o  

p l a y  I n  p romot ing  v o i d  fo rma t lon ,  t he  use o f  a hard-sphere equat lon-  

o f - s t a ' t e  (HSEOS) f o r  he l i um was adopted here.') '  

HSEOS e l l m i n a t e s  t h e  a b l l l t y  t o  o b t a i n  c losed- fo rm mathematlcal  

s o l u t l o n s  f o r  t h e  bubble r a d l u s  and the  c r i t i c a l  bubble parameters. 

I n  o r d e r  t o  be a b l e  t o  Implement t h e  HSEOS I n  computer programs 

w l t h o u t  e x c e s s l v e  l t e r a t l v e  c a l c u l a t i o n s ,  a n a l y t i c a l  s o l u t i o n s  f o r  

these bubble parameters w e r e  developed t h a t  p rese rve  the  p h y s l c s  o f  

The use o f  t h l s  
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t he  HSEOS. Th ls  was conf l rmed by  a comparlson o f  r e s u l t s  generated 

us lng  the  exac t  I t e r a t i v e  method and the  approxlmate a n a l y t l c a l  

so lu t l ons .  

Next,  a d l r e c t  comparlson o f  t he  r e l a t l v e  Importance o f  two 

a l t e r n a t e  pa ths  o f  v o l d  f o n a t l o n  was c a r r l e d  out.  

were: (1) gas-alded, c l a s s l c a l  v o i d  n u c l e a t i o n  due t o  s t o c h a s t l c  

f l u c t u a t i o n s  I n  the  vacancy c l u s t e r  popu la t i on ,  and (2) bubble growth 

d r i v e n  by h e l i u m  accumulat ion.  

n u c l e a t i o n  was not a s l g n i f l c a n t  v o l d  fo rma t ion  mechanlsm f o r  damage 

r a t e s  and temperatures t y p l c a l  o f  e i t h e r  f a s t  f l s s l o n  r e a c t o r s  o r  OT 

f u s l o n  reac to rs .  I t  demonstrated t h a t  t he  mechanism o f  gas-dr lven  

bubble growth t o  a c r l t l c a l  s i z e  cou ld  account f o r  v o l d  fo rma t lon  

under these c o n d l t i o n s  w h i l e  us lng  r e a l i s t i c  p h y s i c a l  parameters I n  

the  c a l c u l a t i o n s .  A key assumptlon I n  these l a t t e r  c a l c u l a t i o n s  Is 

These two pa ths  

Th ls  work concluded t h a t  s t o c h a s t i c  

t h a t  s u f f i c i e n t  vacancles a r e  a v a i l a b l e  t o  a l l o w  the  bubble t o  grow 

as gas i s  added. Th is  c o n d i t i o n  Is e a s i l y  m e t  under i r r a d i a t i o n -  

induced vacancy supersa tura t ions .  I n  a d d l t l o n ,  t h e . a n n e a l i n g  o f  

he l ium-Implanted m a t e r i a l s  d iscussed above i n d i c a t e s  t h a t  h i g h l y  

p r e s s u r l z e d  hel ium-vacancy c l u s t e r s  can c rea te  vacancles I f  

necessary. 

Two p r i m a r y  models 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  were  developed 

here. The f i r s t  was a c a v i t y  e v o l u t l o n  model i n  which the  o t h e r  

p o f n t  d e f e c t  s i n k s  were t r e a t e d  I n  a s imple t ime- independent ,  para-  

m e t r i c  manner. Cons is ten t  w i t h  the  f i n d i n g  o f  t he  n u c l e a t i o n  work 

j u s t  ment ioned, v o i d  fo rma t ion  i n  t h i s  model was  t r e a t e d  as the  
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result of gas-driven bubble growth to a crltlcal slze. The swelllng 

data from the RS-1 experlment in the EBR-11 was used to provide 

callbratlon polnts for the model. Uslrrg physlcally reallstic mod21 

parameters, thls relatively simple model was able to predict the dose 

and temperature dependence of swell Ing I n  20% cold-worked type-316 

stalnless steel observed In thls falrly large data base. Thls model 

was then used In a predlctlve fashion to explore the potentdal 

swelling behavlor o f  this same materlal In an lrradfatlon envltonment 

typlcal of a DT fuslon reactor flrst wall. The degree to whlch the 

higher He/dpa ratio (-30 tlmes the EBR-I1 value) wlli affect swelllng 

has been the subject of some controversy.L'~zaa~2ao 

The slgnlflcant predlctlon was that swelllng may not be a mono- 

tonic functlon of the He/dpa ratlo and that peak swelllng may occur 

for He/dpa ratios o f  5 to 10 appm He/dpa. Thls result follows from 

the effect o f  higher hellum generation rates on the cavity density. 

Starting from fast reactor irradiatlon conditions as a reference 

polnt, f o r  modest Increases In the He/dpa ratio the cavlty denslty 

Increases only sllghtly. 

a reduced incubatlon tlme and, i n  some cases, a slightly higher 

swelllng rate. 

increase to such a degree that the available helium must partltion to 

so many sites that few cavities reach the cr tical size. This 

extends the swelllng incubation time and can a l s o  lower the swelling 

rate due to enhanced point defect recombinat on. Hence, swelling is 

Thls hlgher hellum generatlon rate leads t o  

F o r  very high Heldpa ratios the cavity density can 
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maxlmum a t  an I n t e m e d l a t e  He/dpa r a t l o .  Th i s  p r e d l c t i v e  work l e d  t o  

t h e  development o f  a s e t  o f  model-based s w e l l i n g  des ign  equat lons f o r  

20% cold-worked type-316 s t a l n l e s s  s t e e l  I n  a DT f u s l o n  r e a c t o r  w a l l .  

Recent exper imenta l  r e s u l t s  appear t o  have conf l rmed t h l s  p r e d l c -  

t i o n .  An exper lment  was conducted I n  t h e  ORR i n  which t h e  neut ron  

spectrum was t a l l o r e d  t o  produce a He/dpa r a t l o  o f  about 10 appm 

He/dpa I n  type-316 s t a l n l e s s  s tee l s .  S l l g h t l y  over  1% s w e l l l n g  was 

observed i n  a specimen o f  25% cold-worked, t i  tan ium-modl f led  type-316 

s t a i n l e s s  s t e e l  i r r a d i a t e d  t o  o n l y  12 dpa ( r e f .  288). Such a l e v e l  

o f  s w e l l i n g  would n o t  have been observed i n  a conven t lona l  f a s t  reac- 

t o r  (-0.5 appm He/dpa) o r  mixed-spectrum r e a c t o r  (-70 appm He/dpa) 

u n t i l  a dose g r e a t e r  than 75 dpa had been achieved.1sy A d d i t l o n a l  

c o r r o b o r a t i o n  o f  t h e  mechanlsrns r e s p o n s l b l e  f o r  t h l s  s w e l l l n g  peak I s  

p rov ided  by  an exper iment  t h a t  I n v o l v e d  s e q u e n t i a l  I r r a d i a t i o n  o f  the  

sane speclmens o f  type-316 s t a i n l e s s  s t e e l  I n  f l r s t  t h e  HFIR and then 

the FFTF.’” The I n l t i a l  I r r a d i a t l o n  i n  t h e  HFIR was t o  a dose o f  

22 dpa and 1475 appm He. For  t h e  20% cold-worked n - l o t  m a t e r l a l  t he  

s w e l l i n g  was l e s s  than 0.5% a t  b o t h  500 and 600OC. 

a d d l t l o n a l  35 dpa i r r a d i a t i o n  I n  t h e  FFTF t h e  s w e l l i n g  was 0.5% a t  

600°C and 1.8% a t  500OC. The expected s w e l l i n g  o f  t h l s  m a t e r i a l  f o r  

a 60 dpa i r r a d i a t i o n  I n  t h e  FFTF o n l y  Is around The f a c t  

t h a t  much l o w e r  s w e l l l n g  was observed i s  c o n s l s t e n t  w i t h  s w e l l i n g  

suppress lon  due t o  t h e  f o r m a t i o n  o f  a h l g h  bubb le  d e n s i t y  d u r i n g  the  

HFIR phase o f  t he  i r r a d f a t i o n .  

F o l l o w i n g  an 
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The second ma jo r  component o f  t h e  t h e o r e t i c a l  work was t h e  d e v e l -  

opment o f  a more comprehensive model 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 .  

T h i s  model i n c l u d e d  t h e  c a v i t y  e v o l u t i o n  model j u s t  d iscussed b u t  

a l s o  i n c o r p o r a t e d  models f o r  t h e  e x p l i c i t  dose and temperature depend- 

ence o f  b o t h  t h e  d i s l o c a t i o n  network and Frank f a u l t e d  d i s l o c a t i o n  

loops. One c r u c i a l  aspect  o f  t h e  d i s l o c a t i o n  l oop  e v o l u t i o n  model 

was a scheme f o r  d i v i d i n g  t h e  l oop  s i z e  space i n t o  t w o  d i s t i n c t  

r e g i o n s  t o  reduce t h e  number o f  equat ions necessary t o  d e s c r i b e  t h e  

l oop  p o p u l a t i o n .  D i f f e r e n t  p h y s i c a l  d e s c r i p t i o n s  of  l oop  e v o l u t i o n  

were used i n  t h e  t w o  reg ions  and they  w e r e  j o i n e d  i n  a s e l f - c o n s i s t e n t  

manner. T h i s  scheme p rese rved  t h e  e s s e n t i a l  f e a t u r e s  o f  t h e  l o o p  

d i s t r i b u t i o n  w h i l e  reduc ing  t h e  r e q u i r e d  number o f  equa t ions  f r o m  

>lo4 t o  about 20. 

t i o n s  o f  t h e  comprehensive model and f a s t  r e a c t o r  s w e l l i n g  and d i s l o -  

c a t i o n  d a t a  over  a broad range o f  i r r a d i a t i o n  temperatures and doses. 

A h i g h  degree o f  c o u p l i n g  between t h e  e v o l u t i o n  o f  t h e  v a r i o u s  m i c r o -  

s t r u c t u r a l  f e a t u r e s  was observed. The success o f  t h e  r a t e - t h e o r y  i n  

t h i s  work p r o v i d e s  a measure o f  i t s  potency as an a n a l y t i c a l  t o o l .  

Good agreement was observed between t h e  p r e d i c -  

The r e s u l t s  o f  e x t e n s i v e  p a r a m e t r i c  e v a l u a t i o n s  w i t h  t h e  compre- 

hensive model emphasized t h e  ma jo r  r o l e  o f  m i c r o s t r u c t u r a l  s i n k  

ba lances and p o i n t  d e f e c t  p a r t i t i o n i n g  i n  d e t e r m i n i n g  m i c r o s t r u c t u r a l  

e v o l u t i o n  under i r r a d i a t i o n .  The r e s u l t s  o f  some o f  these sen- 

s i t i v i t y  s t u d i e s  a r e  summarized i n  F i g u r e s  5.1 th rough  5.4. 

s i t i v i t y  o f  t h e  i n c u b a t i o n  t i m e  (dose t o  1% s w e l l i n g ) ,  t h e  peak 

s w e l l i n g  r a t e ,  t h e  network d i s l o c a t i o n  d e n s i t y  a t  100 dpa, and t h e  

The sen- 
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Figure 5.1. 
the dose to 1% swelling predicted by the comprehensive model at 
400 (a) and 6 O O O C  ( b ) .  
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Figure 5.3. Relative influence o f  several parameters on 
the network dislocation density at 100 dpa predicted by the 
comprehensive model at 400 ( a )  and 6 O O O C  (b ) .  
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peak f a u l t e d  l o o p  d e n s i t y  t o  seve ra l  key parameters i s  shown. The 

parameters a re :  

Z?,  t h e  network dislocation/interstitial b i a s ;  

q ,  t h e  cascade e f f i c i e n c y ;  

Z t ,  t h e  f a u l t e d  l o o p / i n t e r s t i t i a l  b i a s ;  

t h e  f r a c t i o n  o f  vacancies s u r v i v i n g  i n t r a c a s c a d e  f v c l  ’ 
annea l i ng  t h a t  c l u s t e r ;  

y, t h e  s u r f a c e  f r e e  energy; 

a, t h e  b u l k  recombinat ion c o e f f i c i e n t ;  

, t h e  a c t i v a t i o n  energy f o r  s e l f  d i f f u s i o n ;  ESD 
L Ei, m t h e  i n t e r s t i t i a l  m i g r a t i o n  energy; and 

b E 2 ,  t h e  d i - i n t e r s t i t i a l  b i n d i n g  energy. 

The r a t i o s  shown i n  these f o u r  f i g u r e s  were o b t a i n e d  by d i v i d i n g  t h e  

r e s u l t s  c a l c u l a t e d  w i t h  a r e d u c t i o n  i n  t h e  i n d i c a t e d  parameter w i t h  

t h e  same va lues  c a l c u l a t e d  w i t h  t h e  base parameter s e t  f r o m  Tab le  3.9. 

The r a t i o s  r e f l e c t  s i m i l a r  r e l a t i v e  changes i n  t h e  v a r i o u s  parameters.  

These f i g u r e s  i n d i c a t e  t h a t  t h e  parameters o f  most genera l  s i g n i f i -  

cance a r e  q, ESD, and 2;. 

t h e o r e t i c a l  r e l a t i o n s h i p s  such as Equat ion (3.61). However, t h e  

T h i s  dependence i s  expected f r o m  s imp le  

* r e s u l t s  shown i n  F igu res  5.1 th rough  5.4 i n d i c a t e  t h a t  o t h e r  param- 

e t e r s  a l s o  have temperature and dose regimes i n  which t h e y  a r e  o f  

importance. One n o t a b l e  example i s  t h e  i n t e r s t i t i a l  m i g r a t i o n  energy. 

Because o f  i t s  i n f l u e n c e  on t h e  f a u l t e d  l o o p  d e n s i t y ,  and th rough  

t h a t  on t h e  network d i s l o c a t i o n  d e n s i t y ,  E T  i s  v e r y  s i g n i f i c a n t  a t  
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low t o  i n t e r m e d i a t e  temperatures.  

t h a t  s imple v o i d  s w e l l  i n g  models a r e  n o t  s e n s i t i v e  t o  t h e  v a l u e  o f  ET. 

The comprehensive model r e q u i r e d  a va lue  o f  E: = 0.85 eV i n  o r d e r  t o  

o b t a i n  agreement w i t h  f a s t - r e a c t o r  d i s l o c a t i o n  data.  T h i s  i s  much 

g r e a t e r  than t h e  pu re  meta l  va lue  used by o t h e r  workers,  b u t  i t  i s  i n  

agreement w i t h  r e c e n t  measurements of  t h i s  parameter i n  a u s t e n i t i c  

a1 1 oys. O 9 

I t  was p o i n t e d  o u t  i n  Chapter 3 

The f a c t  t h a t  t h e  p a r a m e t r i c  s e n s i t i v i t y  v a r i e s  between t h e  

r e s u l t s  shown a t  400 and 600°C i s  p a r t l y  due t o  t h e  temperature 

dependence o f  t h e  s i n k  s t r e n g t h s ,  as d iscussed i n  Chapter 3. 

example, t h e  i n c u b a t i o n  t i m e  i s  much more s e n s i t i v e  t o  t h e  va lue  o f  

t h e  d i s l o c a t i o n  b i a s  a t  600 than  a t  400OC. T h i s  i s  a r e s u l t  o f  t h e  

f a c t  t h a t  a t  600°C t h e  d i s l o c a t i o n s  a r e  t h e  ma jo r  p o i n t  d e f e c t  s i n k  

w h i l e  a t  400°C d i s l o c a t i o n  loops and vacancy c l u s t e r s  a r e  a l s o  s i g -  

n i f i c a n t .  The p r e d i c t e d  m i c r o s t r u c t u r e s  a r e  a l s o  more s e n s i t i v e  t o  

t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  a t  600°C than a t  400°C. A t  6 O O 0 C ,  t h e  

s w e l l i n g  i n c u b a t i o n  t i m e  exceeded 200 dpa f o r  a 0.2 eV r e d u c t i o n  i n  

t h e  s e l f - d i f f u s i o n  energy; hence, t h e  f r a c t i o n a l  change i s  o f f  s c a l e  

f o r  t h e  h is tograms shown here. Two c o r r e l a t e d  f a c t o r s  a r e  respon- 

s i b l e  f o r  t h i s  l a r g e  i nc rease  i n  t h e  i n c u b a t i o n  t i m e .  F i r s t ,  t h e  

h i g h e r  s e l f - d i f f u s i o n  c o e f f i c i e n t  l eads  t o  a lower  e f f e c t i v e  vacancy 

s u p e r s a t u r a t i o n  [see Equat ion (3.3)]; t h i s  i nc reases  t h e  c r i t i c a l  

number o f  gas atoms r e q u i r e d  f o r  b u b b l e - t o - v o i d  convers ion.  I n  a d d i -  

t i o n ,  as F i g u r e  5.3 shows, a h i g h e r  network d i s l o c a t i o n  d e n s i t y  i s  

For  
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ob ta ined  w i t h  t h e  h i g h e r  s e l f - d i f f u s i o n  c o e f f i c i e n t .  

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

t h e  dominant s i n k  a t  600'C. 

T h i s  f u r t h e r  

F i n a l l y ,  i t  was shown t h a t  even m ino r  s i n k s ,  such as t h e  

subgra in  s t r u c t u r e  i n  cold-worked m a t e r i a l ,  can be i m p o r t a n t  i f  t h e y  

promote d i f f e r e n t i a l  p o i n t  d e f e c t  p a r t i t i o n i n g .  Because o n l y  a Small 

f r a c t i o n  o f  t h e  t o t a l  d e f e c t s  generated s u r v i v e ,  smal l  changes i n  t h e  

a b s o l u t e  number o f  vacancies t h a t  s u r v i v e  carr caus? l a r g e  changes i n  

t h e  observed s w e l l i n g .  Such a d d i t i o n a l  s e n s i t i v i t y  t o  b o t h  s i n k  

s t r e n g t h s  and parameter v a r i a t i o n s  i s  b e l i e v e d  t o  be p h y s i c a l l y  mean- 

i n g f u l  because i t  r e f l e c t s  t h e  c o o r d i n a t e d  e v o l u t i o n  o f  t h e  i n d i v i d u a l  

m i c r o s t r u c t u r a l  components. 

The x m p r e h e n s i v e  model was a l s o  used t o  p r e d i c t  t h e  s w e l l i n g  o f  

a DT f u s i o n  r e a c t o r  f i r s t  w a l l  (10 appm He/dpa). The r e s u l t s  c o r r o b -  

o r a t e d  t h e  conc lus ions  drawn f rom t h e  s t u d i e s  w i t h  t h e  c a v i t y  evo lu -  

t i o n  model. S h o r t e r  i n c u b a t i o n  t imes  were p r e d i c t e d  f o r  t h e  h i g h e r  

He/dpa r a t i o  a t  a l l  temperatures f rom 350 t o  700°C and t h e  s w e l l i n g  

a t  low temperatures was s i g n i f i c a n t l y  enhanced. These r e s u l t s  a r e  

s i g n ? f i c a n t  because des igns f o r  near- term f u s i o n  dev i ces  have begun 

t o  emphasize lower  o p e r a t i n g  temperatures i n  t h e  b e l i e f  t h a t  s w e l l i n g  

of a u s t e n i t i c  m a t e r i a l s  would n o t  be a problem f o r  doses up t o  30 t o  

50 dpa.6,230,303 A majo r  c o n c l u s i o n  o f  t h i s  work i s  t h a t  making such 

a d e c i s i o n  based on f a s t -  o r  mixed-spectrum r e a c t o r  s w e l l i n g  d a t a  may 

be erroneous. 
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5.2 Sumnary o f  Exper lmenta l  R e s u l t s  

The exper lmen ta i  component o f  t h i s  work consl  t d o f  two maj 

p a r t s .  The f l r s t  was a p o s t i r r a d l a t l o n  anneal ing s tudy t h a t  

r 

employed speclmens of  a model a u s t e n l t l c  a l l o y  t h a t  had been i r r a -  

d i a t e d  I n  t h e  EBR-I1 t o  a dose o f  12.5 dpa a t  650OC. These speclmens 

e x h l b l t e d  about  6% s w e l l l n g .  The I r r a d i a t l o n - I n d u c e d  r n l c r o s t r u c t u r e  

was found t o  be s u r p r i s l n g l y  s t a b l e .  A f t e r  annea l l ng  f o r  one hour  a t  

1042°C t h e  s w e l l l n g  remained s l l g h t l y  i n  excess o f  3 and 2% s w e l l l n g  

remained even a f t e r  a n n e a l i n g  f o r  210 hours a t  900OC. 

t h e  r n l c r o s t r u c t u r e  was also  f o l l o w e d  through t h e  use o f  mlcrohardness 

measurements and a s l m l l a r  s t a b t l i t y  was observed. The apparent  

a c t l v a t l o n  f o r  recove ry  o b t a i n e d  by b o t h  s e t s  o f  measurements was 

4.3 t o  4.5 eV. T h l s  Is much g r e a t e r  than t h e  measured a c t l v a t l o n  

energy f o r  s e l f - d l f f u s l o n  I n  t h i s  m a t e r l a l .  

Recovery o f  

No s lmp le  e x p l a n a t l o n  was found f o r  t h l s  h i g h  a c t l v a t l o n  energy. 

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

w e r e  observed may I n  p a r t  be respons lb le .  The vo ids  and d i s l o c a t i o n s  

can recove r  o n l y  i f  t h e  two d e f e c t  types can exchange vacancles.  The 

d i s l o c a t i o n s  must absorb excess vacancies and c l imb.  T h i s  c l i m b  I s  

I n h i b i t e d  when t h e  d i s l o c a t i o n s  a r e  p lnned by vo lds.  I n  a d d l t l o n ,  

t h e  v o i d s  coarsened by Ostwald r l p e n l n g  and coalescence, l e a d i n g  t o  a 

p o p u l a t l o n  o f  l a r g e  vo lds.  Voids w l t h  r a d i i  up t o  300 nm w e r e  

formed. 

vacancles a t  a r a t e  s l m i l a r  t o  the  d i s l o c a t i o n s .  Because t h e r e  i s  no 

Voids of t h l s  s i z e  a r e  n e a r l y  e q u i l i b r i u m  d e f e c t s  and e m i t  
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s u b s t a n t l a l  d r l v l n g  f o r c e  f o r  a n e t  vacancy exchange, b o t h  d e f e c t  

types remain s tab le .  The apparent  c o r r e l a t e d  e v o l u t l o n  o f  t he  vo lds  

and d i s l o c a t l o n s  d u r l n g  p o s t i r r a d l a t i o n  annea l ing  Is c o n s i s t e n t  w l t h  

t h e i r  b e h a v i o r  under I r r a d l a t l o n .  The t h e o r e t l c a l  models t h a t  were 

developed f o r  t h f s  work v e r i f y  t he  Importance o f  t h l s  coupl lng.  I n  

t h l s  l l g h t ,  I t  Is n o t  s u r p r l s l n g  t h a t  t h e i r  behav io r  would a l s o  be 

complex d u r l n g  p o s t i r r a d l a t i o n  anneal ing.  

The second component o f  t h e  exper l rnental  work was the  examlnat lon 

and a n a l y s i s  o f  a l l o y  P7 a f t e r  I r r a d i a t i o n  I n  the  ORR i n  the  MFE-I1 

experlment. 

annealed and 20% cold-worked P7 a t  350, 550 and 600OC. The i r r a -  

d l a t l o n  dose was 4.7 dpa w l th  65 appm He generated by neutron- induced 

t r a n s m u t a t l o n  reac t l ons .  Some o f  t h e  specimens w e r e  p r e l n j e c t e d  w l t h  

10 t o  40 appm He and sub jec ted  t o  post-hellum-lrnplantatlon anneals a t  

temperatures between 600 and 900°C p r l o r  t o  the  i r r a d l a t l o n .  I n  

o rde r  t o  p r o v l d e  u n i r r a d l a t e d  c o n t r o l  speclmens f o r  the  MFE-I1 

exper lment,  a d d l t i o n a l  TEM d l s k s  were  Imp lan ted  w l t h  he l l um t o  s i m i -  

l a r  l e v e l s  and s l r n l l a r l y  aged. These c o n t r o l  speclmens were  a l s o  

examlned by  TEM I n  o rde r  t o  c h a r a c t e r l z e  the  p r e i r r a d l a t i o n  

m l c r o s t r u c t u r e .  

Th is  exper lment  I n v o l v e d  t h e  l r r a d i a t l o n  o f  s o l u t l o n -  

The m l c r o s t r u c t u r e  o f  t h e  as-hel lum-Implanted m t e r l a l  was com- 

p r l s e d  o f  a h l g h  d e n s l t y  o f  " b l a c k - d o t "  d e f e c t  c l u s t e r s .  

m a l  a n n e a l l n g  t h i s  evo lved t o  produce two p r imary  de fec ts .  F o r  

a n n e a l l n q  temperatures between 600 and 750°C a p o p u l a t l o n  o f  Frank 

f a u l t e d  loops was formed. T h i s  p o p u l a t l o n  was observed t o  grow and 

Under ther- 
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coarsen w l t h  temperature.  A t  800°C and above, no loops were 

observed. Hel lum bubbles became v l s i b l e  a f t e r  anneal ing a t  700OC. 

The average bubble r a d i u s  Increased w i t h  an approx imate ly  constant  

d e n s i t y  f o r  temperatures up t o  800OC. Above 800°C the  d l s t r l b u t l o n  

coarsened. The c a l c u l a t e d  h e l i u m  con ten t  o f  the  v i s i b l e  bubbles 

accounts f o r  about  o n e - t h l r d  o f  the imp lan ted  h e l i u m  a f t e r  700°C 

anneal ing,  t w o - t h i r d s  a f t e r  t h e  7 5 O O C  anneal,  and e s s e n t i a l l y  a l l  t he  

he l i um a f t e r  annea l ing  a t  800 t o  900OC. The i n t e r s t i t i a l  con ten t  o f  

the  f a u l t e d  loops appeared t o  inc rease d u r i n g  the  lower  temperature 

anneals. 

smal l ,  o v e r p r e s s u r i t e d  hel lum-vacancy c l u s t e r s  f o r  a d d i t i o n a l  vacan- 

c i e s .  The c o u p l l n g  o f  t he  e v o l u t i o n  o f  t he  bubbles and loops d u r i n g  

thermal annea l lng  i s  i l l u s t r a t e d  by t h e i r  s e n s i t i v i t y  t o  the  l e v e l  o f  

h e l i u m  imp lan ta t i on .  I n c r e a s i n g  t h i s  l e v e l  from -40 t o  65 appm 

r e s u l t e d  I n  the  s t a b i l i t y  o f  Frank loops under annea l ing  up t o  850°C. 

A l o w e r  than expected bubble d e n s i t y  a l s o  r e s u l t e d ,  I n  p a r t  because 

o f  the  fo rma t ion  o f  l a r g e r  than expected bubbles t h a t  were  found 

d e c o r a t f n g  these loops. The e v o l u t l o n  of  t h e  f a u l t e d  loop and bubble 

m i c r o s t r u c t u r e  observed here  i s  c o n s i s t e n t  w l t h  and supplements s i m l -  

l a r  work by o t h e r s . ' 8 ~ 1 ' c c 1 c 7 ' 1 c '  I n  p a r t l c u l a r ,  Maziasz" has a l s o  

noted the  r e l a t l o n s h l p  between t h e  growth o f  a p p a r e n t l y  over -  

p r e s s u r i z e d  bubbles and Frank f a u l t e d  l oop  growth. 

I n t e r s t i t i a l  l oop  growth may be d r i v e n  by  the demand o f  

The o v e r a l l  behav io r  o f  t he  speclmens i r r a d i a t e d  I n  the  MFE-I1 

exper iment was s l m i l a r  a t  a l l  t h r e e  temperatures.  I t  was n o t  p o s s i b l e  

t o  deterrnlne t h e  d e t a i l e d  i n f l u e n c e  o f  t he  va r ious  p r e i r r a d l a t i o n  
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heat  t rea tmen ts  because o f  t he  low t o t a l  damage l e v e l .  The com- 

pa r f sons  were p a r t i c u l a r l y  l i m i t e d  f o r  t h e  350 and 600°C i r r a d l a t l o n s  

because o f  t h e  l onger  s w e l l i n g  i n c u b a t l o n  t lme  a t  these temperatures. 

For example, a t  350°C c a v i t i e s  were v l s l b l e  o n l y  f o r  t h e  s o l u t l o n  

annealed specimen t h a t  had been Imp lan ted  w i t h  37 appm He and aged a t  

800°C p r l o r  t o  I r r a d l a t f o n .  T h i s  c a v i t y  d l s t r l b u t l o n  was l i t t l e  

changed from t h e  as-aged c o n d i t i o n .  S l m i l a r l y ,  a t  600°C c a v l t l e s  

were observed i n  o n l y  two so lu t l on -annea led  specimens. The f l r s t  had 

been imp lan ted  w i t h  32 appm He and aged a t  800°C and t h e  second was 

i r r a d i a t e d  w l t h  no he l i um p r e l n j e c t l o n .  I n  b o t h  o f  these speclmens 

t h e  c a v i t i e s  appeared t o  be h e l l u m  bubbles. The l a c k  o f  v o l d  growth 

a t  350 and 600°C Is c o n s f s t e n t  w l t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  of  

the  model developed here. A t  35OoC, t h e  model p r e d l c t s  a smal? c r i -  

tical bubble r a d i u s ,  b u t  a l s o  a ve ry  slow v o l d  g rowth  r a t e .  A t  

600°C. t he  model p r e d i c t s  a c r l t i c a l  bubble r a d i u s  t h a t  Is about 

e l g h t  t l m e s  the  observed average bubble r a d i u s  so t h a t  no v o i d s  have 

formed by 4 .7  dpa. A t  b o t h  350 and 600°C e i t h e r  I n i t i a l  co ld -work lng  

o r  h e l i u m  p r e i n j e c t i o n  w i t h o u t  a subsequent anneal l e d  t o  t h e  

suppress ion  o f  v i s i b l e  c a v i t y  fo rmat lon .  

F o r  t h l s  low dose, t h e  maximum s w e l l i n g  temperature f o r  P7 

appears t o  be near 550°C. Bloom and Wol fe r  found a s i m l l a r  va lue  f o r  

specimens i r r a d i a t e d  I n  the  EBR-II.Jos Voids were observed I n  

so lu t i on -annea led  and 20% cold-worked specimens t h a t  had r e c e i v e d  no 

h e l i u m  p r e i n j e c t i o n  and i n  a specimen t h a t  had been imp lan ted  w i t h  
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42 appm He and aged at 750°C. 

only along a fairly narrow band near the graln boundarles. Thls 

corroborates the observations o f  Leltnaker et al.a2s and Horsewell 

and SinghJol that volds form flrst and appear to grow fastest In a 

reglon that f s  near, but not lmnediately adjacent to graln bound- 

arles. Thls enhanced swelling near grain boundarles may also explain 

why Bloom et al. observed much hlgher swelling in a very flne-grained 

t y p e 3 1 6  stalnless steel than in solutlon-annealed material The 

cavity distrlbutlons in several other helium-implanted-and-aged spec- 

imens lrradlated at 550°C showed llttle change as a result of the 

irradlatton. 

resulted in no vlslble cavity formatlon after 4.7 dpa irradlation at 

550':. Thls result is the same as observed at 350 and 603°C and 

lends support to the suggestlon by Packan and Farre11193 that cold 

preimplantatlon of helium not be pursued further as a method of slmu- 

lating high He/dpa ratlos. 

This latter specimen exhiblted voids 

Helium preinjectlon without subsequent heat treatment 

A comparlson o f  the solutlon-annealed and 20% cold-worked speci- 

mens irradiated at 550°C indlcates a somewhat shorter incubation time 

for the solution annealed materlal. The measured cavity volume frac- 

tlons are 0.19% In the annealed specimen and 0.05% In the cold-worked 

speclmen. It Is dlfflcult to conclude much from such low levels of 

swelling. I n  fact, Brager and Garner concluded from their examina- 

tion of similar specimens that cold-work has essentially 00 effect on 

the swelling of P7.J22 However, the shape of the cavity distributions 
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i n d i c a t e d  t h a t  t he  cold-worked speclmen was s t l l l  I n  the  i n c u b a t i o n  

regime whlle the  s o l u t i o n  annealed speclmen appeared t o  be i n  a more 

advanced stage o f  m l c r o s t r u c t u r a l  evo lu t l on .  S p e c l f l c a l l y ,  the  so lu -  

t i o n  annealed speclmen e x h l b l t e d  a blmodal c a v l t y  d i s t r i b u t i o n  w l t h  a 

c r i t i c a l  c a v i t y  r a d l u s  o f  about  4.5 nm and the  cold-worked speclmen an 

approx imate ly  exponent la l  d l s t r l b u t i o n .  I n  a d d l t l o n ,  t he  c a v l t y  den- 

s i t y  I n  the  cold-worked speclmen was f l v e  t lmes t h a t  I n  the  s o l u t i o n -  

annealed. T h l s  Is b e l i e v e d  t o  be the  r e s u l t  o f  t he  h l g h  l n f t i a l  

d j s l o c a t l o n  d e n s l t y  p r o v l d l n g  many p r e f e r e n t l a l  n u c l e a t l o n  s l t e s  by 

a c t l n g  as t r a p s  f o r  hel ium. 

comnerclal  type-316 s t a l n l e s s  s t e e l  I r r a d i a t e d  I n  the  HFIR.'' Th ls  

r e s u l t  emphaslzes the  Impor tan t  r o l e  o f  h e l i u m  I n  v o l d  format lon.  

S l m l l a r  behav lo r  was a l s o  repo r ted  f o r  a 

F l n a l l y ,  a s l g n l f l c a n t  new o b s e r v a t l o n  was t h a t  o f  a h i g h  d e n s i t y  

(10'' t o  lO** m-a)  o f  s t a c k l n g  f a u l t  t e t r a h e d r a  I n  an a u s t e n l t l c  

s t a i n l e s s  s t e e l  t h a t  was n e u t r o n - I r r a d i a t e d  a t  e leva ted  temperatures.  

These SFTs had an average edge l e n g t h  o f  about 20 nm and were 

observed I n  a v a r l e t y  o f  speclmens. Th ls  o b s e r v a t l o n  Is c o n s l s t e n t  

w i t h  the  low s t a c k i n g  f a u l t  energy of  t he  a u s t e n l t l c  s t a i n l e s s  s t e e l s  

and lends c r e d i b l l l t y  t o  t h e o r e t l c a l  c a l c u l a t i o n s  t h a t  I n d i c a t e  t h i s  

d e f e c t  should be s t a b l e  i n  these m a t e r i a l s .  

5.3 Unresolved Issu 

A major  s lmpl i f  

l i m i t e d  t rea tment  o f  

t i o n .  Both o f  these 

s and Fu tu re  D l r e c t i o n s  

c a t l o n  I n  the  models developed here i s  t h e i r  

the  e f f e c t s  o f  s o l u t e  segregat ion  and p r e c i p i t a -  

phenomena a r e  known t o  be s i g n i f i c a n t  f a c t o r s  
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that influence mlcrostructural evolution. Some of the Influences of 

solute depletlon can be thought of as belng approximately accounted 

for in the theory by the use of effectlve diffusion and bias parame- 

ters that represent essentially tlme averages of the actual parame- 

ters. The success of the present theory Indicates that the major 

role of what has been termed mlcrochemlcal evolutlon221 may be to 

Influence these parameters as opposed to being a controlllng mecha- 

n l s m  in vold swelling. 

dlation are extremely complex2" and worthy of further theoretical 

lnvestlgatlon. Several ways In whlch precipitates can affect vold 

swelllng were mentioned In Chapter 3; only one has been fnvestlgated 

here. One potentially useful extension of the present work and that 

done by o t h e r s 1 7 * c 1 7 7 ~ 2 c J  would be to perform a detailed cmparlson 

of the relative importairce of these various mechanfsms. 

Further development of the comprehenslve model Is required to 

The details of preclpltation under lrra- 

enhance Its usefulness f o r  low temperature irradlatlon simulations. 

The predicted faulted loop denslty Is too low below about 40OOC. 

Thls seems to Indicate that the model does not adequately balance the 

relative contributions o f  the dislocatlon network and the faulted 

loops at low temperatures. The problem appears to be one of loop 

stability rather than one of loop formation. The model for the evo- 

lution of the dislocatlon network under lrradiatlon should also be 

refined. The equations and parameters In the thermally actlvated 

components of  this model do not currently reflect an approprlate 



i n f l u e n c e  o f  i r r a d i a t i o n .  Fo r  example, under i r r a d i a t i o n ,  t h e  t h e r -  

mdl d i s l o c a t i o n  c l i m b  v e l o c i t y  snould be rep laced  by t h e  b i a s - d r i v e n  

c l i m b  v e l o c i t y  arid t h e  thermal source d e n s i t y  should be dependent on 

t h e  e v o l v l n g  m i c r o s t r u c t u r e .  I n  o r d e r  t o  m a i n t a i n  t h e  c a l i b r a t i o n  i n  

t n e  aDserice o f  i r r a d i a t i o n ,  t h e  terms I n  t h e  p r e s e n t  model need t o  be 

l l m l t i n g  eases of  any new f o r m u l a t l o n .  

cornpreherioive model would be t o  I n c l u d e  an e x p l l c i t  c l u s t e r f n g  c a l c u -  

l a t l s f l  f o r  vacancies and he l fum t o  p r o v i d e  an i n p u t  t o  t h e  c a v i t y  

e v o l u t i o n  component o f  t h e  model. 

c u r r e n t  temperature-dependent c l u s t e r  d e n s i t y  t h a t  I s  t r e a t e d  as an 

i n p u t  parameter. 

A f u r t h e r  re f i nemen t  o f  t h e  

T h i s  c d l c u l a t l o n  c o u l d  r e p l a c e  t h e  

Both t h e  t h e o r e t i c a l  and t h e  exper imenta l  components o f  t h i s  

worK have i n d i c a t e d  t h a t  g r a i n  boundar ies and hence t h e  g r a i n  s i z e  of  

m a t e r l a l s  may s i g n i f i c a n t l y  i n f l u e n c 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  under 

t r r a d l a t i o n .  Work by o t h e r s ~ O 1 ~ y O * ~ J * ' ~ J 1 o  a l s o  c o r r o b o r a t e s  t h i s  

conc lus ion .  F u r t h e r  i n v e s t i g a t i o n  o f  t h e  dependence o f  s w e l l i n g  on 

g r a l n  s l z e  may suggest ways t o  h e l p  extend t h e  s w e l l i n g  I n c u b a t l o n  

t l m e .  The comprehensfve model developed he re  p r o v i d e s  a t h e o r e t i c a l  

t o o l  f o r  t h l s  i n v e s t i g a t i o n .  The use o f  s p e c i f i c  p r e i r r a d i a t i o n  

thermomechanical t rea tmen ts  t o  t a i l o r  t h e  g r a i n  s l z e  would p e r m i t  

exper iments t o  be c a r r i e d  o u t  t o  examine t h i s  v a r i a b l e .  F i n a l l y ,  

a d a i t i o n a l  i n v e s t i g a t i o n  o f  t he  a l t e r n a t e  mathematical  f o r m u l a t l o n s  

o f  t h e  p o i n t  d e f e c t  s i n k  s t r e n g t h s  i s  warranted. To d a t e  t h e  compre- 

hens ive  model has been used t o  examine t h e  i n f l u e n c e  o f  assuming 

s u r f a c e - l i m i t e d  o r  d i f f u s t o n - l i m i t e d  k i n e t i c s  on t h e  f a u l t e d  l o o p  
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e v o l u t i o n  and the  e f f e c t  o f  m u l t i p l e  slnk s t r e n g t h  c o r r e c t l o n  terms 

on t he  nominal model p r e d l c t l o n s .  More d e t a l l e d  a n a l y s i s  o f  var ious  

p o l n t  d e f e c t  s l n k  s t r e n g t h  f o r m u l a t i o n s  cou ld  shed f u r t h e r  light on 

t h e l r  range o f  a p p l l c a b i l l t y .  I t  i s  o n l y  w l t h  a comprehensive model 

t h a t  such d e t e r m i n a t l o n s  can be made. 

The mode l ' s  p r e d l c t l o n s  o f  s w e l l i n g  a t  the  DT f u s l o n  he/dpa r a t l o  

a r e  dependent on t h e  assumed s c a l l n g  o f  the  c a v i t y  d e n s i t y  w l t h  the  

He/dpa r a t i o .  Guldance f o r  the  p r e s e n t  work was p rsv laed  by cflarged 

p a r t l c l e  s t u d l e s  I n  whlch t h e  He/dpa r a t l o  cou ld  be va r ied ,  and t o  a 

l e s s e r  degree by comparlsons o f  c a v l t y  d e n s l t l e s  from experi i i ients I n  

the EBR-I1 and HFIR. I n  o r d e r  t o  v e r i f y  t h i s  sca l l ng ,  an exper lment 

has been p lanned f o r  i r r a d f a t i o n  I n  the  HFIR i n  whlch the  f r a c t l o n  o f  

t he  v a r l o u s  n i c k e l  I so topes  w l l l  be t a l l o r e d  t o  y f e l d  severa l  d l f -  

f e r e n t  He/dpa r a t l o s  i n  a s l n g l e  r e a c t o r  envlronment. Th l s  expe f l -  

ment w l l l  a l s o  p r o v i d e  a d i r e c t  t e s t  o f  the  model 's  p r e d i c t i o n s  f o r  

f u s l o n  because the  He/dpa r a t i o  I n  one o f  the  a l l o y s  I n  t h i s  e x p e r i -  

ment I s  12 appm He/dpa. 
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APPENDIX A 

COMPUTER CODE MICROEV 

This Appendix contains the listing of a computer code called 

MICROEV that implements the major microstructural models discussed 

in Chapter 3. 

standards and has been successfully compiled and executed on a 

number of different computers using various FORTRAN-77 compilers 

without difficulty. 

describe the nput parameters and the execution sequence. 

The code was written to conform to the FORTRAN-77 

Numerous comments are included in the code to 

A sample data file for MICROEV follows the code listing. 

first line of data read by MICROEV contains only a parameter called 

“ictr”. 

files that will subsequently be read. Each twenty-line data set 

describes the irradiation conditions and material parameters for a 

given run. 

number on the fifteenth line of each twenty-line set of data. 

value of iclflg determines whether the calculations will be done 

using only the cavity evolution model with a constant dislocation 

density (iclflg=O) or if the comprehensive model with simultaneously 

evolving dislocations will be used (iclflg=l). The sample data file 

included here is for a fast reactor irradiation to 100 dpa at 500 C 

with iclflg set t o  1 so that the comprehensive microstructural model 

The 

The value of ictr determines the number o f  twenty-line data 

The input parameter called “iclflg” is read as the first 

The 
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i s  used. Several representative output parameters from this run 

follow the data file. 

A.l L i s t i n g  o f  Computer Code MICROEV 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

r 

M I  CROEV MI CROEV 

A Theore t i ca l  Model o f  M i c r o s t r u c t u r a l  Evo lu t i on  

Roger E. S t o l l e r ,  January 1987 

Th is  code. is w r i t t e n  t o  use the  Livermore So lve r -o f  Ord inary  
D i f f e r e n t i a l  Equations (LSODE) t o  i n t g r a t e  the  d i f f e r e n t i a l  
equations. With appropr ia te  changes t o  the  code, an equ iva len t  
i n t e g r a t o r  cou ld  be used. 

Inc!assl  s i z e  c lasses  o f  spher i ca l  s inks  a re  al lowed t o  grow and 
sh r ink .  The de fec ts  may convert  from bubbles t o  vo ids  based on 
the  amount o f  he l ium they  contain.  
is t h a t  t he  he l ium content exceed the  c r i t i c a l  number computed 
us ing  the  master curve s o l u t i o n  ob ta ined from the  B rea r ley  and 
Macinnes hard  sphere equat ion o f  s t a t e  (J.N.M. 95 (1980)). 
The bubble rad ius  i s  a l s o  computed us ing  the  a p r o p r i a t e  master 
curve. The he l ium genera t ion  r a t e  can e i t h e r  &e constant as 
i npu t  ( h f r f l g . e  . O )  o r  t ime de endent t o  s jmu la te  the  h f i r  
( h f r f l r . e q . 1  an! hegnrr=3.5e-I$).  The c a v i t i e s  i n  c!ass 1 
c o l l e c t  he l ium by a d i s loca ton  t rapp ing  mechanism wh i l e  they  
a re  bubbles; a f t e r  conversion they  capture  he l ium w i t h  t h e i r  
own s i n k  s t reng th  only.  l h e f r a c '  i s  a paramefer m u l t i p l y j n g  
the  d i s l o c a t i o n  s ink  s t reng th  t o  o b t a i n  the  d i s l o c a t i o n  s i n k  
s t reng th  f o r  he l ium (bo th  be fo re  and a f t e r  c lass  1 conver ts ) .  
The c a v i t i e s  i n  classes 2 - ( n c l a s s - I )  a re  pure m a t r i x  c a v i t i e s  
whi!e c lass  nc lass  can be e i t h e r  pure  m a t r i x  o r  p r e c i p i a t e  
ass is ted .  For pp t -ass i s ted ,  these c a v i t i e s  c o l l e c t  he l ium with 
the  pp t .  s ink  s t reng th  (pptsnk) f o r  t imes g rea te r  than the  pp t .  
nuc lea t i on  t ime (pp t tau) .  For pure m a t r i x  c a v i t i e s ,  input 
pp t tau .g t .s top  and pptcon. l t .0.  To deal  w i t h  cases when the  
vacancy supersa tura t ion  ( sp rsa t )  i s  l ess  than 0. bubble r a d i i  
a re  computed f o r  sprsat=O ( i e .  equi l i b r i u m  bubbles). 

For ic l fLg.ne.1,  the  code uses a constant d i s l o c a t i o n  d e n s i t y  
(d i sn td )  as i npu t .  wh i l e  f o r  i c l f 1 g . e  . I  a r a t e - t h e o r y  based 
model o f  d is loca t :on  e v o l u t i o n  i s  "sea. 
o f  f a u l t e d  loops grow and u n f a u l t  t o  p rov ide  a source o f  netHork 
d i s loca t i ons .  
c l i m b  which i s . b o t h  the rma l l y  and i r r a d ! a t i o n  induced. The 
f a u l t e d  loop b i a s  f a c t o r  can e i t h e r  be input as a parmaeter 
o r  Wolfer & Ashkin 's s i z e  dependent b iases  (J.A.P. 46 (1975) 
and Later erratum) can be used. The a l t e r n a t e  se ts  o f  code 
l i n e s  w i t h  I z i l - r 4  i n  columns 73-80 need to.be interchanged t o  
use the  a l t e r n a t e  biases. These ! ines a re  i n  the  main rou t i ne ,  
the  subrout ine  grow and the  f u n c t i o n  subrout ine  fcn lpg .  

Trans ien ts  vacanc c l u s t e r s  as microvoids a r e  a l s o  included. 
The c l u s t e r s  can ge computed e i t h e r  a t  s teady -s ta te  o r  us ing  
a time-dependent c a l c u l a t i o n .  
w i t h  I s s v c l '  i n  columns 73-80 need t o  be interchanged t o  a l t e r  
t he  s o l u t i o n  method. These l i n e s  a re  i n  the  main r o u t i n e  and 
i n  the  subrout ine  grow. 

When computing the  p o i n t  de fec t  c a l c u l a t i o n s  the  input parameter 
' p p t f l g :  s p e c i f i e s  whether o r  no t  t he  p r e c i p i t a t e  s ink  s t rength ,  
'pptsnk i s  used. 
recommended va lue  so t h a t  ppsink=O. 
o f  code i n  the  subrout ine  pntdef t o  determine whether t h e  f u l l  
m u l t i p l e  s ink  c o r r e c t i o n . i s  app l i ed  t o  the .subgra in  s i n k  s t reng th  
(ksbg i )  and the  c a v i t y  s i n k  s t reng th  ( c f a c i ) .  
t h a t  need t o  be interchanged i n  pntde f  a re  marked w i t h  subg- i  

The.conversion c r i t e r i o n  

' l c l a s s '  s i z e  c lasses  

Th is  network i s  simultaneously a n n i h i l a t e d  v i a  

The a l t e r n a t e  s e t s  o f  code l i n e s  

I n  t h i s  ve rs ion  o f  t he  code, pp t f lg=O i s - t h e  
There a re  a l t e r n a t e  l i n e s  

The kine; o f  cofl, 
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c and ' c f a c - i '  respec t ive ly  i n  columns 73-80. C 

c C 
C C 

Temperature changes can be c a l l e d  f o r  by s e t t i n g  tmpchg.gt.0 
c (up t o  9)  on input .  New temperatures and the dose (dpa) a t  C 
c C 
C C 
CCcCCCCCCCCCCCCCCCCccccccccccccccccccccccccccccccccccccccccccccccccccccc 

which the changes are t o  occur a re  then required. 

i m p l i c i t  rea l*8 (a -z )  
external  grow,dumsub 
common / i n t  r /  b b l f l  (5) flpcls,hfrflg,iclflg,jtemp,lclasl, 

IC L as2, LcYass, Lmns?, ~ p ~ s l ,  nc lass, netc ~ s ,  noeq, np l  t , np t us1 , 

common /cavprm/ bbconv(5) bbsnk b~snk6,cvsnki ,cvsnkv comprs(5), 

I 
2 nqmnsl,nqmns2,0utswlpfact n t c l s ,  p t f l  
3 tempno, t i t L e l  (20), t i t le2(!8) t m  cKg vc?:ls,vdf lg(5)  

1 
2 
3 t tconv(5) ~vdsnk,vdsnkOlvoidcn(5~, voidrd(5 

1 c2dis,c3dis,cvl(4~),cvn,d~con,~ispld,disnO,disntd,d~stot, 
2 ec2dis,ec3dis irrann,irrsrc, lpnum(45) lprad(45),ncrate numilp, 
3 i Lpmax, prmt 1, brmt2, prmt3, prmt4, rate(45), rc, rhosnk, r o  shrmod, 
4 tauimx,snkerr,snknew,snktst,srcden,stckft s t f e n  taut,.  
5 tetcon, thrann, th rs rc ,  t r i con z i  1(45), z i  LO, ;in, z i  9 :  z i  2,213, z i4 ,  
6 zv1(45),zvlO,zvn,zv2,zv3,zv~ 

common-/defprm/ alpha,ao bvectd byectf,cvcls,cvemit,diffi,diffv, 
1 ef , elm, em, f rac I s ,  gamvcl , genvcl , I  ntcon, i ntgn2.i ntgnr, k t  , 
2 numvac,numvcl,omega radvc1,sprsat tauvcl,vaccne vaccon, 
3 vacgnr vc lsnk,c i  l o , l i h i  cvgues i f  [ux,vf lux,de l f  [ x  

1 d i  s loc,doschg( 1 c,doschk, ehemig , embbl , emdisr, emf [ p, emppt , emsubg, 
2 emvcl emvoid,floop,gasd,graind,grndO,grnmax,grntau,hefrac 
7 i ntbbf , i n t f  lp, i ntne t  , i nt p t  , i nt rec, i ntsb  , i ntvc  1, i ntvd, ksbgi , 
3 hegnr0, hegnrr, ksbgv,mt rxKe, ntdhe, p i ,  p l  t f ?g , pptcon, pptrad, 
4 pptsnk,ppttau,precip,prntdt,prntnw,recomb,stop,stress, 
5 subghe subgrn,swell swlcmp swltol,taup,tautol,tc(lO~ltemp, 
6 time, t k ,  totdos, t s i n k i  tsinkv,tvdvac,vdemit vdrecm,voids 

comon /mscoef/ a0 a1 a i  a3 a4 a5 a6 a7 a8 a4 a10, 
1 bo: b l  : b2: b3: b4: b5: b6: b7: b8: b9: b l0 ,  
2 cO,cl,c2 c3,c4,c5,c6,c7,c8,c9,c10 

i n t e  e r  outsw,pfact p p t f I g  n p l t  nclass,flpcls,netcls,vclcts, * bb?f lg, vdf lg, i , j , k ,  t i  t le!, t i t  (e2, h f  r f  L , np lus l  tmpchg, tempno, 
* noeq nqmnsl nqmns2 [c lass,  l c l a s l ,  LclasP, Lmnsl, [ p l s l ,  * pn tc (s  s w l f [ g  i c l f I g ,  j temp, ic t , i c t r ,  * neq(1): iwork(fO),cnvchk l lmnsl ,  l lp ls1,cavf  lg, * i t o l  i t a s k  i s t a t e  i o p t  [ r w , l i w , m f  

* sw Lpl t ( 11 0,2), dntp[ t (1  I O ,  2) ,dlpp[ t ( 11 0,2), * d t  t p l  t ( 1 I O ,  2) 1 nmpl t ( 11 0,2 

1 I times EBR-2 va lue ' )  

c f  ac i  (5)  c f  acv( 5)  ,cvsnkb cvv( 5 )  ,del he(5), f s(5), fv (5) ,  gama(51, 
he 1 i um( 5 j mpa( 5 1, ncr  i t r( 5 )  ,press( 5 ~ rhohe( 5 ) , 

common /disprm/ a v l  rd ,b i lo  b i2o  bv2o,bi3o,bi40,bv3o,bv40, 

common /ba L r L / ap he, bubb 1 e cavhe, c 1 s t er  , der ( 50 ) d i f f he, 

dimension r d r k ( 2 9 7 j )  y($O), r t o l ( 1 )  atol(50). ideal r (5) .  id l rad(3) ,  

898 format( '  For t h i s  run, p-cav=',f4.2,' c a v i t y  density=',f5.2, 

899 format (891 0.2) 
900 format(8110) 
901 format(6 12.4) 
902 format(28a4) 
903 format( '  **** input e d i t  * * * * I )  

904 fo rmat ( '1 ' )  
905 format(/,3Ox,'% swel l  vs. dose i n  dpa',//) 
906 format(/,30x, 'disntd (cm-2) vs. dose i n  dpa', / /)  
907 format(/,30x, 'displd (cm-2) vs. dose !n dpa') 
908 format(/,30x,'numilp (cm-3) vs. dose !n dpal,/ /)  
909 format(/,30x, 'distot (cm-?) vs. dose i n  dpa ' )  
918 format(/,' dose=',lpd8.2, (',d8.2 secs)',2x,~swell=',d9.2, 

919 f o r h a t ( '  vaccon=' , l& l~.6, '  intcon=' d12.6,2x 'de l f lx= ' ,d l0 .4,  

920 

921 

922 format( '  hegnrr=' 1 9.2 2x,'appmhe=',d9.2 

923 format( '  ~~l~nk=',lpd10.3,2x,~numvcl=' d10.3,2x, ' tauvc l= '  d10.3, 

925 format(/, I b f l g  vh idrd:  ,4x,'vhidcn1,5x, Idr /d t1,5x,  'nc r i t i ,4x ,  ~ 

926 

1 2x 'swlrate=',d9.2 2x 'sprsat=l,d?2.6) 

1 2x, 'vacgnr=' d10.4,2x, Isnk.ratio(dis[/cav)=',h8.2) 

1 'cvsnkO=l,d9.2,2~ 'vdsnkO=',d9.2 2x 'bbsnkO=' d9.2) 

1 'ksbgi= '  d9.2,2x, 'gra!nd=I,d9.2,2~, Ipptsnk=',dg.i)  

1 2x,'mtrxhc=l,d9.2,%,'c&he=',d9.2,2~, 'subghe=',d9.2, 
2 2x,'ntdhe=l,d9.2) 

1 2x igenvcL=i d10.3,2x, I der 

1 he1 i urn' ,5x ' d e l  he' ,5x, press ,4x, Icomprs' ,6x, 'cvv '  ,8x, 
2 ' c f a c ( f o r  v ' i ) ' )  

format ( I cvsnkv= I , I  pd9.2 2x, 'vdsnk= ,d9.2,2x, I bbsnk= ,d9.2,2x, 

format( '  zin=',f5.>,2x 'distot=',!pd$.2,2x 'ksb v ',d9.2,2~, 

I d10.3 >x,2x,~sschk=',dl0.f) 
c 1 2x:'genvci=':d10.3 2x, I s s c h ~ ~ " d l 0 . 3 j  

c 

format ( i 4 , l  pbd10.2,dlI. 3,2d10.2) 

isvc 1 
;svc I 
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1 'cm' 
932 format( 
933 format( 
934 format( 

1 dpa' 
935 format( 
933 fcrmat( 
937 format( 

1 doa' 

940 

94 1 

942 

943 

944 

927 format(/ I >> mf, time, last dt, next dt =I, 

928 format(!x,' i=',iZ,6x, ;y(i)=',lpd14.6,6x,'dery(i)=' d14.6) 
929 format(: conversion time, bubble class=',i2,t42,lph10.3,t54, 

930 forxat( bubble radius at conversion, class=~,i2,t42,lpd10.3,t54, 

1 i2,3(1 412.3) ) 

1 'sets ,tb9,'zz1) 

t69,  'XX') 
f o r  class=' i3,' 

,I A t  approxfm$tely 1% swell ( lpd9.2,'%) dose=' d9.2) 
maximum swelling rate=' IpdlO.3. ' %/dpa at ',Opff.3, 

/, f final swelling=' ,f7.3, I at 'if7.3, I dpa. ',t69, ' z z ' )  
calculated dose (dpa)=',lpdl0:3) 
dose for initial bubble distribution=',Ipdl0.3) 

maximum swelling rate=',lpdlG.3,: %/dpa at ',Opf7.3 

# pntdef calls=',if) 

>>> initia[ sprsat calculation: i, vclsnk, sprsat=', 

bubble did yot convert') 

/,; maximum faulted loop density= 1 10 3 at' Opff.3, 
2 I dpa' /,. final swelling=',f7.3,' at ff.?' ;]p;.',tb$,'ZZ') 

939 f:rmat( istate=',j2,', # Lsode steps=',1(7 
# grow calls=',i7,' 

f:;mat(/,' for class \ I  initial radius calculation failed', 

fcrmat( 

format ( /  ' temp=' f5.1,2x, ;disnO=', lpd8.1,2x, I zin=' ,Opf6.3, 

format ( 1 eim=' , f5.2 2; levm=' f5.2,2x, 'evf=', f5.2,2x, 

format(' alfodi=' lpd9.2,2x,'intgn2=',d9.2,2x,'caseff=',Opf5.3, 

, radius set to ' 141014) 
14,1p?d13.4) 

2x,'grnhO=',Ipd9.f! 2x 'graind=' d9.2) 

'di f f i 0. ' , f 5.2,2x, 'hi f fvO:', f 5.2) 

1 2x, 'voidcn=',lp5d!0.2,//) 
945 foyat(' prmtl=',f5.2,4x,'prrnt2=',f5.2,4x,'prmt3=',f5.2,4~, 

1 prmt4=' +5.2,//) 
946 format(f7.$,lp5$11.2 ' xyz') 
947 format(//,' at ,f9.2, I dpa the temperature changed from',f6.1, 

1 I c tol,f6.1,' ;I / / I  
948 format( I emvoid= 1 10.3 2x ~embbl=',dl0.3,2x,'emdisL=',d10.3, 

1 2x, I ernvc l = , dl 0 .3, $, 'em;ubi= , dl 0.3,2x I emppt= I ,dl 0.3) 
949 format(' recmb. ratios vacrec=' 1 9.2 ix 

1 8 i nt rec= I ,  d9.2,2x, ' ts: nk i =I, d9.2, %!, I tki nkv=' ,d9.2,2x, 
2 'rhosnk=',d9.2) 

950 format(' ec2dis=' f5 2 I ec3dis=' f5 2 zil=',f4.0,' zi2=',f4.0, 
1 zi3=',f4,0 I zi&="f&.O,' zv2="f4:0:' zv3=' f4.0 zv4=',f4.0) 

951 format(' di-:nter=l ~pd10.4,2x,'t~i-inter=',dlb.4,2~ 
1 'tetra- int=' d10.4,2x, 'ncl -ratel ,dl I .4 2x 'tau4=',dlb.3) 

952 
1 'cv(Lo:p!' 6x 'dn/dt' fx 'ratel) 

953 format ( 
954 format ( I I 1 p2dl2.3,Op2f8.4,1 p3dl2.3) 
955 format(' I lp2d12.3,0p2f8.4,lpdI2.3,4~,'------- ',d13.3) 
956 form?t(/,1'disntd=',1pd10.4, irrann=',dll.4,' thrann=' d11.4, 

1 I irrsrc=',dll.4, thrsrc=~,dll.4,' dery(netcls)=',dl!.4) 
957 format(' numilp=' lpd11.4,2~,~displd=',dll.4,2x,~avlprd=', 

1 dl 1.4, fx, 'emf Lp=' 'dl 1.4) 
958 form:t( dosei,{x, ' s~e ! l ' , bx , ' d i sn td ' , 5x , ' d i sp ld ' , 5~ ,  

1 numilp1,5x,'dlstot , T= ' , f6 .1 )  
959 format(' dose' 4x 'swell',4x,'T=',f6.1) 
960 format(/, I >>>;> (n dlsode, rwork(l3,11,12)=~,lp3ell.2) 

format ( /  ,4x, I (oop rad. I 3x, I loop den. I ,tx, zi 1 I ,  Sx, I zvl ' ,4x, 
1 !p2&2.3,Op2f814,lpd12.3 4x, ~ - ~ - - - - 1,5x,'-------' 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 

C C 
CCCCCCCCcCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

C main program loop for up to ictr data decks C 

read(5,900) ictr 
write(6,900) ictr 
do 9999 ict.1 ictr 
do 1001 i = l  2472 

do 1002 i=1,70 

do 1003 i=l  50 
deryci )=o.db 

do 1004 i=1,45 
zil(i)=O.dO 
zvl(i)=O.dO 
Lpnum( i )=O.dO 
lprad( i )=O.dO 
rate(i)=O.dO 

1004 cvl(i)=O.dO 
noeq=O 
cnvchk=O 

1001 rwork( i )=O.hO 

1002 iwork(i)=O 

1003 y(i)=O.dO 
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nplt.1 
totdos=O.OdO 
tauimx=totdos 
i lpmax=-1. 
tausmx=totdos 
ratemx=-1. 
time=O.OdO 
prntnw=O. 
swlatl=-l.d0 
tautol=-?.do 
recomb=O.OdO 
subgrn=O.dO 
preci p=O .dO 
clster=O.dO 
voids=O.OdO 
swlcmp=O.OdO 
swlrat=O.dO 
bubble=O.OdO 
disloc=O.OdO 
floop=O.OdO 
vdrecm=O.OdO 
vdemit=O.OdO 
tvdvac=O.OdO 
intbbl=O.OdO 
intflp-0.0d0 
intnet=O.OdO 
intppt=O.OdO 
intrec=O.OdO 
intsb O.OdO 
ntvc?zO. OdO 
intvd=O.OdO 
appmhe=O.OdO 
mtrxhe=O.OdO 
ntdhe=O.OdO 
intcon=O.dO 
vaccon=O.dO 
vacgnr=O.dO 
pntc ls=O 
read(5,902)titlel 
read(5,902)title2 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C several switches giving the user program control are C 
C read in initially. their meanings are given here: C 

tmpchg = the number of tern erature changes which occur 
C C 
C C 
C during the run (.fe.9) at totdos=doschg, C 
C tempno=tmpchg+l=number of temperatures C 

C hfrflg = 0, constant helium generation rare (ebr-ii) C 
C = 1, time dependent helium generation rate (hfir) c 
C C 

C C 
C C 

C pfact; a table of ivtermediate output i s  printed after C 
C every 'pfact converged time steps, pfact = 0 will c 
C suppress this output C 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

wrjte(6,904) 
write(6 903) 
read(5 $01) 
write(& 901) 
read(5 401) 
write(& 901) 
read(5,bOl) 
write(6 901) 
read(5, $01 ) 
wri te(6 901) 
read(5,QOl) 
wri te(6 901) 
read(5,hI) 
wri te(6 901) 
read(5,401) 
wri te(6 901) 
read( 5,899) 
write(6 899) 
read(5,hl) 
wri te(6,901) 

em,ef,eim,ec2dis,ec3dis,ehemig 
em,ef eim,ec2dis,ec3dis,ehemig 
di f fvb di f f io alfodi , hegnrr, hef rac 
di f f v0:di f f io:  a1 fodi , hegnrr, hef rac 
intgnr,caseff,zin,zvn,zi L0,zvlO 
int nr caseff,zin,zvn,zilO,zvlO 
tc( 7)  ,hi sntd, stress, st f eng, rc 
tc(l),disntd stress stfeng rc 
f rac l s ,  numvcI, radvc( , gamvc( , snkerr 
fracls,numvcl,radvcl,gamvcl,snkerr 
durnrad,srcden,prmtl,prmt2,prmt3,prmt4 
dumrad,srcden,prmtl prmt2, rmt3,prmt4 
re I er r , a ber r 1 , aber ri, aber rf;, aber r4 
relerr aberrlIaberr2,aberr3,aberr4 
z i 1, z i 2, z i 3 ,  z i 4, zv2, zv3, zv4 
zil,zi2,zi3,zi4,zv2,zv3,~~4 

pptrad,pptcon,ppttau 
pptrad,pptcon,ppttau 
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read(5 901) graind,grnmax,grntau 
wr i te (& 901) graind,grnmax grntau 
read(5 '$01) stop,prntdt,bgdltO,dtjnjt,dtmax,dtrtrn 
wr i te (& 901) s top  prntdt b dltO,dtinit,dtmax,dtrtrn 
read(5 400) pptf [g,mf hfr?lg,pfact,tmpchg 
wr i te (& 900) p p t f  L ,mf ,hfrf lg,rfact,tmpchg 
read(5 '$00) i c l f y g ,  Lc las l ,  c as2,nclass,cavf l g  
w r i  te(&,900) i c L f L g , L c 1 as1 , L C  ~ a s 2 ,  nc L ass, cavf I g 

CCCCCCCCCCCcCCCcCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C read c a v i t y  parameters f o r  each c lass  C 

ccccc 

w r i t e ( &  901) 
read(5.401) 

w r i t e ( &  9 o i )  
read(5.401) 

:CCCCCCCCCCcCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccc 
read( 5.901 ) (vo i  dcn( i ) , j = I ,  nc I ass) 

(voidcn( i ) , I  =1, nc lass)  
( f v ( i ) , j = l , n c l a s s )  

w r i t e ( 6  901) ( f v ( i )  i= l ,nc lass)  
read(5 .'$Ol) ( f sf i )' i =I ,nclass) 

( f s (  i ' i =I nc Lass) 
(gamai  i ) , !=I, nc Lass) 

w r i t e ( 6  901) ( g a m a ( i )  i= l ,nc lass)  
read(5,SOI) (he l ium( i ) : i= l  nc lass ) 
w r i t e ( 6  901) (he1 ium(i), i = j  ,nclass ) 
i f ( c a v f l g . l e . 0 )  go t o  I 
read(5,*) pcav 
cavfct=(hec1nrr/3.50d-13)**pcav 

pcav,cavfct 
go t o  2. 
cavfct=l.OdO 
vc lc ls=nclass+l  
np lus l=nc lass+l  
i f ( i c l f l g . n e . 1 )  o t o  5 
~c Lass=Lc tas l+  ~cTas2 
f lpc ls=nc lass+ lc lass-1  
vc lc ls=nclass+lc lass+l  
netc ls=nclass+lc lass 
l l m n s l = l c l a s l - I  
l l p l s l = l c l a s l + l  
lmns l= lc lass- I  
Lp ls l= lc lass+ l  
do 3 i = l , l p l s l  
lpnum(i)=I.OdO 
disnO=disntd 
d i s t o t = d i s n t d  
displd=O.OdO 

grndO=graind 
snktst=O.dO 
intgn2=1ntgnr 
int nr int nr*caseff 
oi=!.14=159!!65d0 

:::A :gZ:i$ r r 

CCCCCC~CCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c set  switches t o  s igna l  p r i n t i n g  o f  t a b l e  and p l o t t i n g  C 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

outsw=pfact-1 
delout=stop/50.0 
p l t f l g = d e l o u t  

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c the fo l low ing  are  the polynomial master curve c o e f f i c i e n t s  C 

C S t o l l e r  and Odette, J .N .M.  131 (1985) C 
C a i  f o r  n c r i t ;  b i  f o r  r c r i t ;  c i  f o r  r e a l  gas rad ius C 

C r - 
CCCCCCCCCCCCCCCCcCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

aO= 1.1802288d+00 
al=-7.9391797d-01 
a2= 5.7059961d-01 

a4= 8.4271137d-02 
a5=-1.6549585d-02 
a6= 2.1091398d-03 
a7=-1.7313693d-04 
a8= 8.8188621d-06 
a9=-2.5326847d-07 
a10=3.1317501d-09 
bO= 1.3368825d+00 

a3=-2.7545689d-01 
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bl= 3.8733464d-01 
b2=-3.2338567d-01 
b3= 1.69048144-01 
b4=-5.4081633d-02 
b5= 1.09098474-02 
b6=-1.4139331d-03 
b7= 1.1733086d-04 
b8=-6.0190901d-06 
b9= 1.7369785d-07 
b10=-2.1550751d-09 
~0=-7.3006207d-03 
cl= 4.5820315d+00 
~2~-1.3153813d+01 
c3= 4.0631158d+01 
~4=-1.1590146d+02 
c5= 2.3303617dc02 
~6=-3.0597821d+02 
c7= 2.5718364dt02 
~8=-1.3349066d+02 
c9= 3.8976532d+01 
~10=-4.8969485d+00 
pptsnk=0.0 
if(time. e.ppttau) pptsnk=4.*pi*pptcon*pptrad 
do 10 i=Y,nclass 
ttconv(j)=-l.O 
bbconv(i)=-1.0 
press(i)=O.O 
delhe(i)=0.0 
bblflg(i)=l 
vdflg(i)=O 
ncritr(i)=l.Od+8 
voidcn(i)=cavfct*voidcn(i) 
if(fs(i) .gt. O.OdO) go to 6 

0 to 7 
fs(l)=4.*pl 

6 ?s(  i )=fs(i )*4.*pi 
7 if(fv(i) .gt. O.OdO) go to 8 

0 to 10 
8 
10 continue 

fv(i)=4.*pi/3. 

?v( i )=fv( i )*4.*pi/3. 

CCCCCCCCCCCCCCCCcCCCccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C 
C 

initialization of necesary parameters and variables. 

C kboltz = boltzmann's constant ( ergs/deg. k 1 
C kt = kt 
C bvectd = dislocation burger's vector (cm) 
C 
C 

bvectf = faulted loop burger's vector (cm) 
orne3a = atomic volume (crn.3) 

C 
C 

C 

C 
C 
C 
C 
C 

dif v0 vacancy diffusivity pre-exponential 
diffiO = interstjtial diffusivity pre-exponential 

comprs = compressability of helium 
shrmod = shear modulus (ergs/cm**3) from nsrnh 

where i t  ap ears the value 8.524416 represents the atomic 

C graind = grain diameter 
C ao = lattice parameter (cm) 

density of f;l6ss'divided by 1.0d6 to yield a p p  

CCCCCCCCCCCCcCCCCCCCccccccccccccccccccccccccccccccccccccccccccccccc 
ao=3.58d-8 
ornega=ao**3/4. 
bvectf=ao/dsqrt(3.0dO) 
bvectd=ao/dsqrt(2.0dO) 
if(rc.lt.0.5 .or. rc.gt.5) write(6 *) 'BAD rc value. rc=2*b' 
if (rc. l t .O. 5 .or. rc. gt - 5 )  rc=2. dO*bvectd 
if(rc.gt.0.49) rc=rc*bvectd 
ro=l./dsqrt(pi*distot) 
rhosnk=2.*pi /d log(ro/rc)  
stckft=ome a*stfeng/bvectf 
kboltz=l.33062d-16 
numvac=4.*pi*radvcl**3/3./omega 
genvcl=intgnr*fracls/numvac/omega 
if(iclfLg .ne. 1) go to 18 
Lprad( 1 )=dsqrt (dsqrt (3.dO)/pi )*a0 
lprad(lclasl)=dumrad 
Lprad(lplsl)=l.dO/prmtl/dsqrt(distot) 
delr=(lprad(lclasl)-lprad(1)) / llmnsl 

:ccccc 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

:ccccc 
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tmpr=lprad(l) 
do 12 i=2,llmnsl 

lprad(lclass)=l.0/prmtl/dsqrt(5.dll) 
delr=( Lprad(Lc1ass)- lprad( lc las1) ) / Lclas2 
j =O 
tmpr=lprad(lclasl) 
do 14 i=llplsl,lmnsl 

12 Lprad(i)=tmpr+delr*(i-I) 

14 t=j+I prad( i . )=tmpr+delr*( j) 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c initialize all temperature dependent parameters C 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
18 tempno= tmp?hg+l 

doschg(l)=int n2*stop*l.01 
if(tempno.eq.7) go to 20 
read(5 901) (tc(i), i=2 tempno) 
write(& 901) (tc(i), i=i,tempno) 
read(5,SOI) (doschg(i1 i=l,tmpchg) 
wri te(6,901) (doschg( i 1’ i = l  tmpchg) 
doSchg( tem no)-intgn2*sfop*l JOl 

do 9991 ‘ j ternp=l , tempno 
doschk=doschg(jtemp) 
temp=tc( temp) 
t k= t emp+$73.16 
tf=temp*l.8dO + 32.0d0 
kt =k bo 1 t z* t k 

20 write(6 90P) - 

omovkt=omega/kt 
diffv=diffvO*dexp(-em*1.602d-12/kt) 
diffi=diffiO*dexp(-eim*1.602d-12/kt) 
alpha=diffi*alfodi 
vaccne=dexp(-ef*1.602d-12/kt) 
cvn=vaccne*dexp(stress*omovkt) 
cvemi t=2 .*vaccne/3 .+cvn/3. 
gasd=3.135d-8*(0.8542 - 0.03996*dlog(tk/9.16dO) ) 
if(gamvcl .gt. 2.d0) o to 23 
gamvcl=gamvc 1*(4050 .d8 ~ 1 .75dO*temD) , -  

23 continue 
cvcls=~accne*dexp(2.*ga~vcl*omovkt/radvcl) 
do 25 i=l,nclass 
cvv(i)=vaccne 
if(gamna(i1 .gt. 2.d0) go to 25 
gama(i)=gamna(i)*(405O.d0 - 1.75dO*temp) 

25 continue 
shrmod=11.2476-tf*~1.64275d-3+tf*~1.330819d-6-tf*3.567476d-10)) 
shrmod=shrmod*6.894757dlO 
if(iclflg.ne.1) go to 28 

CCCCCCCCCCCCCCCCcCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C initialize some values for dislocation calculation C 
C 
C ro=1/2 mean dislocation spacing 
C 

C e32dis=dissociation energy of tri-interstitial 

rc=effecfive capture radius of dislocation 
C ec2dis=dissociation energy o f  di-interstitial 

C calculate critical radius and set loop class radii 
C 

I: C 
c C 
c compute root terms for Loop bias ( z i l 0 ,  zvl0) C 

if size dependent loop bias of Wolfer and Ashkin are used, 

C 

c 

C 

C 
c vv and vi are vacancy and interstitial relaxation volumes C 

c for vacancies and interstitials C 
C C 
CCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccccccccccccccccccccccccccccc 

avk, aik, avg & ai9 are the-bulk and shear polarizabiliies 

vv=-0.2*omega 
vi=1.4*omega 
avg=- 15. 
aig=-150. 
avk=- 150. 
ai k=100. 
kev=8.61727d-5 
nu=.3 
zltmpl=-I ./21 .*((l  .+nu)/(l. -nu))**2/1024./kev 
z l  tmp2=(3. /32. / (  1 -nu) )**2*(4 ./3. )**2 

c 
c 
c zltmp3=3./7.*(2./7.*(1.-2.*nu)*3.25/kboltz)**2 

zil-r 
zit-r 
zit-r 
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zltmp4=73./1155..*(1.-2.*nu)**2/kev 
z~tmp5=(-530.-1460.*nu+1371*n~1**2)/11.~9./7./5 
zilO=bvectf**2 * tzltmol*aia + zltm~2 

1 ( z l t m p 3 * ~ i * s h r m o d * * 2 ~ v i / t ~  + zltm$*aik + z l  
zvlO=bvectf**2 * 

1 (zltmpl*avg+zltmp2*(zLtmp3*vv*shrmod**2*vv/tk 
2 +zltmpS*avg))/tk 
bilo=zil*diffi/ao**2 
bi2o=zi2*djffj/ao**2 
bi3o=zi3*diffi/ao**2 
bi4o=zi4*diffi/ao**2 
bv2o=zv2*diffv/ao**2 
bv3o=zv3*diffv/ao**2 
bv4o=zv4*diffv/ao**2 
c2dis=diffi*dexp(-ec2dis*1.602d-l2/kt)/ao**2 
c3dis=diffi*dexp(-ec3dis*1~602d-l2/kt;/ao**2 
do 27 i=l.IDlsl 

zvl(i)= zvl0 
zi L ( i )=dmi nl(3.5d0, (zin + zi L O /  lprad( i ) * * 2 )  ) 
zvl(i)= zvn + zvlO/lprad(i)**2 
Linetn=shrmod*bvectf*omega/2.8/pi/lprad(i)* 

dedydmi nl(39. OdO, 1 i net n+s t c k f t ) 
1 dlog(4.d0*L rad(i)/bvectf) 

27 cvl( i)=vaccne*dexp(-dedm/kt) 
28 if( iterno-st. 1 1 90 to 285 

. /3 ./kev 
tmp5*aig) ) / tk 

+zltm&*avk 

ccccccccccScccccEcccccccZccccccccccccccccccccccccccccccccccccccccccccccc 
C compute initial bubble radius and pressure C 
C equation of state from: C 
C brearley & macinnes, j.nuc.mat,(95),1980 C 
C C 
C 1. compute voidrd for zero supersaturation C 
C 2. compute ci and cv with approx. voidrd and vclsnk. then c 
C recompufe vclsnk (std. st. approx.) and then new ci, cv c 
C to obtain better guess of sprsat. C 
C 3. recompute voidrd using master curve with new sprsat C 

C C 

C C 
CCCCCCCCCCCCCccCCcCccccccccccccccccccccccccccccccccccccccccccccccccccccc 

C 1. ********** 

30 

35 

40 

do 40 i=l,nclass 
j =O 
rad=2.0d-8 
rho=heliurn(i)/fv(i)/rad**3 
)=Jtl 
yz=pi gasd**3 rho/6.d0 

**3) / (1. - **3 
'=(' if(yz ' + .gt. yz i.x;*:z3:OE$3d-l*dexp(yz*y?gdO) 
radprt=helium(i )*kt/2./gamna( i )/fv(i )/rad**2 
voidrd(i)=( helium(i)* asd**3/8./ 

if( dabs(voidrd(i)-rad) .It. l.d-6*rad ) go to 40 

lf(J:$t.100) $0 to 35 

1 (1. -(radprt*(l .+yz*yzg*2-yz**3) )**(1./3. ) )  )**(1./3.) 

do 40 i=l,nclass 
j =O 
rad=2.0d-8 
rho=heliurn(i)/fv(i)/rad**3 
)=Jtl 
yz=pi gasd**3 rho/6.d0 

**3) / (1. - **3 
'=(' if(yz ' + .gt. yz i.x;*:z3:OE$3d-l*dexp(yz*y?gdO) 
radprt=helium(i )*kt/2./gamna( i )/fv(i )/rad**2 
voidrd(i)=( helium(i)* asd**3/8./ 

if( dabs(voidrd(i)-rad) .It. l.d-6*rad ) go to 40 

lf(J:$t.100) $0 to 35 

1 (1. -(radprt*(l .+yz*yzg*2-yz**3) )**(1./3. ) )  )**(1./3.) 

rad=voidrd(i) 
go to 30 
vojdrd( i )=2.50d -8*ds r t (3. *he1 i urn( i )*k t*l .d+16/8. /pi/gamna( i ) 1 
write(6,940) I,vo,dr&i) 
continue 

CCCCCCCCcCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc c 2. ********** ,- 

42 

43 

vclsnk=dminl( l.dl3 fracls*intgn2*3.86d32*dexp(-O.O472*tk) ) 
wr i te(6 *) I ~ - >> bc lsnk i ni t ia 1 i zat i on=' ,vc lsnk 
sprsat=! .dO 
tmps r sprsat 
cvsn!OIf cnsnk(voidrd,voidcn, nc L ass, f s ,  pi, bbl f lg, bbsnk0, vdsnk0) 
1 =o 
cilo=l.d-15 
cihi=l.Od-O7 
cv ues-5.d-08 
caTl pntdef 
1= 1 + 1  
tauvcl=dmaxl(O.OdO, 

numvcl= envcl*tauvcl 
vc 1 snk=f. *pi *numvc l*radvc 1 
if( dabs((tmpspr-sprsat)/sprsat) .lt. 1.d-3) go to 43 
tmpspr=sprsat 
go to 42 
wri te(6,941) i ,vclsnk,sprsat 

1 -radvcl**2/3./(diffv*(vaccon-cvcls)-diffi*intcon~~ 

zil-r 
zil-r 
zil-r 
zil-r 
zil-r 
zil-r 
zil-r 

zil-r 
zil-r 
zil-r 
zil-r 
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CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 3. ********** 

lns=dlog(sprsat) 
do 50 i = 1  nclass 
i f (sprsat~le.1.00001dO) go t o  46 
tmp=garrrna(i)*ornega/lns/kt 
y2=helium(i)*ornega/lns 
p2=2./3.*tmp 
angle=(l.d0-27.dO*y2/16./fv(i)/tmp**3) 
theta=dacos(an Le)/3. 
j d  1 rad( 1 )=p2* ( 9 .+2. *dcos( theta)  ) 
idlrad(2)=p2*(1.+2.*dcos(theta+2.* i / 3 . ) )  
j d l  rad(3)=p2*( 1 .+2.*dcos(theta+4./!;.*pi 1) 
i dea l r ( i )= l . d30  
do 44 j = l  3 
i f ( i d 1 r a d i j )  . l t :  O.dO).go.to 44 
idea 1 r (  i )=dminl ( i dea 1 r (  i 1, id1 rad( j ) ) 

rs=( i dea 1 r ( i )*kt/gamna( i ) )**( 1 . /3. )*I .d7 

v o i d r d ( i ) = i d e a l r ( i ) / f 3  

yz=pi*gasd**3*rhohe(i)/6.d0 
~omprs(i)=(l.d0+yz+yz**2-yz**3)/(l.dO-yz~**3 
i f ( y z  .g t .  0.5) comprs(i)=3.0573d-1*dexp(yz*7.5dO) 
press( i )=rhohe( i )*kt*cornprs( i )  
cvv( i )= fcncvv(  k t  ,omega,vaccne, gama( i ),voidrd( i ),press( i ), i ) 

cvsnkO=fcnsnk(voidrd,voidcn,nclass,fs,pi,bblflg,bbs~kO,vdsnkO) 

44 cont jnue 

f3=c0+rs*(cl+rs*(c2+rs*(c3+rs*(c4+rs*(c5+rs*(c6+rs* 
1 (c7+rs*(c8+rs*(c9+rs*clO)))))))))  

46 rhohe(i)=helium(i)/fv(i)/voidrd(i)**3 

50 cont inue 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 

C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

C compute bubble nuc leat ion dose C 

tau o O.OdO 
cav[e:O. OdO 
do 60 i = l  nclass 
cavhe=cavhe+vo jdcn( )*he1 i um( i )/8.524d+16 

taup=taupo*omega/hegnrr*intgnr 
60 taupo=taupo+voidcn(i)*heliun(i) 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c compute i n i t i a l  po in t  defect concentrat ions using the C 
c values o f  vo id rd  and vclsnk computed above. make i n i t i a l  C 
c c a l l s  t o  const and table. C 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c a l l  pntdef 
c tauvcl=dmax1(0.0dO ssvc 1 

ssvc l 
c numvcl= envcl*tauvcl ssvc 1 
c 1 - radvc 1**2/3. / ( d  i $ f  v*( vaccon- cvc 1 s )  - d i  f f i * i ntcon) ) 

c vc 1snk.i) .*pi*numvc l*radvc 1 ssvc 1 
hespr=dmaxl(l.dO,sprsat) 
diffhe=hes~r*dexp(-ehemig*I.602d-l2/kt) 
snkrat=rhosnk*distot/cvsnkv 
c a l l  const(aberrl,aberr2,aberr3,aberr4,caseff,relerr) 
c a l l  tab le(snkrat ,swl rat )  
j f ( f i m e  .it. 1.0) go t o  250 

70 i f ( i c l f l g  .e . 1) go t o  85 
80 tp l sd t= t lme+%r t rn  

CCCCCCCCCcCCCCCccCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C f o r  the case.wifh.no equations t o  in tegrate,  subrout ine C 
C bgrow takes i nd i v idua l  t ime steps. C 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

c a l l  bgrow( bgdltO dtmax 
1 d i s n t d  rhosnk,tp[sdt ,bbl f  lg,vdf lg,cnvchk,hfrf lg,nclass) 

go t o  123 
85 i f ( t i m e  . l t. 1.0) t p l sd t= t ime+d t r t rn  

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 

C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

C i n i t i a l i z e  values f o r  use by dlsode C 

i s t a  t e = l  
j task=l  
1 t o l = 2  
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C 

90 

95 

100 

iopt=l 
rwork(5)=dtinit 
rwork(6)=dtmax 
iwork(6)=10000 
rtol(l)=relerr 
l rw.2972 
I i w.70 
crntim=time 
noeq.0 
noeq=l 
if(iclfLg .eq. 1) noeq=noeq+lcIass 
j=O 
do 90 i=l nclass 
if(bblflgii).eq.l) go to 90 
noeq=noeq+l 

y(j)=yoidrd(i) 
atol(j)=aberrl 
dery(i)=l.d-18 
if(iclflg .ne. 1) go to 100 
k=nc lass 
do 95 i=2,lclass 
k=k+l 
j=i+I 
y(J)=lpnurn(i) 
atol(') aberr2 
dery(i)-l .d-17 
y(J+l)=disntd 
atol(j+l)=aberr3 
dery(netcls)=l.d-16 
continue 
nqmnsl=noeq-I 
nqmns2=noeq-2 
y(noeq)=numvcl 
atol(noeq)=aberr4 
dery(vcIcls)=l.d-lS 
neq(l)=noeq 
cnvchk=O 

j = i+ l  

ssvc 1 
ssvc I 

ssvc L 
ssvc l 
ssvc l 

if(time .gt. 1.0) call table(snkrat,swlrat) 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c call dlsode to integrate the rate quations for cavities and C 
c dislocation Loops and network (if iclflg=l) C 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 

C C 
CCCCcCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

call vaccnt(dtrtrn,bblflg,iclflg,Lclass nclass,pptflg,vdflg) 
ca 1 1 he L pr t (dt r t rn, d i sntd, omega, rhosnk , bbl f I g , vdf I g , h f r f I g , nc I ass) 
call bubrad(bblflg,vdflg,cnvchk,dtrtrn,nclass) 
time=crntim 

CCCCCcCCCCCCCcCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 

c check f o r  error state upon return, terminate if istate<-I C 
C C 
CCCCCCCCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCtCcccccccccccccccccccccccccccccccc 

C C 

120 call lsode( grow, neq, crntim, t lsdt, itol, rtol, atol, 
1 i task, istate, iopt, rworr: lrw, iwork,fiw,dumsub,mf) 

C 
c update helium level. vacancy accounting and bubble radii C 

C 

ifcistate .Le. -2) go to 310 
if(istate .eq. 2) go to 125 
wri te(6 927) mf, rwork(l3), rwork(ll), rwork(l2) 
wr i te( 6'939) i st ate, i work( 1 1 ) , i work( 121, pntc I s 
i state=? 

sw l ra t=O. d8 
do 130 i = 1  nclass 
swl rat=swl ;at+3.*fv( i )*voidcn( i )*voidrd( i )**2*dery( i )*10O./intgn2 
mpa(i)=press(i)*l.d-07 

if(swlrat.gt.ratemx) tausmx=totdos 
ratemx=dmaxl(ratemx,swlrat) 
if(time.ge.ppttaU) PPtSnk=4.*Pi*PPtCOn*PPtrad 

125 totdos=int n2*time 

130 continue 

. .  
if(time.[t.'rntnw) go to 250 ' 

sschk=vc[ snk*(di f f i*intcon+di f fv*(cvc l s-vaccon) ) 

" 

wri te(6 96g) rwork( 13),rwork(lI ), rwork(l2) 
.. 

vacrec=a L pha* intcon/di f f v/ ts i nkv . 
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Intrec=alpha*vaccon/diffi/tsinki 
snkrat=rhosnk*distot/cvsnkv 
swe L L=f cntvv( voi dcn,voi drd, fv nc 1 ass)*l GO. 
wri te(6,918) totdos time,swel[ ,swlrat ,sprsat 
wri te(6,919) vaccon: jntcon,delf lx,vacgnr,snkrat 
write(6 949) vacrec,intrec,tsinki,tsinkv,rhosnk 
w r  i t e( 6: 948) emvoi d, embbl , emdi s I ,  emvc 1, emsub , emppt 
write( 6,920) cysnky, vdsnk, bbsnk, cvsnkO,vdsnk8, bbsnkO 
write(6,921) zin,distot,ksbgv,ksbgi,graind p tsnk 
wr i te(6,922) he nrr ,appmhe,mtrxhe, cavhe suC?igRe, ntdhe 

if(iclf[ .ne.l) go to 160 
wri te(6,856) disntd, i rrann, thrann, i rrsrc, thrsrc,dery(netcls) 
wrjte(6,951) dicon,trjcon,tetcon,ncrate,tau4 
write(6,957) nurnilp,displd,avlprd,emflp 
write(6 952) 
wri te(6:953) lprad(1 ) , lpnum( 1 1, zi l(1) zvl(1) ,cvI(I) 
do 150 i=2,tctass 
j=ncIass+i-I 
wri te(6,954) lprad( i ), lpnum( i 1, zi L ( i 1, zvl( i ),cvl( i ),dery( j ), 

1 rate(i) 
wri te(6 955) lprad(iplsl), lpnum(Iplsl),zi I (  Lplsl),zvl( Iplsl), 

I cy(( ~plsl ),rate(tplsl) 
160 write(6 925) 

wri te(6:?26) 
1 helium( i ),delhe(i ,mpa( i ),comprs( i ) ,cvv(i 1 ,cfacv( i ),cfaci ( 1  ), 
2 i=l,nclass) 
prntnw=prntnw+prntdt 

CcCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c update array containing microstructural data for plot at end c 
C C 
cCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

if ( time .?:: pltflg) go to 278 
pltflg=pltflg+delout 

swlplt(nplt,l)=totdos 
swlplt(nplt,Z)=fcntvv(voidcn,voidrd,fv,ncIass)*lOO. 
i f ( i cl f lg . ne. 1 )go to 257 
dntplt(nplt,l)=totdos 
dlppl t (npl t ,I )=totdos 
dttplt(npit,l)=totdos 
I nmpl t (npl t ,I )= t otdos 
dntpl t (npl t ,2 )=di sntd 
dlpplt(nplt,2)=displd 
dtt~lt(n~lt.2)=distot 

wri te(6,923) vc?snk,numvcl, tauvcl, genvct ,der (vclcls) ,sschk 
wri te(6 923) vclsnk,numvcl , tauvcl , genvcl ,sscxk 

ssvc 1 
ssvc 1 c 

150 

(bblf lg(i),voidrd(i ),voidcn(i),dery( i),ncritr(i ), 

250 jf ( tjme . 0.999999*stop ) o to 255 

255 npl t=npl t+l 

lnmpl t(npt t;2)=numi Lp 

swltol=swlplt(nplt,2) 
tautol=totdos 

257 if(swlplt(nplt,2).lt.l.O .or. tautol.gt.0.dO) go to 260 

260 continue 
if( time 
if (time :?:. 1.0) go to 7 

270 if (time .lt. 1.0) 40 to 85 

. 0.999999*stog ) go to 290 
c270 ssvc I 

ssvc i 
CCCCCCCCCCCCCCCCCCCCccccc~cccccccccccccccccccccccccccccccccccccccccccccc 
C 

C 
c check for temperature change and adjust if appropriate 

C 
C 
C 

CCcCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
if(totdos.lt.0.999dO*doschk) go to 285 
go t o  330 

if(noeq.eq.0 .and. cnvchk.eq.0) go to 80 
tplsdt=time+dtrtrn 
if(cnvchk.ne.0) go to 85 
go to 120 

285 continue 

CCCCCCcCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C stoping time reached: make final variable printout and C 
C plot microstructural parameters vs time C 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
290 continue 

call tabIe(snkrat,swlrat) 

wr i te(6, $04 1 

swlplt(l,l)=O. 
sw!plt(l 2)=0.0 
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295 

292 

300 

310 

320 

330 
CCCCC 

swl f  lg=1 
c a l l  plot(swtplt ,nplt ,22,l lO,swif lg) 

write(6,905) 
wrjte(6,942) temp,disnO z i n  rndG gra ind 
wr i t e (6  943) eim,ern,ef , ; t i f f  i8*d i  f h O  
I f (  i c t f (g .eq .  1) 

wr i t e (6  944) a l f o d i , i n t  n2,casef f , ivo i&n( f )  i l ? , n c l a s s >  
i f ( i c l  f !g. eq. 1 I w r i  t e ( 6 , h S j  prmtl ,prmt2,prmtj,prmti 
do 295 i = l  nclass 
i f  ( t  tconv( I j . qe. 0.0) w r  i te(6,929) i , t tconv( i ) 
i f ( t t conv( i ). - e. 0.0) w r  i te (6  936)  ; , bbconv( 1 ) 
i f ( t fconv( i ) . f t .O.o;  r r i tecb:932)  i 
cont 1 nue 
taut=tauto l+tau 
write(6,933) swl)tol,taut 
w r i  te(6,935) t a u t o l  
write(6,936) taup 
i f ( i c 1 f I g . e  . I )  
i f < i c L f I . ne. 1 j w r  i te(6,934) ratemx, tausmx, swel f , totdos 
w r i  t e (6  839) i state, I work( 11 1 I I work( 12), pntc Ls 
i f ( i c l f [  .ne.l) go t o  292 
wri te(6 804)  
S W L  f 1g=b 
dn tp l t ( l , l )=O.  
dntol t (1,2)=disnO 
d t t p l t i l  ,I )=O. 
d t t pL t ( l , 2 )=d isn0  
dLpp l t ( l , l )=0 .  
d l pp L t ( 1 ,2 ) =O . 
Inmplt( l ,?)=O. 
1 nmpl t ( 1 , 2 )  =O . 
w r i t y ( 6  906) 

wr!te(6,507; 
w r i t e (6  904) 

wr i t e (6  908) 

w r  i t e(6,909j 
w r i t e (6  904) 
i f  ( i c  l f [g. eq. 1 ) w r  i te(6,Y58) temp 
if(iclf!g.ne.l)write(6,959) temp 
do 300 i = l , n p l t  
i f  ( i c l f  Ig.ne. 1 ) w r i  te(6,946) swIpl'i( i, 1 ),swLplt( i , 2 )  
if(iclflg.eq.l)write(6,946) swl l t ( i  l ) ,swlpl t ( i ,2) ,dntpL 

w r i  te(6,927) m f .  rwork( 131, r w o r k ( l l ) ,  rwork( l2)  
write(6,939) istate,iwork(ll),iwork(lZ),pntcls 
do.320 1=1 noeq 
wr i t e (6  928) i , y ( i ) , d e r y ( i )  

w r i  te(6,947) totdos, temp, t c (  j temp+l) 

1 write(6,950) ec2dis ,ec3dis . t i l ,z i2  z i 3  z i 4  zv2,zv3,zv4 

1 w r i  te(6,93?) ratemx, tausmx, i lornax, tauimx,swel I totdos 

ca 1 L p l  o t  (dn tp l  t , np! t ,22,110, sw 1 f L g ) 

c a t L  p[ot(dlpplt,nplt,22,Il0,swLfLg) 

ca L I p l o t  ( ~ n m p l  t , npk t ,22,1 I 0, sw I f I g ) 

c a l l  p[ot(dttplt,nplt,22,IlO,swLf!g) 

1 d l p  Lt ( i ,2) ,  Lnmplt(i , 2 ) , d t t p r t ( i , j )  
go t o  F999 

go t o  9999 

:cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

t ( i  

ccc cccccc 
C t 
c c 
C C 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc~~c 
c deLta=delta/lOO. 

reduce t ime step i f  needed f o r  a temperature change run 

9991 cont inue 
9999 cont inue 

s top 
end 

CcCCCCCCCCCCCCCCCCCCccccccccccc~:cccccccccc~cccccc~ccccccccccccc~~~~ccccc 
C C 
C BGROW C 
C c 
c subrout ine t o  advance time and compute bubble r a d i i  i f  C 
c dlsode has not been c a l l e d  yet  C 
C C 
CCCcCCCCCCCCCCCCCCCCccccc~ccccccccccccccccccccc~cccccccccccccccccccccccc 

subrout ine bgrow ( bgdltO,dtrnax, 
1 d i sntd, rhosnk, tp l  sd t , bb l  f l g I vdf I g, cnvch k, h f r f  L g , ric Lass ) 
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3 
1 

t tconv(5)  ;vhsnk. idsnkO,voi&cn(5) ,voi drd(5) 

ef . e1 m. em. f rac l s . aamvc . aenvcI .I ntcon ~ i ntsn2,i n tgnr  , k t  , 
cornon. /defprm/ alpha, ao bvectd byect f  , cycls, cvemi t ,di f f i ,di f fv, 

,- .- , - 
2 numvac,numvcl ,om&sa rad;;[ ,sprkat t a u i c l  , iaccne vaccon; 
3 vacgnr vc l snk ,c i l o , t i h i  cvgues i f l u x , v f l u x , d e l f [ x  

1 d i  sloc,doschg( Ig,doschk, ehemig ,embbl , emdi sr, emf p, emppt , emsubg, 
2 emvcl emvoid,floop,gasd,graind,grndO,grnmax.grntau,hefrac 
7 i nt b b l  , i n t  f I p, i ntne t , i nt pt  , i nt rec ~ i n tsb  , I  ntvc L , i ntvd, ks6g i , 
3 hegnr0, hegnrr, ksbgv,mt rxRe, ntdhe,pi ,pl t f  fg, pptcon,ppt rad, 
4 pptsnk, ppttau, precip, prntdt ,prntnw, recomb, stop, s t  ress, 
5 subghe subgrn,swell swlcmp swltol,taup,tautol,tc(lO)ttemp, 
6 -  t ime,tk totdos,tsinki,tsinkv,tvdvac,vdemit,vdrecm,volds 

comnon / 6 a \ r t /  ap he,bubble cavhe,clster,der (50) d i f f h e ,  

1 nteger b6l f lg(5) ,  vdf 1 g( 5 ) , cnvch k, h f  r f  lg, nc lass 
CcCCCcCCCCCCCCCCCCcCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c update helium level ,  vacancy accounting, bubble r a d i i  C 
c and c a v i t y  s ink s t rengths C 
C C 
CCCCcCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

bgdelt=bgdltO 

c a l l  vaccnt(bgdel t  b b l f l g , i c l f l g , l c l a s s  nc lass,ppt f lg ,vdf lg)  
c a l l  h e l p r t  (bgdel t :di sntd, omega, rhosnk, 6 b l f  lg,vdf lg ,  h f  r f  lg, nclass) 
ca 1 I bubrad( bb l  f lg,vdf l g ,  cnvchk, bgdel t ,;?class) 
cvsnkO=fcnsnk(voidrd,voidcn,nclass,fs,pi,bblflg,bbsnkO,vdsnkO) 
i f(cnvchk.ne.0) r e t u r n  

10 time=time+bgdelt 

CCCCCCCCCCCCCCcCCCcCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 

C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

c compute new p o i n t  defect  concentrat ions C 

if( graind . l t .  grnmax 

oydi nt=Tntcon 
1 r a i n d  (grnmax - grndO)*(l .O-dexp( - time/grntau))+grndO 

oldvac=vaccon 
c a l l  ntdef 

c tauvcP=dmaxl (O.OdO, ssvc L 

c vclsnk=?. *pi*numvcl *radvcl ssvc L 
c 1 - radvc l**2/3. / ( d i  f f v*(vaccon-cvcls) - d i  f f i*i ntcon) ) ssvc I 
c numvcl= envcl*tauvcl ssvc 1 

hespr=dmaxl(l .dO,sprsat) 
diffhe=hespr*dexp(-ehemig*l.602d-l2/kt) 

CCCcCCCcCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 

C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

deltst=dabs(oldint-intcon)/oldint+dabs(oldvac-vaccon)/oldvac 
j f (de l ts t . le .1 .d-2)  bgdelt=dminl(dtmax,l.5dO*bgdelt) 
i f (de l ts t .ge.5.d-2)  bgdel t=bgdel t /2.  
i f ( t ime .ge . tp l sd t )  r e t u r n  
go t o  10 
end 

c sca le bgdel t  and take one time step C 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C BUBRAD C 
C 
C 
C 
C 
C 
C 
ccc 

C 
subrout ine t o  compute the c r i t i c a l  hel ium bubble parameters and c 
check f o r  bubb le - to -vo id  conversion. whi le  the c a v i t i e s  are c 
s t i l l  bubbles the bubble rad ius i s  computed here and t h i s  value c 
i s  used rather  than the one computed by dlsode. C 

C 
:CCCCCCCCCCCCCCCcCCCcccccccccccccccccccccccccccccccccccccccccccccccccc 

subrout ine bubrad(bblfLg,vdflg,cnvchk,timdlt,nclass) 
i m p l i c i t  rea l*8 (a -z )  

1 coz::i ~ ~ ~ v ~ ~ ~ ~ v ~ ~ ~ ~ ~ ~ ~ ~ ~ 6 b ~ ~ ~ ~ 3 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  5, 
2 he1 i um(5 j , mpa( 51, nc r  i t r (31, press(5) rhohe(5), 
3 t tconv(5 1, vdsnk vdsnk0, voidcn(5) ,voi drd(5) 

cornon. /def prm/ alpha, ao bvectd bvect f  ,cycls, cvemi t ,di f f i ,di f fv ,  
1 ef , e i  m, em, f ract  s ,  gamvcl , genvcl ,I ntcon, 1 ntgn2, in tgnr ,  k t  , 
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2 numvac,numvcl,omega,fadvcl,sprsat tauvc1,vaccnr vaccsm, 
3 vaconr vclsnk,cilo,cihi cvgues. i f Iux,v f lux,de l f [x  
commo; /ba L r l /  appmhe, bubb!e, cavhe, c L s ter der (q!)), d i f f hnc 

I di sloc,doschg( IO), doschk, etienli 9 ,  embbl , ehdi sY , e m f  I D, ?rnp;,t, emsiAkq, 
2 emvct e ~ v o i a , f l o o p , g a s d , g r a i n d , g r n d O , g r n m a x , ~ r n ~ a ~ , ~ ~ ~ r ~ ~ .  
7 intbb(,intflp, intnet, int pt,intrec, intsb , i n t v c i ,  iritvd,lsbqi, 
3 hegnr0, hegnrr, ksbgy,mtrxEc ,ntdhe,pi , pltf Qg,pptcon,ppr:ad, 
4 pp tsnk ,pp t tau ,p rec ip ,p rn~d t ,p rn~n~ , recomb,s to~ ,s t~es~ ,  
5 subghe subgrn,swell suicmp,switol,taup,taL,tc'i,tc(l3>~temp, 
6 time,tk,totdos,tsinki tsinkv,tvdvac,vdemi t vdrecm,voids 
cormion /mscoef/ a0 a1 a2,a3 a4 a5 ab,a7,aB,a$,a10 

1 
2 cO,cl,c2 c3,c4,c5,c6,c7,c8 c9,cIO 
integer cnychk nclass,bb[f l (5),vdflg(5), 1 :  j 
dimensi on I deat r(5), i dl rad(!!) 
do 250 i=l,ncLass 
oldrad=voidrd(i) 
i f (sprsa t . !e. 1. do) go to 236 
lns=dlog(sprsat) 
tmp= amna(i)*omega/lns/kt 
fl=a8+ tns*(al+ tns*(a2+ ~ns*(a3+ ~ns*(a4+ lns*(a5+ Lns*(ab+Lns* 

f2=bO+lns*(bl+lns*(b2+Lns*(b3+lns*(b4+lns*(b5+lns*(b6+ins* 

nc r i t r ( i )= f l * f v ( i ) * tmp* tmp*gama( i ) / k t  

bo: bl ; b2,b3: b4: b5: 66, b7, b8, bF, bl0: 

1 (a7+ins*(a8+lns*(a9+lns*alO))))))))) 

1 (b7+tns*(b8+1ns~(b9+ins*blO))))))))) 
rrri t r = f ? * t m n  . - . . - . , - 
if(bblflg(i"j'~eq.0) 90 to 250 
if(helium(i).ge.ncritr(i)) go to 248 

cCCCCCCCCCCCCCCcCCCCcccccccc~ccccccccccccccccccccccccccccccccccccccc~ccc 
C e 
C here compute the ideal gas roots using an analytical soiution. c 
C c Y 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc~~cc~c 
y2=helium(i)*omega/!ns 
p2=2./3.*tmp 
angle=(l.d0-27.d0*y2/16./iv(i)/tmp**3) 
theta=dacos(an le)/3. 
idlrad( 1 )=p2*(?.+2.*dcos(theta)) 
idlrad(2)=p2*(1.+2.*dcos(theta+2.* i/3.)) 
id L radf3 )=p2* ( 1 . +2. *dcos( theta+4, /P. *pi ) ) 
idealr(!)=l.d30 
do 232 j=1 3 
if(idlrad(;) .lt, O.dO).go.to 232 
idea! r (  i )=dminl ( ideal r( 1 1, idl rad( j 1) 

232 continue 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc~cc~ccccccccc 
C 

C 
c shift the ideal gas radius to fit master curve 

CCCCCCcCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccc~ccccc~ccc~cccc~ 
r~=(ideatr(i)*kt/gamna(i))**(1./3.)*1.d7 
f3=c0+rs*~cl+rs*~c2+rs*(c3+rs*(c4+rs*(c~+rs*(c6+rs* 

voidrd(i)=idealr(i)/f3 
go to 246 

1 (c7+rs*(c8+rs*(c9+rs*c10)))))))))  

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C c 
c if sprsat.le.0, compute voidrd as if sprsat=O C 
C C 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccrcccccccccc~cc 
236 j=O 

238 rho=hel ium( i ) / fv ( i ) / rad**3 
rad=voidrd(i) 

I=  1+1 
ifijiqt.100) 20 to 240 
yz=pi gasd**3 rho/6.d0 

lf(Y2 gt z=3.O%d- l*dexp(yzl?f:dO) 
radprt=helium(i)*kt/2./ ama(i)/fv(i)/rad**2 
neurad=( hel ium(i )*2asdg*3/8./ 

if( dabscnewrad-rad) .it. l.d-6*rad ) go to 244 
rad=neurad 

? = ( I .  ; y: +&**2 - **3)  / (1. - **3 

I (1. - (radprt*( 1 .+yz yz**2-yz**3) )**(1./3.)) ) * * ( f  ./3.) 

C 
c 

90 to 238 
240 voidrd(i)=l.Ol*oldrad 

8900 format( I ti, j :  t;me,newrad,o[drad,hel ium(i ),sprsat=' , / , I  I ,  

write(6 8900) i j time,newrad oldrad,helium(i),sprsat 

go t h  $46 
1 2i3 1 5dlb.2) 
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244 
246 

voidrd( i )=newrad 
rhohe( i )=helium( i ) / f y (  i ) / v o i d r d ( i  )**3 
yz=pi *gasd**3*rhohe( 1 )/6. dO 
comprs(i)=(l.dO+yz+yz**2-yz**3)/(l.dO-yz)**3 
i f (yz . g t  . 0.5). comprs( i )=3.0573d- 1 *dexp(yz*7.5dO 1 
press(i)=rhohe(i)*kt*comprs(i) 
cvv( i )=fcncyv(kt,ome a,vaccne,gamna(i ) ,voidrd( i ),press(i  1, i) 
dery( i )= (vo id rd(  1 ) -o?drad)/ t  imdl t 
CIO t o  250 

CCCCcCCCcCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc C 
C C 

C the  bubble has become a void. change b b l f l g  t o  0 and C 
C change ofher Yrameters t o  r e f l e c t  the time, radius, C 
C etc. print t e proper message. 
C C 
CCCCCCCCCCCCCcCcCcCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

248 b b l f l g ( i ) = O  
v d f l s ( i ) = l  

250 

91 0 
91 1 
912 

913 

ttcoEv(1 )=time 
bbconv( i )=voi drd( i 1 
w r i  te(6,910) 
w r i  te (6  91 1) 
w r i  te(6:912) t ime i , yoidrd( i ),he1 ium( i ),delhe( i 1, r c r i  tr, 

w r i  te(6,911) 
uri te(6,913) 
v o i d r d ( i ) = r c r i t r * l . O l  
cnvch k= 1 
continue 
r e t u r n  
format ( (/, 2x, 69( I * 1 ) 
format ( , t71, I * '  1 
f y m a t ( '  a t  ',lpd9.3,' secs. the  number o f  $e!ium', 

1 atoms i n  c l a ~ s ' , i 2 , ~  bubbles1,t71 ' * I , / , '  
2 'has passed the  critic7!lnumber. 
3 I grow as voids1 ,t71, *I 7x radius=' 8pf8;3,: 
4 3x, 'he1 ium( i ) = a  Opf 10.2,2i!ldel he;# f9.3, t71, l J I 1  ,/ 
6 I r c r  i tr=', 1p215,2x ,  I n c r i  t r = l  ,dlO.f,2x, I i dea l  r= '  ,&0.3 
5 /, I 

format( 
end 

1 ncr i t r (  i ) ,I des[ r (  i ), comprs( i ) ,sprsat 

these cavi t ies 'now',  

*; ,7x, comprs=l ,d10.3,3x, 1sprsat=l ,dl 1.4, t71, ' * I  ) 
I ,69( I * '  1 , / / I  

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C 
C 

C 

C 
C CONST 
C 
c subroutine t o  print out t a b l e  o f  constants C 
C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

subrouf i ne cons t ( a b e r r l  , aberr2, aberr3, aber r4, casef f , r e l e r r  ) 
i m p l i c i t  real*8 (a -z )  
c m o n  / in t  r/ b b l f l  (5) flpcls,hfrflg,iclflg,jtemp,lclasl, 

~c [as?, t cyass, I mns4, I p t  s l  , nc I ass, netc IS, noeq, np t t , n p l u s l  , 

comnon /cavprm/ bbconv(5) bbsnk b~snk6,cvsnki  ,cvsnkv comprs(5), 

1 
2 nqmnsl nqmns2,outsw,pfact 
3 tempno: t i t le1  (20), t i t L e2cZp;t:rjlS;R~t:~9ils,vdf ig (5  1 
1 c f a c i  (5) cfacv( 5) cvsnk6 cvv( 5 )  ,del he(5), f s(5), f v( $1, gamna(5 1, 
2 he1 ium( 51 mpa( 5) , k r  i t r(S), press(5) rhohe(51, 
3 t tconv( 5 ) : vdsnk, vdsnk0, voidcn(5), vo i  drd(5) 

1 c2di s c3di s C V L  (4 f ) ,  cvn, di con, d i  s p l d  d i  sn0,di sntd, hi  s t o t  , 
2 ecZdi6,ec3d;s,irrann,irrsrc, lpnum(451 lprad(45),ncrate numi Lp, 
3 i lpmax,prmtl ,prmtZ,prmt3,prmt4,rate(4$) rc,rhosnk,ro s h r d ,  
4 tauimx,snkerr, snknew, snktst ,  srcden, s t c k f  t, s t f  en tau4 
5 t e t  con, t h  rann, t h  r s  r c  , t r i con z i l (45 ) ~ z i LO, z I n, z 1 3 : z i 2, i 3, z i 4, 
6 zvl(45), zvl0, zvn, zv2, zv3, z v i  

1 e f  , e i  m, em, f rac L s, gamvcI, genvc [, i ntcon, i ntgn2,i ntgnr,  k t  , 
2 nmvac,nwnvcl,omega radvc1,sprsat tauvc1,vaccne vaccon, 
3 vacgnr vclsnk,ci l o , i i h i  cvgues i f  [ux,vf lux,deLf ( x  

1 d i  s t oc,doschg( 1 c,dosch k, ehemi g , embbl , emdi SI, emf p, emppt , emsubg , 
2 emvcl emvoid,floop,gasd,graind,grndO,grnmax,grntau,hefrac 
7 intbbi, intf lp, in tne t ,  in t  pt, in t rec ,  i n t s b  
3 hegnr0, hegnrr, ksbgv,mt rxle,ntdhe, p i  ,p i  t f  f i ,pptcon, pptrad, 
4 pptsnk,ppttau,precip,prntdt, prntnw, recomb, stop, stress,  
5 subghe,subgrn,swell,swlcmp,swltol,taup,tautol,tc(lO),temp, 

comnon /disprm/ av l  rd,bilo,bi2o,bv2o,bi30,bi4o,bv3o bv40, 

comnon./defprm/ alpha,ao bvectd byectf,cycLs,cvemit,diffi,diffv, 

comnon / b a i r i /  ap he,bubbLe cavhe,clster,der (50) d i f f h e ,  

i n t v c l ,  in tvd ,  ksbgi, 
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332 

6 time,tk,totdos,tsinki tsinkv,tvdvac,vdemit vdrecm,voids 
inte er outsw pfact * bbgf Lg,vdf Lb, i ,  titre1 ti tle2 hfrf Lg nplusl, tmpch , tempno, * noeq nqmnsl nqmns~, [class, tclasl, tc(as2, Lmnsl, Lp7s1, * pntcls ictflg jtemp 

1 format(t89, I !  ',/,33x, I ' 1  I I l l  ',t89,'!') 

1 t60,'intgnr' t70 Idpa/sec' t89 I ! '  / 
2 I cascade effici6ncy1,t42,&5.f t66 {caseffl t70, I -  - - - - 1 ,  t89, I !  1 )  

1 hegnr r I , t 70, I he at om/a t om/sec , t89 
1 t60, 'a Lpha I ,  t70, '/secl t89, I ! I ) 

1 'di f fv: ,170, 'cm**?/sec! t88, ; I I )  

18diffil,t70 !cm**2/sec! t89,'1') 

1 'diffhe1,t70,'cm**2/sec8,t89 I ! ' )  

1 t70,ldeg c8,t89,1!') 

1 t70 'secsl tE9 ' 1 ' )  

1 t70,l~ml,t89,~! I )  

1 t60,'vaccne1,t70 '-----',t89,'!1) 

18em',t70,'ev',t89 I ! ' )  

1 t60, 'eiml, t78, ev' t89, I I I )  

1 t60,1ef',t70,'ev',t89,'! I )  

1 t60,1cvn*,t70,'-----a,t89,1!i) 

1 Izin' t70 I - - - - - '  t89 ' ! I )  

1 'zvn1,t70,'-----',t89,'!') 

ptftg,nplt nclass,flpcl~,netcls,vclcls, 

f0rmat(l!',t89,~!~,/,33x,'t a b 1 e o f c o n s t a n t sl,t89, 

format ( I inter;:; :y:l ge :era, i on ratel , t42,l pdl5.5, 

format( I he1 ium generat 1 on rate' ' t42' lpd15.5,160, 
format ( I recombinat ion coefficient I : t42,lpd15.5, 
format(' vacancy diffus:vit I t42,1@15.5,t60, 

format ( i nt ers t i t i a 1 d 1 f f us i vi t y , t42,l pd15.5, t60, 
format( he[ 1 um atom di ffusi vi ty' , t42,lpdlS .5, t60, 
format ( temperature I , t 42,l pd! 5.5, t60, I temp ' , 
format(' ktS,t42,lpd15.5 t6O Ikt' t70 'ergs1,t89,'!I) 
format ( I stop i ng t i me I , f42,! pd 1 5 5, tho, I stop 1 , 
formAt(' grAin hiameter1,t42,1pd15.5,t60, 'graind', 

format(' defect free eq. vacancy concentration1,t42,1pd15.5, 

format ( 

format(# ener ylof motion (interstitial)',t42,1pd15.5, 

format( energy of formation (vacancy)',t42,lpd15.5, 

format(' eq. vac. conc. near network di~.~,t42,1pd15.5, 

f orma t ( I network di s l ocat i on/ i nt . bias' , t42,l pd15.5, t60, 
format i I &work df s Loiat i on/vac. bias', t42,lpd15.5, t60, 

format(' frank loop int. bias root term1,t42,1pd15.5,t60, 

format(( frank loop vac. bias root termB,t42,lpd15.5,t60, 

format( initiai dislocation network densityi,t42,1pd15.5, 

format ( I lattice parameter I , t42,lpdlS. 5, t60, I ao I ,  t70, 'cm', 

format( I atomic volumel, t42,lpd15.5, t60, 'Omega', t70,'cm**3', 

format(' frank loop b-vector~,t42,1pd15.5,t60,~bvectfi,t70,icmi, 

format(' dislocation b-vector~,t42,1pd15.5,t60,ibvectdi,t70,icmi, 

format(' stress1,t42,lpd15.5,t6O,~stress~,t7O,iergs/cm**3i, 

! I ) 

energy of motion (vacancy) I ,  t42,lpd15.5, t60, 

1 ' 2 1  L O '  t70, ' - - -  - - ' : t89, ' ! ' ) 
1 ' Z V ~  0 ' t70, ' 1 - - - - ' : t89, ' I I 

1 t60,'disntd' t7O,'/cm**Z',t89 ' ! I )  

1 t89 I ! ' )  

1 t89, ! ' ) 
1 t89,I! I )  

1 t89,'!') 

1 t89.'!') 
format(l stackin fault ener 

format(' shear modulus 

format ( I f v( i j , 1 to nc l ass , t42 ,371 0.4, t89 1 I ! I 1 
format(: fs(i) 1 to nclass',t42,3f10.4 t89 I ! ' )  
format( gama:i), 1 to ?class (erg~/cm~*2)~ t42 3f10.1,t89,1!') 
format(' 

format(' vac. cluster radius',t42,lpd15.5,t6O, 

format(' vacancies/cLuster~,t42,lpd15.5,t60, 

format(' cluster surface ener y1 t42,lpd15.5,t60, 

format(' e . vac. conc. near c~str~,t42,lpd15.5,t60, 
format(t89,I! ',/t89,:! ',/t89,'! ',/,t5 'program parameters', 

format(' constant dislocation density used, no frank loops', 

1 t42,lpd15.5, t68, IstfFng', t%: fergs/cm**21, t89, I ! I ) 

1 t42.lpd15.5 t60,'shrm6d1,t70 ler s/cm**3' t89,'!') 

rac. of vacancies in cLuster',t42,!pdI5.5,t60, 
1 'fracls',t70,'----- ',t89,'!') 

1 ~ r a d v ~ L ~ , t 7 0 , ~ c m ~ , t 8 9 , ~ ! ~ )  

1 Inumvac',t70,'----- ',t89,'!') 

1 'gamvcl I ,  t70,'erg~/cm**2~, t88 I ! I ) 

1 'CVCLS' t30, I - - - - - I t89,'!') 

1 t89,I!l,/,t5,1------------------ !,t89,'! 1 )  

1 t89,'!') 



336 

ji5,t89,'! I )  

.-dexp(-totdos/F.))) 
w r i t e ( t l , X !  
writs(6 30) intgn2,caseff 
i f (  h f  I-f [g .  eq. 1 ) hegnrr=hegnr0/0.45"(1 .+loo. 
~rite(6,LG)hegnrr 
write(5,SQ)alpha 
write(5J,4@)diffv 
write(5,70)diffi 
wrjte(6,W) diffhe 
write:n,50)temp 
wri te(6,lOg)kt 
write(6,llO)stop 
write(6,??0)graind 
irri te(h,l30)vaccine 
write(6,14C, em 
w r i  te(6,150) eim 
~rjte(6,lhC) ef 
writef6,:7C!cyn 
wrjte(6,190)zin 
uri te(6,192) z i  LO 
wrjte(6,194) z v l 0  
wr!te:6,200)zvn 
write(6,210)disntd 
write(S,212) ao 
wrjte(6,214) omega 
write(b,216) bvectf 
urjtci6,218) bvectd 
wiite(6,220)stress 
writei6,230)stfeng 
krite(6 240)shraod 
wri te(6125C) (fv(i 1, !=I ,nclass) 
wrjte(6,260) (fs(i),!=l,nclass) 
wr! te(6,2?0) (gama( 1 ) , I  =I, nc lass) 
w r i  te(6,280)f racks 
write(b,Z?O)radvcl 
!*ir i te( 6,30,2 1 numvac 
wr!te(6,310)gamvcl 
write(6,320)cvcls 
write(6 330) 
if(iclf[g .ne. 1) write(6,332) 
if(iclf:g .eq: 1) write(6,334) 
write(6, 4 0 )  relerr,snkerr 
write(6,342) aherrl,aberr2,aberr3,aberr4 
wrjte(6,350)pfact 
write(6,390) 
write(6,400)titlel,title2 
retcrn 
end 

.*( 

CcCCCCCCCCCCCcCCCCCCccccCccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C GROW C 
c C 
c subroutine to calculate derivatives for 'dlsodel C 
c C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

subroufine grow(neq,crntim,y,yprime) 
implicit real*8 ( a - z )  
common /int r/ bblfi ( 5 )  flpcls,hfrflg,iclflg,jtemp,lclasl, 

1 ~clas2, icBass, lmns?, Lp[sl,nclass,netcls,noeq,nplt,nplusl, 
2 nqmnsl nqmns2 outsw,pfact ntcls, ptfl 
3 tempno:titleli~),tit~e2(ig) t m c K, 9 vc 9' cls,vdflg(S) 
common /cavprm/ bbconv(5) bbsnk bpsnkb,cvsnkl ,cvsnkv comprs(5), 

1 cfaci(5) cfacv(j),cvsnkb cvv($),delhe(5), fs(5), fv($),gama(5),  
2 
3 

1 

hel ium(5j mpa( 5 )  ,ncri tr(5) ,press( 51, rhohe(5), 
t tconv( 5 )  :vdsnk,vdsnkO,voidcn(5) ,voidrd(5) 

c2d i s, c3di s , cv 1 (4g), cvn, di con, h i spld, di snO, di sntd, h i  stot , common /disprm/ avl rd,bilo,bi20 bv2o,bi30,bi4o,bv30 bvb, 
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2 ec2dis,ec3dis, i r rann, i r rsrc lpnum(45) lprad(451,ncrate numilp, 
3 i lpmax,prmtl ,prmt2,prmt3,prh4,rate(4<) rc,rhosnk,ro shrmod, 
4 tauimx,snkerr,snknew, snkts t ,  srcden,stckft s t  fen  t a u t  
5 t e t  con, t h  rann, t h  r s  rc, t r i con z i 1 (45 ) , z i LO, i in, z i 7: z i 2, i i 3, z i 4, 
6 zvl(45), zvl0, zvn, zv2, zv3, z v t  

1 e f  eim, em, f rac ls ,  gamvc( genvc I, intcon, intgn2, in tgnr ,  k t ,  
2 numvac,numvcl,omega radvc l ,sprsat  tauvc1,vaccne vaccon, 
3 vacgnr v c l s n k , c i l o , t i h i  cvgues i f [ u x , v f l u x , d e l f [ x  

1 d i  s l oc, doschg( 1 g, dosch k, ehemi g , embbl , emdi SY,  emf [ p, emppt , emsubg , 
2 ernvcl emvoid, f loop,gasd, graind,grndO,grnmax,grntau, hef rac 
7 i ntbb l ,  i nt f lp ,  i ntnet  , i nt pt  , i nt rec ~ i n t s b  , i ntvc  1, i ntvd, ks6g i 
3 hegnrO, hegnr r ksbgv, m t  rx le ,  ntdhe, p i  , p l  t f ?g ppt  con, ppt rad, 
4 pptsnk,ppttau,precip,prntdt,prntnw,recomb,stop,stress, 
5 subghe subgrn,swell swlcmp swltol,taup,tautol,tc(lO) temp, 
6 t i me, t k ,  t o  tdos, t s  i nk i , t s  i nkv, tvdvac, vdemi t , vdrecm, vo f ds 

i n t e  e r  outsw,pfact p t f l g , n  lt,nclass,flpcls,netcls,vclcls, 
* bbgf lg,vdf lg, i, j,k,r ,m, t i  t f e l ,  t i  t l e 2 , h f r f  I n l u s l ,  t m  chg * tempno,coe nqmnsl,nqmns2, Lclass,lclasl,  i c Y ~ s 5 ,  imnsl , rp ls i ,  

pnt  c 1 s , i c t ? [ g , j temp, j . kk, neq( 1 ) , snk f I g 
*dimension ~ ( 5 0 1 ,  ypr ime(h!~), f o f  ( I 7) 

comnon /defprm/ alpha,ao bvectd bvectf,cvcls,cvemit,diffi,diffv, 

common /bat r 1/ ap he, bubble cayhe, c ls ter ,der  (50) d i  f fhe, 

CCCCCcCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C c update s ink  parameters from dlsode and compute C 

C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c new p o i n t  defect  concentrat ions f o r  the next t ime s tep  C 

snkf lg=1 
j =O 
do 20 i=l nclass 
j f ( b b l f l g i i ) . e q . l )  go t o  20 
I =  ,+I 

20 

30 

40 

C 
C 

50 

;oid;d(i )=y( j )  
rhohe( i )=he l  ium(i ) / f v ( i ) / vo id rd( i ) * *3  
yz=pixgasd**3*rhohe(i)/6.d0 
comprs(i)=(l.dO+yz+yz**2-yz**3)/(l.d0-yz)**3 
i f ( yz g t  . 0.5 ) . comprs( i )=3.0573d- l*dexp(yz*7.5dO) 
press(i)=rhohe(i)*kt*comprs(i) 
cvv( i )=f  cncvv( k t  ,omega,vaccne, gama( i 1, vo idrd(  i 1, press( 
continue 
numvcl=y(noeq) 
vclsnk=4.*pi*numvcl*radvcl 
cvsnkO=fcnsnk(voidrd, voidcn,nclass, fs ,  p i ,  bb l  f lg, bbsnk0, 
i f ( i c l f L  .ne.l) go t o  50 
do.30 i=y, l c l a s s  

fhA:A(i)=dmaxl(y(j) l.dO) 
di sn td=dmaxl ( 1. d8, y { j+  1 ) ) 
displd=0.0 
numilp=0.0 
do 40 i=2, lc lass * .* 
d i  spld=di spld+2.0 p i  . l prad( i )* l pnum( i ) 
numilp=numitp+lpnum(i) 
continue 
i f(numi\p.gt. i lpmax) tauimx=totdos 
ilpmax=dmaxl(ilpnax,numiLp) 
d is to t=d isp ld+d isn td  
l~rad(lplsl)=l.d0/prmtl/dsqrt~dmaxl(distot,l.d8~) 
z l l ( L p l s l ) = z l l o  
z v l ( l p l s l ) = z v l o  
zi l( lplsl)=dminl(3.5dO, ( z i n  + z i l O / l  rad( lp ls l ) * *2 )  
z v l ( l p l s l ) =  zvn + zvlO/lprad(lplsl)**!! 
l i netn=shrmod*bvect f *omega/2.8/pi / lprad( l p l s l ) *  

dedm=dmi nl(38. Od04fi net  n+s t c k f t ) 
cv l ( lp ls l )=vaccne dex ( dedm/kt) 
av l prd=d i spld/numi 1 p/!!. ;p i 
cont i nue 
ro=l.O/ds r t ( p i * d i s t o t )  
rhosnk=Z.&*pi/diog( ro / rc)  

1 dlog(4.d0*l rad( [  l s l ) / b v e c t f )  

i),i; 

vdsnkO) 

ssvc L 
ssvc l  

z i l - r  
z i l - r  
z i t - r  
z i l - r  

i f (  g ra ind  .It. grnmax ) 
1 g r a  i nd= ( grnmax - grndO ) * ( 1 . 0 - dexp( - t i me/grnt au) )+grndO 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
c check f o r  s i g n i f i c a n t  (m- tker r )  shange i n  t o t a l  s i n k  s t rength  c 
c t o  determine how much r e c a l c u l a t i o n  t o  do C 
C C 
CCCCCcCCCCCCCCCCCCCccccccccccccccccccccccccccccccccccccccccccccccccccccc 
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ssvc l  
ssvc l 
ssvc l  
ssvc 1 

CiCCLCcfCCCiCiCtCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 

c coppute c a v i t y  r a d i i  der iva t ives  C 
C 

CCCCCCCCCCCCCcCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
GG 100 i.-?.nc!ass 

I f <  y ( j )  .Qt.  O.l)d@ 90 t o  60 
*iri te (6  600) t ime i 

!?jDbif!S(i) .?q. 1) go t o  i o 0  
1=jt1 

i ),yprime( i 2 ,s r s a t  press( i )  ,corn r s (  i 1 
y i i )=ds; l r t (3 .dO*h~l l~m( l )  comprs( i )*~t /gat ;ma(i) /p i /8.d g ) 
s top  

dervt i )=vor ime(  I )  

61) yprime(j)=fs(i)/y(j)/3./fv(i) * 
i (cfacv(i)*(vf!ux-diffv*cvv(i)) - c f a c i ( i ) * i f l u x )  

._ - 
100 continue" 

CCCCCCCcCCCCCCCCCCCCcccccCccccccccccccccccccccccccccccccccccccccccccccCc 

C C 

C 
c .. co:npiite d e r i v a t i v e  of  vacancy c l u s t e r  dens i ty  C 

CCcCCC~CCCCCcCCCCCCcccccccccccccccc~cccccccccccccccccccccccc~ccccccccccc 
t a u v c l = - r a d v c ~ * * 2 / 3 . / ( Y f l u x - d i f f v * c v c i s - i f l u ~ ~  ssvc I 
yprime(noeq)=genvcL-numvcl/tauvcl ssvc I 
dery(vc I c L s )=ypr ime(noeq1 ssvc l  
i f (  i c i f l g  .ne .  1) r e t u r n  

ciccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C ca icu ia te  derivative of  f rank tocp number dens i ty  C 
i c 
C r a t e ( i ) = r a t e  o f  t rans fer  of loops between cLasses i - I  and i c 

C ca lcu la te  the rates.  C 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

r note: lpnum(1) assigned i n  subrout ine pntdef C 
C i! Simpson's r u l e  i n t e g r a t i o n  w i th  f i x e d  d e l t a  i s  used t o  C 

i f(snkfia.eq:O) go t o  130 
do 120 ~=z.!i;isl 
tem~sm=0.0' ' 

delh=( Lprad!i) - i p r a d ( i - 1 )  ) / 16.0 
do 110 j j = S , i 7  
k k = i  1 - 1  

1lR 

115 
120 
130 

?50 

, J  , .... 
te:nprd=lprad(i-l)+kk*delh 
f of ( j j )=f cnlpg( temprd, p i ,  rhosnk, shrmod, s t c k f  t , z i  n, 
cont 1 nue 
do 115 jj=2,16,2 
ternpsm=tem sm + ( f o f ( j j - I )  + 4 . * f o f ( j j )  + f o f ( j j 4  
ra te (  i )=3.  &del h/tempsm 
k=nc i ass 
G0.150 i=2,lciass 

i f (  r a t e ( i )  . l t .  0.0 ) m=O 
i f :  r a t e ( i )  .ge. 0.0) m=l 
i f  ( ra te( ;+?)  . i t .  0.0 ) 1=1 
i f  ( r a t e ( i + l )  .ge. 0.0 ) I = O  
yprrme(j )=rate( i )*lpnum( i - m )  - r a t e (  i + l  )*Lpnum( i+L) 
deryc k. )=ypr i me( j ) 
rimtinrip 

i:irl 

l0,zvlO) 

- - . - . - - 
CCCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccccccccccccc~cccccccccccccc 
C C 

C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c. compute d e r i v a t i v e  o f  network d i s l o c a t i o n  dens i ty  C 

i r rann=dabs(z in* i f lux  - zvn*(vflux-diffv*cvemit) )* 
t~rvel=prmt4*shrmod*omega*di f fv*vaccne*rhosnk*dsqrt ( d i  sn td) /k t  

1 rmt3*dsqrt(disntd)/bvectd*rhosnk 
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thrann=prmt3”dsq~t (a i  sn td ) * th rve i  
annrat=tbrann + i r r a n n  
thrsrc=2.a0*pi*thruel*srcden 
irrsrc=dmaxl(.O.dO 

s r c r a t = i r r s r c  + t h r s r c  
yp r ime( j+ l )=s rc ra t  - .annrat*d isntd 
dery( netc Ls)=ypr ,me( j + 1 )  
r e t u r n  

end 

1 prmt2?2.0*pr *IprAd( l p l  s l  ) * ra te(  l p i s l  )* lpnum( l c l a s s )  ) 

600 format(6h t i m e = , l p d l l . 4  4h i=,i2,6n rad= d11.4,7h der 
1 dl l .4,5h sprsat=,d l l  .&,Bh press=,dll.4,bh comprs=,dlr f i )  

CCCCCCCCCCCCCCcCCCCCccccccccccccccccccccccc~cccccccccccccccccccccccccccc 
C C 
C HELPRT C 
C C 

C C subrout ine t o  generate helium f o r  completed time step and 
C d i s t r i b u t e  i t  amoung the various s inks present. C 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

subrout ine helprt(timdlt,disntd,omega,rhosnk,bblflg,vdfig, 

1 

187 

200 

202 

208 
205 

210 

I .  h f r f !g ,nc lass)  
i m p l i c i t  rea l*8 (a -z )  
comnon /eavprm/ bbconv(5) bbsnk bbsnk0,cvsnki ,cvsnkv comprs(5), 
I cfac i (5) cfacv(5) ,cvsnkb cvv(5) ,del he(5), f ~ ( 5 1 ,  f v(3) ,gamna(5), ’ h e l  ium(5j mpa(5) ,ncr i  tr(5) ,press(5) ~ rhohe(5), 
i t tconv(5)  :vdsnk ,vdsnkO voidcn(5 1, voidrd(5) 
comnon / b a l r l /  ap he,bubble cavhe,clster,der (50) d i f f h e ,  
I d i  sloc, doschg( lc ,doschk,  ehemi g, embbl , emdisr, emf [p, emppt, emsubg, 
! emvcl emvoid, f Loop,gasd,graind, grnd0, grnmax,grntau, hef rac 
7 intbb!, in t f  Lp, i n tne t ,  in t  pt, i n t rec ,  i n t s b  , i n t v c l  , intvd,  ksbgi, 

hegnr0, hegnrr, ksbgv,mt rxRe, ntdhe, p i  ,pl t f  ?g , pptcon, pptrad, 
! pptsnk, ppt tau, precip, prntdt, prntnw, recomb, stop, stress, 
) subghe subgrn,swell swlcmp swltol,taup,tautol,tc(lO)&temp, 
5 t ime,tk to tdos, ts ink i  , t s i nkv  tvdvac,vdemit,vdrecm,voids 
in teger  b b l f  Lg(5), vdf lg(5), h f  rf lg,nclass, 1 

do Sn 18 “7’0 i = 1  - O nclass 
i f ( i .eq.nc(ass .and. pPtcon,gt.Ol) go. to 187 
snktmp=snktmp+fs( i )*voidcn( i )*voidrd( i )*cfacv( i ) 
cont i nue 
snkl=fs(l)*voidcn(l)*voidrd(l)*cfacv(l) 
sumk=snktmp+hefrac*rhosnk*disntd+pptsnk+ksbgv 
timexp=dexp(-dminl(l5.d0 sumk)) 
i f ( h f r f 1 g  .ne. 1) 20 t o  200 
hegnrr=hegnr0/0.45 ( 1.0 + loo.*( 1.0 - dexp(-totdos/9.0) ) 
hegprm=hegnrr/omega 
mtrxhe=hegprm*( 1 .do- t imexp)/di f f he/sumk/8.524d16 
appmhe=apphe+hegnrr*timdlt~l.Od6 
tem r s  timdlt*hegprm*(l.O-timexp)/swnk 
cage=;: OdO 
do 210 i = 1  nclass 
i f ( i . e  .nc[ass .and. pptcon.gt.0.) go t o  208 

delhe( i )= fs (  i )*temprs*;o;$ji i )*cfacv( i  1 
go t o  209 
delhe(i)=fs(i)*tenprs*voidrd(i)*cfacv(i)* 

I (hefrac*rhosnk*disntd+snkl)/snkl 
go t o  205 
delhe( i )=temprs*pptsnk/voidcn( i 1 
helium( i )=he[ ium( i )+de lhe ( i  
cavhe=cavhe+hel ium(  i )*voidcn( i )/8.524d16 
contini le 
subghe=sub he+temprsxksbgv/8.524dl6 
i f  (bbl f lg(7). eq.O)ntdhe=ntdhe+temprs*hef rac*rhosnk*di sntd/8.524d16 
return 
end 

i f (bbl? l g( 1 1. eq. 1 .and 1) go t o  202 

c. 
C PLOT 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
I C 

C 
C 
C 
C 

C 

C 
c p l o t s  microst ructual  data on l i n e  p r i n t e r  



cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
subroutine pIot(dumvar,nplt,numlin,trusiz,swlflg) 
implicit real*8 (a-z) 
real*4 sngl,sx 
dimension dumvar(l),xlin(ll) 
inte er i,il,jfix,ix,ixpos(2OOO~,is~(2~,k,line(lOl~,nplt,numlin, 

data isym/l I @ & I /  
1 format(' I,l&O 3 6lal ' " I )  

3 format(: ::7x f(f16.2)) 
4 format( 16.4,1 A ~ , 6 1 a l , ~ A ~ )  

I sw?f(g,trusiz I 

2 format(' I Ilx l ~ i ' ~ ( l A ! - - - ~ ! - - ~ l ) , i ~ + i )  

ymax= - 1 . d+f ! 
ymin=l.d+30 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C determine max and min for y values C 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

xmi n=O * 0 
xmax=dumvar(n Lt) 
do 100.i=~,np~t 
I = t rusi z+ i 
i f (dumvar( I 1. le. ymax)go to 50 
ymax=dumvar ( l ) 

yminqdumvar( I ) 
50 if(dumvar(0.ge.yrnin)go t o  100 

100 continue 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

establish integer column positions for the x axis 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c 
C 
C C 

do 200 i=l,nplt 
x=((dumvar(i)-xmin)/(xmax-xmin))*60.+1.5 
sx=sngl(x) 

200 ixpos(i)=ifix(sx) 
y=ymax 
ystep=(ymax-ymin)/dfloat(numlin-I) 
xsteg=(xmax-xmin)/60. 
do 3 0 i=1,7 

300 xlin(i)=xmin+xstep*dfloat(i-l)*lO. 
write(6,3)(xlin(i),i=l,7) 
wri te(6,2) 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

C print o l o t  
C C 

C c: CCCCCcCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc C 
do 600 ix=l numlin 
do 400 kfl,bl 

400 line(k)=isym(l) 
do 500 i=l,nplt 
l=trusiz+i 
i f (dabs(dumvar ( L - y )  . g t . (ys tep/2. ) )go t o  500 
line(ixpos(i))=isym(2) 

if(swlflg .eq. 0) write(6,l)y,(line(il) i1=1,61) 
i f  (swlf l g  .eq. 1) wri te(6,4)y, (line( i 1 ): i 1=1,61) 
y=y- ys tep 

wrjte(6,2) 
write(6,3)(xI in(i), i=1,7) 
return 
end 

500 continue 

600 continue 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C PNTOEF 

C 
C 

C 
computes vacancy and interstial concentration C C 

C 
C clusters are included (iclflg=l) or not (iclflg=O) C 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

C 

C 

C 

method depends on whether or not interstitial 

C 

subroutine pntdef 
implicit real*8 (a-z) 
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comnon / in? r /  bblil ( 5 )  flpcls,hirflg,iciftg,j~emp,lclasl, 
I i c  tasz, i ci"ass, [mns?, ~ p l s ~ ,  nc 1 ass, net? L s, noeq, np i t, rip t u s l  , 
2 nqmnsl nqmns2 O U ~ S W  p fac t  n t c l s  p t t l g  
3 tempno' t i  t L e l  i 20) , t 1' t l e2( 211 t m  $g vc I& I s vdf I g( 5 ) 

comon /;avprm/ bbconv(5) bbsnk bpsnkb,cvsnk; ,cvsnkv comprs(S), 
1 c f  ac i (5)  c f  acv(5), cvsnkt) cvv( 5 ) ,de I he( 5) ,  f s(5), f v( 5 ) , gamma(5), 
2 he l ium(5j  mpa(5),ncr i t r ( t ) ,press(5) rhohe(5), 
3 t tconv( 5) :vdsnk,vdsnkO voi  dcn(5) ,vo! drd(5) 

1 c2d is ,c3d is ,cv l (4~)  ;vn,d\con,hi spld,di sn0,di sntd,h is to t ,  
2 ec2dis,ec3dls,irrann,irrsrc,ipnum(45) lprad(451,ncrate nurnilp, 
3 i Ipnax,prmtl ,prmt2,prmt3,prmt4,rate(4!i),rc,rhosnk, r o  shrmod, 
4 tauimx, snkerr, snknew, snkts t ,  srcden, s t c k f  t , s t  fenq, t a d ,  
5 tetcon,thrann,thrsrc,tricon z i l (45) ,z i lO,z in ,z i  ,z12,213,214, 
6 ZVL(45) zvL0, zvn,zv2, zv3, z v l  

1 e f  , eim, em, f rac Is, gamvc( ,genvc( , 1 ntcon, 1 ntgn2,i n tgnr ,  k t  , 
2 numvac,numvcL,omega radvc1,sprsat tauvcl,vaccne vaccon, 
3 vacgnr , vc t snk, c i  t 0, i h i cvgues, i f l ux  ,vf lux, del  f [ x  

common / ba 1 r L / appnhe, bubb L e, cayhe, c L s t er  , der ( 50 ) d i f f he, 
1 d i  sloc,doschg( IO) ,doschk, ehemi g, embbl , emdi SI, emf Ip, emppt , emsubg, 
2 emvcl emvoid,floop,gasd,graind,grndO,grnmax,grntau,hefrac 
7 i n t b b ( , i n t f  lp ,  in tne t ,  i n t  pt, in t rec , in tsb  , i n t v c l ,  in tvd,  ksbgi, 
3 hegnr0, hegnrr, ksbgv,mtrxRe,ntdhe,pi ,pL tf?g,pptcon, pptrad, 
4 pptsnk,ppttau,precip,prntdt,prntnu,recomb,stop,stress, 
5 subghe subgrn,sueLl sulcmp swltol,taup,tautol,tc(lO) temp, 
6 time,tk,totdos,tsinki,tsi"kv,tvdvac,vdemit,vdrecm,vo;ds 

i n t e  e r  outsw,pfact p p t f l g  np!t nclass,flpcls,netcls,vclcls, * bbf f Lg, vdf L g, i , J , k ,  t i t L e?, t i t e2, h f r f  I , np lus l  tmpchg, tempno, * noeq nq?nsl n q m n s 2 , l c l a S s , l c l a s l , ~ c l a s ~ , ~ ~ n s l , ( p l s , ,  
* p n t c [ s , i c l f [  ,jtemp I , J Z  
di mensi on yof  ( 8 ) ,  f o f  ( f ) 
pn tc ls=  n t c l s + l  
cvsnkv=g. DdO 
cvsnki=O.OdO 
vdsnk=O.OdO 
bbsnk=O.OdO 
ppsink=O.O 

common /disprm/ av l  r d  bile b i2o  bv2o,bi30,bi4o,bv30 bv4o, 

. 

comnon /d&fprm/ alpha,ao bvectd byect f  ,cycls,cvemi t ,d i  f f i ,di f f v ,  

' i$ (ppt f ig .eq. l )  ppsink= ptsnk 
i f ( i c t f l g . n e . 1 )  go t o  281 

CCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C when i n t e r s t i t i a l  c l u s t e r s  are included, se t  j n j t i a l  guesses c 
C ( c i h i  and c iLo)  t o  bracket roo t  f o r  f a l s e - p o s i t i o n  r o o t  C 
C f i n d i n g  method o f  c a l c u l a t i n g  intcon. C 
C 1. b i l ,  bi2,bi3, bv2 bv3, bv4 are impingement r a t e s  o f  

C 2. tau4 i s  l i f e  t ime o f  t e t r a - i n t e r .  i n  t r a n s i t  t o  next C 
C loop s i z e  c lass  C 

C p o i n t  defects  on i n t e r s t i t i a l  c l u s t e r s  o f  var ious sizes. E 
C C 
CCCCCCCCCCCCCCCCCcCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

5 

C 

C 

10 

jl=O 

sd i  sl i=z in*d i  sn td  
sd is lv=zvn*d isntd 
do 5 1=2 l c l a s s  
sd is lv=shjsLv + 2.*pi*zvL( i )*lprad( i )*lpnum(i) 
s d i s l i = s d i s l i  + 2.* i*ziL(i)*Lprad(i)*lpnum(i) 
tsnkyO=dsqrt( rhosnR*sdislv + cvsnkO + ppsink + vc lsnk ) 
tsnklO=dsqrt( rhosnk*sdis l i  + cvsnkO + ppsink + vclsnk ) 
ksbgv=6. dO* tsnkvO/gra! nd 
ksbgj=6.dO*tsnkiO/graind 
ksbgi=ksbgv 
tsnkv=dsqrt(tsnkv0**2+ksbgv) 
tsnki=dsqrt(tsnkiO**2+ksbgi) 
do 10 i = 1  nclass 
cfacv( i )=! .+voidrd( i )*tsnkv 
cfaci(i)=l.+voidrd(i)*tsnki 
c f a c i (  i )=cfacv( i) 
tmpvac=voidrd(i)*voidcn(i)*cfacv(i) 
tmpint=voidrd(i)*voidcn(i)*cfacj(i) 
vdsnk=vdsnk+tmpvac*f s( ! )*vdf I ( 1  ) 
bbsnk=bbsnk+tmpvac*fs(i )*bbLf?g(i) 
cvsnkv=cvsnkv+tmpvac*fs(i) 
cvsnki=cvsnki+tm i n t * f s ( i )  
vacgnr=fcnvgr(bbyf l g ,  i c l f  l g  !class,nclass p p t f  !g vdf Lg) 
t s i  n k i  =rhosnk*sdi s L i + cvsnki +ksbg i+vc lsnk+ppsi nk 
tsinkv=rhosnk*sdislv +cvsnkv+ksbgv+vclsnk+ppsink 
c i p r t l = d i f f i * t s i n k i  

J 230 

subg- i 
subg- i 

c f  ac- i 
cfac-  i 
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c i o l d = c i l o  
bv2=bv2o*cvgues 
Dv3=bv3o*cvgues 
bv4=bv4o*cvgues 
c i s t o = c i l o  
do 50 k = l  2 
tem sm 0.6 
delR=(=lprad(2) - lprad(1) 1 / 
delh2=delh/2.0 
do 95 j=1,17 

temprd=Lprad(l)+i*deLh2 
fof(i)=fcnlpg(temprd,pi,rhosnk 
cont i nue 
do 100 j=2,16,2 
tempsm=tempsm + ( f o f c j - 1 )  + 4 
tau4=tempsm*delh/6.d0 
rate4~drnaxl(0.d0,l.dO/tau4) 
b i l = b i l o * c i s t o  

i z j - 1  

40 

95 

100 

50 

195 

200 

60 

70 

80 

8.0 

b i2=bi2o*c is to  
b i3=bi3o*c is to  
b i4=bi4o*c is to  
part3=bi3/(bv4+rate4) 
part2=bj2/(bv3tbi3fc3dis-b~4* 
p a r t  1 =bi 1 /( c2di s+bi 2+bv2-part$:[i?i+c3di s )  )/2.0d0 
cvpart=diffv*partl*(zv2+zv3*~rt2+zv4*part2*part3~/ao**~ 
cv ues=vacgnr / ( c is to*(aLp a+cvpart) + d i f f v * t s i n k v  1 
bv j =  bv20xcvgues 
bv3=bv3o*cvgues 
bv4=bv40*cvaues 
c i p r t 2 = b i l  alpha*cvgues 
c i  p r t3=par t l * (  2.0*cZdi s ? bv2 + part2*(c3dj S -  b i 3 -  b i4*par t3)  - biz) 
yo f (k )= in tgnr  + c i s t o * ( c i p r t 3  - c i p r t l  - c i p r t 2 )  
c i s t o = c i h i  
cont inue 
if( d a b ~ ( y o f ( 2 ) - y o f ( l ) )  .It. 1.0d-30) go t o  90 
cinew=ci h i  - yof  (2)* (c i  h i  - c i  lo ) / (yo f  (2) -yof  (1)1 
i f ( d a b s ( ( c i o l d  - c inew)/c io ld)  . L t .  1.0d-6) go t o  90 
b i  l = b j  lo*cjnew 
bi2=bi2o*c!new 
bj3=bi3o;c!new 
bi4=bi40 cinew 
tem sm 0.0 
delE=(=L rad(2) - lprad(1) ) / 8.0 
de l  h2=de?h/2.0 
do 195 j=1,17 
j s j - 1  
temprd= lprad( 1 )+ i*de l  h2 
f o f  ( j )=fcnlpg( temprd,pi, rhosnk,shrmod,stckft,zin,zvn,zi 10,zV~o) 
cont i nue 
do 200 j=2,16,2 
tempsstempsm + ( f o f ( j - I )  + 4 . * f o f ( j )  + f o f ( j + l )  ) 
tau4=tempsm*deLh/6.dO 
rate4=dmaxl(0.d0,l.dO/tau4) 
par t3=bi 3/ (bv4+rat e4 ) 
part2=bj2/(bv3tbi3tc3di~-bv4* 
p a r t l = b i  l/(c2d~s+bi2+bv2-part~~[~?~+c3dis~~/2.OdO 
cvpar t=di f fv*par t1*(zv2+zv3*~r t2+zv4*par t2*par t3~/ao**~ 
cv ues vacgnr / ( cinew*(alp a+cvpart) + d i f f v * t s i n k v  
bv8=bv:o*cvgues 
bv3=bv3o*cvgues 
bv4=bv4o*cvgues 
c i p r t 2 = b i l  + alpha*cvgues 
c i p r t 3 = p a r t l * ( 2 , 0 * ~ 2 d i  s + bv2 + -par t2*(  c3di s -  b i 3 -  b i4*par t3)  - b i  2) 
ynew=intgnr + cinew*(ci r t 3  - c i p r t l  - c i p r t 2 )  
i f ( yof ( 1 )*ynew) 60,90,79 
c ih i=c inew 
j2=O 

ci~o=(3.0*ciio+cihi)/4.0 
go t o  80 
c i lo=c inew 

1 I = )  1+1 
l f ( J 1  .Le. 2) gO.tO 80 

j l=O 
)2')2+1 
if(~2 . le. 2 ) - g o - t o  80 
c! h i  =(3  ,O*ci h 1 + c i  1 0 ) / 4  .O 
ciold=cinew 
go t o  40 
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90 

295 

300 

intcon=cinew 
b i l = b i l o * i n t c o n  
bj2=bi20*: in tcon 
bi3=bi3o*intcon 
bi4=bi4o*intcon 
tem sm 0.0 
delE=(=l rad(2) - Lprad(1) 
d e l  h2=defh/2.0 
do 295 j=1,17 

temprd=lprad(l)+i*delh2 
f o f  ( j )=f  c n l  pg( temprd, pi, rhosnk, sh rmod, s t c k f  t , z i n, zvn, z i LO, zv l0)  
cont i nue 
do 300 j=2 16 2 
tempsrn=ternbsm'+ ( f o f ( j - 1 )  + 4 . * fo f ( j )  + f o f ( j + l )  ) 
tau4=tempsm*delh/b.d0 
rate4=dmaxl(O .do, 1 .do/ tau4) 
part3=bi3/(bv4+rate4) 
part2=bj2/(bv3+bi3tc3dis-bv4* 
p a r t  1 =bi 1 /(c2di s+bi 2+bv2- par t$:$$+c3di s )  )/2. OdO 
cvpart=diffv*partl*(zv2+zv3*part2+zvb*part2*part3~/ao**2 
vaccon=vacgnr / ( intcon*(alpha+cvpart) + d i f f v * t s i n k v  ) 
d icon=intcon*par t l  
t r icon=intcon*par t l *par tZ 
tern sm 0.0 
delg=(=L rad(2) - lprad(1) ) / 8.0 
de i  h2=de?h/2.0 
do 395 j=1,17 

ternprd=lprad(l)+i*delh2 
fof(j)=fcnlpg(temprd,pi,rhosnk,shrmod,stckft,zin,zvn,zilO,zvlO) 

/ 8.0 

i = j - I  

i z j - 1  

395 cont inue 
do 400-j=2,16,2 

tau4=tempsrn*delh/6,dO 
400 tempsm=ternpsm + ( f o f ( j - I )  + 4 . * f o f ( j )  + f o f ( j + l )  

r a  te4=dmaxl (O.dO 1 .do/ tau4) 
lpnurn( 1 )=dmaxl ( 1 .do, p a r t  1 *par t2*par t3*  i ntcon/omega 
tetcon=lanum(l)*omesa 
ncrate=l '  numil j * r a t &  
c i  to=0.9!*i ntcon 
c ih i= l .O5* in tcon 
cvguesyaccon. 

d e l f l x - v f l u x - i f ! u x  
sprsat=delf lx/dif fv/vaccne 
r e t u r n  

i l u x - d ! f f i * l n t c o n  
v f lux=di f fv*vaccon 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C wi thout  i n t e r s t i t i a l  c lus te rs ,  so lve f o r  vaccon and in tcon c 
C C 
C for i n tcon  C 
C C 

by s o l v i n g  a quadrat ic  equation f o r  vaccon and subs i tu te  

C 

c 

210 
230 

CCCcCCCCCCCCCCcCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

tsnkvO=ds r t(  zvn*rhosnk*disntd + cvsnkO + ppsink + vclsnk ) 
ks bgv=b.da* tsnkvO/gra i nd 

201 tsnkiO=dsqrt( zin*rhosnk*disntd + cvsnkO + ppsink + vc lsnk 1 

ksbsi=6.dO*tsnkiO/nraind subg- i 

c f a c - i  
c fac-  i 

- ksb- i  ksbgv subg- i 
t sn&v:dsqr t ( t snkv0**2+ ksbgv) 
tsnki=dsqrt(tsnki0**2+ksbgi) 
do 210 i= l ,nc iass  
c f a c v ( i ) = l  .+voidrd( i ) * tsnkv 
cfaci(i)=l.+voidrd(i)*tsnki 
c f a c i ( i ) = c f a c v ( i )  
tmpvac=voidrd(i)*voidcn(i)*cfacv(i9 
t rnp int=voidrd( i ) *vo idcn( i ) *c fac j ( i )  
vdsnk=vdsnk+tmpvac*fs(!)*vdfl ( 1 )  
bbsnk=bbsnk+trnpvac*fs( i )*bblf?g( i 1 
cvsnkv=cvsnkv+tmpvac*fs(i) 
cvsnki=cvsnki+tmpint*fs( i )  
vacgnr=fcnvqr(bbl f lg  i c l f l g  l c l a s s  nc:ass 
ts jnkv= zyn rhosnk*d!sntd +'cvsnkv'+ p p s i ~ ~ P I f ~ ~ [ ~ ~ : l ~ ' k s b g v  
t s i n k i =  zin*rhosnk*disntd + cvsnki + ppsink + vc lsnk + ksbgi 
a=al h a * d i f f v * t s i n k i  
b=( afpha*( intgvr -vacgnr)+di f f i * d i  f f v * t s i  nk i * ts inkv)  
c=-vacgnr*dif  i * t s i n k i  
vaccon=( -b+ds r t  (b**2-4 .*a*c) )/2 ./a 
,ntcon=intgnrT(alpha*vaccon+di f f i * t s i n k i )  



344 

cilo=0.95*intcon 
cihi=I.O5*intcon 
cv ups-vaccon 

delflx=vflux-iflux 
sprsat=delflx/diffv/vaccne 
return 
end 

i?luxidj ff ixintcon 
vflux=diffv*vaccon 

CCCCCcCCCC~CCCCCCCCCccccccccccccccccccccccccccccccCcCcccccc~~Ccccc~ccccc 
C C 
C TABLE C 
C 
C 
C 
CCCCI 

5 
10 

20 
30 
50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

C 
subroutine to print out table of variables C 

C 
:CCCCCcCCCCCCCCCCcCCcccccccccccccccccccccccccccccccccccccccccccccccc 
subroutine table(snkrat,swlrat) 
impiicit real*8 (a-z) 
common /int r/ bblfl (5) flpcls,hfrflg,iclflg,jtemp,lclasl, 

~c ~as2, Lci!ass, Lmns?, tplsl, nc Lass, netc s ,  noeq, npl t , npiusl , I 
2 nqmnsl,ngmns2,outsw,pfact ntcls, ptfL 
3 tempco t i t le1 (201, t i t l e2( $1) tmtxkg vci!; ls,vdf lg(5) 
1 cfaci (5) cf acv(5) cvsnkb cvv(f) ,del he( 5) ,  f s(5), f v( f 1, gama(5), 
2 he I i um( 5 5 ,  mpa (5 ) , hc r i t r ( f ) , press (5  1 ~ rhohe( 5 1, 
3 ttconv( 5 )  ,vdsnk,vdsnkO voidcn(5) ,voidrd(5) 

1 c2di s, c3di s cvl(4!), cvn, dl'con, hi spId,di sn0,di sntd,hi stet , 
2 ec2dis,ec3dfs, irrann, frrsrc, Lpnum(45) Lprad(45),ncrate,numilp, 
3 i ipmax,prmtl ,prmt2,prmt3,prmt4,rate(4f),rc,rhosnk, ro shrmod, 
4 tauimx,snkerr,snknew,snktst,srcden,stckft,?tfen ,taut,. 
5 tetcon, thrann, thrsrc, tr 1 con z i l (45), z i 10, z i  n, 21 7, zi2,zi 3, zi4, 
6 zvl(45), zvl0, zvn, rv2, zv3, zvt 
comnon /defarm/ alpha,ao bvectd bvect f ,cvc ls ,cvemi t ,d i f f i ,d i f fv ,  

1 ef , eim, em: f racks, garnvc I ,  genvct , i ntcon, i ntgn2, intgnr , kt , 
2 numvac,numvci,ornega radvcl,sprsat tauvc1,vaccne vaccon, 
3 vacgnr vclsnk,cilo,iihi cvgues if(ux,vflux,delf[x 

1 d i  s I oc, doschg( IF,doschk. eherni g, embbl . emdi SY , emf p, emppt , emsubg, 
2 einvc i emvoi d, f loop, gasd, gre i nd, grndO , grnmax, grntau, hef rac 
7 intbb[,intflp,intnet,int pt,intrec intsb ,intvcl,intvd,ksbgi, 
3 hegnr0, hegnrr, ksbgv,rntrxKe, ntdhe, pf ,pl tf?g, pptcon,pptrad, 
4 pptsnk,ppttau,precip,prntdt,prntnw,recomb,stop,stress, 
5 subghe subgrn,swe!l swlcmp sw!tol,taup,tautol,tc(lC!)ltemp, 
6 t ime , t k , totdos I ts 1 nk i , ts i nkv, tvdvac ,vdemi t ,vdrecm, voi ds 
inte er outsw,pfact, ptflg,nplt nclass,flpcls,netcls,vcIcls, * bb? f lg, vdf lg, i , t i trel , t i t Le2 h f rf Lg nplusl , tmpch , tempno, 

* nneq nqmnsl ,nqFns2, Lclass, Lclasl, ~ c ~ a s ~ ,  imnsl, lp?sl, * pntcls icifcg,jtemp 
format('!* t~,'!') 
f0rmat(t89:'!',/:89,'!~,/.33x,lt a b I e o f v a l r  i a b 

format(& I ! ' , /  
format i I t ;me1, tdyyhl5 15, t6O t ime' t70, 'secs I, t89, I ! I ) 
format( I total damage dcse',t42,lpd15:5, 

1 t60,'totdosl :70 Idpa' t89 I ! ' )  
format('.swel[ ,ti2 1pd15.5't60 Iswell' t70 '%',t89,'!' / 

1 I swelling rate' tt2 1@15:5,t60 'swtrAt' t70, '%/dpaa,t84, 
f o r  mat ( 1 sue I I c o h  r \ but 1 on of txib 1 es I , t 42, I @I 5.5, 

1 t60,'bblswl' t70,'%! t89,'!') 
format ( 1 swel i cont r i but i on o+ :'oidsl, t42, I pdis -5 ,  

1 t60,*~dswl~,t70,'%',t89,'!~) 
format(' vacanc generation rate5,t42,1pd15.5, 

1 t60, ivacgnr',ty0,'dpa/sec',f89,'! I )  
format(' intersitiai generation rate1,t42,1pd15.5, 

1 t60,'int nrl,t70,'dpa/seci,t89,'!') 
format ( I Qract 1 onal vacancy concentration' ~ t42,lpd15 -5, 

1 t6O,~vacco~',t70,~----- ',t89 I !  I) 

format( I f ract :onal interst i t fa1 concent rat iont, t42, lpd15.5 
1 t60,ti;tconi,t70,'-----' t89 I ! $ )  

format( vacancy flux1,t4:! 1&15.5,t60, 
1 'vflux1,t70 icm**2/seci,t89,1!I) 
format ( I ! nthrst i t i al flux' t42 1 pdl5.5, t60, 

1 i f lux I, t70, 'cm**2/sec1 , t86, ! : j 
format(' net vacancy flux (dv*cv-di*ci)~,t42,1pdl5.5, 

1 t60,ideiflx~,ti0,~cm**2/sec',t89,'! I )  

common /iavprm/ bbconv(5) bbsnk bbsnkb,cvsnki ,cvsnkv comprs(5), 

C O ~ O R  /disprm/ avl rd,b!lo bi2o bv2o,bi30,bi4o,bv30 bv40, 

comon /balru ap he,bubble cayf!te,clster,der (5C) diffhe, 

I t89,'!' /,33x, , ta9, i 1 
I ,  I 
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170 

180 

190 

195 

200 

210 

212 

214 

216 

218 

220 

230 

232 

234 

240 

250 

260 
270 

do 300 i=l nclass 
if(bblf lg( i )  .eq. 1) bblsul=bblsu 

1 voidcn(i)*100.0 
rnpa(i)=press(i)*l.Od-7 

L+fv( 

300 continue 
vdswl=dmax1(0.0dO,swelL-bblswl) 
wr! te(6,5) 
write(6,lO) 
write(6,20) 
write(6,30)time 
write(6,50)totdos 
wrjte(6,60) swell,swlrat 
write(6,70)bblswl 
write(6,8O)vdswl 
write(6,90)vacgnr 
write(6,lOO) intgnr 
write(6,110)vaccon 
write(6 12O)intcon 
write(6'130) vfLux 
write(6:140) iflux 
delflx=vflux-iflux 
write(6,150) delflx 
emcav=embbl+emvoid 
write(6,170) emcav 
sat=vaccon/vaccne 
write(6,180) sat 
write(6,190)sprsat 
write(6,195) vclsnk 
write(6,200) cvsnkO 
write(6,210)disntd 

)*voidrd(i)**3* 
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wri te(6,212) dispid 
write(6,214) distot 
wrj!e(6,216) numilp 
wriLe(6 216) snkrat 
ppsink=b.cO 
if(pptflg.eq.1) ppsink= ptsrk 
to ta L v=recovb+voi ds+bubil e+di s L oc+subarn+ 

302 

305 

310 

315 
318 

clster 
rota L i =recomb+ i ntvci+ i n t bbl+ i ntnet+ i ntsbg+ i ritvc I 
if(totalv.lt.1.d-6) go to 320 
rt=recomb/totalv*lOO. 
vt=voids/totalv*lOO. 
bbt=bubble/totalv*lOO. 
dt=disioc/totalv*lOO. 
ft=fioop/totalv*lOO. 
st=subgrn/totalv*lOO. 
ct=clster/totalv*IOO. 
prt=precip/totalv*lOO. 
t t l t=r t+vt+bbt+dt+f t+st+ct+pr t  
irt=recomb/totali*lOO. 
ivt=intvd/totali*lOO 
ibbt=intbbl/totali*liO. 
idt=intnet;totali*lOC. 
ift=intflp/tatali*lOO- 
jst=intsb /totali*100. 
i c t= i tvcS/ tota L i *I 00 
iprt=intppt/total i *106. 
ittlt=irt+ivt+ibbt+idt+ift+ist+ict+ipr: 
if(voids.le.1.d-0) go to 302 
write(6,232) tvdvac 
wiite(6,234) swlcmp 
vdrc=vdrecm/tvdvac*lOO. 
urite(6,220) vdrecin vdrc 
vdem=vdemi t/ tvdvac*i 00. 
write(6 230) vdemit,vdem 
vi=O.odb 
bbi =O. OdO 
ivi =O .dO 
i bbi=O .dO 

do 310 i=l nclass 
tmpyac=fs( i )*vojdrd( j :*vojdcn( )*cfacyi i ) 
fmpint=fs(!!*voidrd(i)*voidcn(i)*cfaci(i) 
if(bblflg(i) .e 1) go to 305 
vi =vi+ympvac*(v?iux-di f fv*cvv( i ) ) 
i vi = i vi + tmDi n t* i f lux 
go to 310 
Qbi=bbi+tmpvac*(vflux-diffv*cvv(i)) 
i bb i = i boi + t mpi nt * i f ! ux 

-+prec i p+f ! oop 
.+intppt+intt!p 

continue . 
f'rG.dO 
i f i =O .dG 
if(iclfig.ne.1) go to 318 
do 315 1=2 Lciass 
if i = i  f i + ;i I ( i )*rhosnk*2.*pi*(prae1( i )*lpnum( i )*if lux 
f i = f i + z v l ( i ) * r h o s n k * 2 . * p i * ~ p r a d ( i ) * l p n u m ( i ) * ( v ~ l u ~ - d i f  
si=ksbgv*(vflux-diffv*cvemit) 
pri=p sink*(vflux-diffv*cvemit) 
c 1 =vcrsnk*(vf lux-di f fv*cvc ls)tint$nr*f cacls 
dr=zvn*rhosnk*disntd*(vf!ux-diffv cvemit) 
ri=alpha*vaccon*intcon 
ttli=ri+yi+bbi+di+fi+si+ci+pri 
jsiTksbg!*iflux 
ipri=p sink*iflux 
ic i=vcrsnk* i f lux 
idi=zin*rhosnk*disntd*iflux 
iri=aipha*vaccon*intcon 
ittli=iri+ivi+ibbi+idi+ifi+isi+ici+ipri 
ri=ri/ttli*100.0 
vi=vi/ftli*100.0 
bbi=bbi/ttli*100.0 
di=di/ttli*lN.O 

ci=ci;ttli*!OO. 
pri=pri/ttli*100. 
ttli=ri+vi+bbi+di+si+fi+ci+pri 
jrj=jrj/jttij*lOO.O 
lvl=lvl/lttll*100.0 
jbbiribbI/ittli*lCO.O 
idi=idi/ittii*lOO.O 

f~=fj/trli*100.0 
s!=sl/ttli*lOo. 

fv*cvl(i 
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320 

ifi=ifi/ittIi*100.0 
jsi=isi;ittli*l00. 
!ci=iFi/jttli*IOO. 
ipri=ipr!/iftli*lOO. 
i t t l i= i r i+v !+bb i+d i+s i+ f i+c i+pr i  
urit$6,240),recomb,rt,ri,Tecomb,irt, ir i, 

1 voids,vt vi intvd,ivt,!vi 
2 bubble,bbt,bbj, intbbi, ibbt,ibbi, 
3 disIoc,dt di intnet,idt,idi, 
4 iloop,ft,fi intfl ift i f i ,  
5 subgrn,st,si, jnts&‘ isi i s 1  ~ 

6 c:s ter ,c t ,c i ,?nyvc?: ic f :~c i ,  
7 precip,prt,pri intppt :pi.t,iprj 
8 fotalv ttlt, tt(i, tota(i, i ttlt, lit1 i 

(bbl f I g( i ) voi drd( i ) v o i  dcn( 
1 mpaii) heliun(i1, i=j,ncIass 1 

write(6 250) 
wr i te(6’260) 

wr j te(6,276) 
wri te(6,5) 
return 
end 

i) dery( i j, 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccc~cc~ccccccccccccc~c~ccccccccccccc~ 
C 
C VACCNT C 

m 

C 
C 
C 
C 
C 
C 
C 
C 
C 
ccc 

r 

subroutine to kee track of where the vacancies are going 
tvdvac=net numger of vacancies absorbed by vcids 
vdrecm=number void vacancies.lcst to recombination, C 

vdemit=the number of vacancies emitred from voids C 
voids=the net vacancy sbsorbtion at vois r 

bubbIe,subgrn,disioc,clster,floopsprecip analogous to voids c 
C 

:CCCCCCCCCCcCCCCCCCCccccccccccccccccccccccccccccccccccccc~~c~~cc~ccccc 

c 
C 

C equals the number of.intergtitials absorbed 

subroutine vaccnt(timdlt,bblflg,iclflg,lclass,nclass,pptfLg, 

implicit real*8 !a-z) 
comon./cavprm/ bbconv(5) bbsnk bbsnk0,cvsnki,cvsnkv,comprs(5), 

1 vdflg) 

1 cf aci ( 5 )  cfacv(5) cvsnkb. cvv($),delhe(S), fs(5), fvt,,) ,ganrna(5), 
2 hel ium(5: mpa(5)’ Acr; tr(5 j press(5) ~ rhohe(51, 
3 ttconv(5) : vdsnk, vdsnkO voi;fcnl5), VOI drd(5) 

common /d i serin/ av 1 rd, b: 1 o ~ 5 i 20 I bvZo ‘ bi 30, b i 40,  bvk, bv40, 
1 c2dis,c3d~s,cvj(4~),c~n,dicon,displd,dtsn0,~?~ntd,~istot, 
2 ec2dis,ec3dis,irrann,irrsrc, Lpnum(45) Iprad(~S),ncrate,numi l pz  
3 i Ipmax, prmt 1 prmt2, prmt3, prmt4, rate(451, rc, rhosnk i-o shrmod, 
4 tauimx, snkerr, snknew, snktst, srcden, stckf t srf en , tau&, . 
5 tetcon,thrann,thrsrc, t r icon zit(45),zitO,;in,zig,~,~~~i3,zi4, 
6 zvi (45 ) , zvi 0, zvn, zv2, zv3, zvl  

2 numvac,numvcl,omega radvc1,sprset tauvcl,vaccne vaccon, 
3 vacgnr vclsnk,ciIo,tihi cvgues if[ux,vflux,deif!x 

1 
2 emvcl emvoid,floop,gasd,graind,grndQ,grnmax grntau,hefrac 
7 
3 hegnr0, hegnrr, ksbgv, mtrxRe, ntdhe, pi, pl t f ?g, pptcon, ppt r d ,  
4 pptsnk,ppttau,precip,prn:dt,prntnw,recomb,stop,stress, 
5 
6 -  time,tk,totdos tsinki ,tsinkv tvdvac,vdemit,vdrecm,vo!ds 
: nteger bbl f Lg(5 5 ,vdf lg( 5), icl f I g, kc lass, nc lass, ppt f I 9, i 
ppsink=O.OdO 
:f(pptfIg.eq.I) ppsink=pp:snk 
recomb=recomb+alpha*vaccon*intcon*timdlt 
do 175 i=1 nclass 
tmpvac=fs(! )*voidrd( i )*voidcn( i )*cfacv( i ) 
tmpint=fs(i)”voidrd(i)*voidcn(i)*cfaci(i) 
voi ds=voi ds+ trnpvac* (vf I ux -d i  +f v*cvv( i 1 )* t i mdl t*vdf 1 g( 7 1 
intvd=intvd+tmpint*iflux*timdlt*vdfIg(i) 
vdrecm=vdrecm+tmpint* iflux*timdit*vdfLgfi) 
vdemit=vdemit+tmpvac*diffv*cvv(i)*tid!t*vdflgii) 
tvdvac=tvdvac+tmpvac*vfiux*timdlt*vdflg(i) 
swlcmp=swlcm + ( tmpvac*. j i f fv* (vaccon-cvvoj  

bubbt)e=bubbl e+ tmpvac* ( v i  I ux -di f?*v*cvv< i 1 )*t id\ t’b5I. f i g( i 1 
intbbl=intbbI+tmpint* i f l ! ix* t i i i id i~*bbIf Ig( i )  

conrnon./defprm; aIpha,ao bvectd bvect f ,cvc ls ,cvemi t ,d i f f i ,d i f fv ,  
I ef,eim. em, fracts,gamvcl ’genvcl, intcon, intgnz,~, n’glrr, ,. Kt , 

comnon ~ 6 ~ t r i /  ap he,bub6Ie cavhe,clster,der ‘50) diffhe, 
di s L oc, doschg( 1 c, dosch k, ehemi 9, embbl , e d i  s.7: emf [ p, emppt emsubg , 
i PtbbI, intf I p ,  intnet , int pt , i ntrec i ntsb , i htvcl I i ntvd, kshg i , 

subyhe subgrn,swe\i suic?p swLtol,taup,t~utol,tc(lO) temp, 

1 t m  int* if?ux ) * timJit*vdfI ( 1 1  



175 

180 

185 

cont inue 
subgrn=subgrn+ksbgv*(vflux-diffv*cvemit)*timdlt 
precip=precip+ppsink*(vflux-diffv*cvemit)*timdlt 
c l s t e r = c l s t e r  + 

1 (vc lsnk*(v f lux-d i f fv*cvc ls)+ in tgnr* f rac ls)* t imdl t  
d is loc=d is loc  + 

1 zvn*rhosnk*disntd*(vflux-diffv*cvemit)*timdlt 
intsbg=intsbg+ksbgi*iflux*timdlt 
intppt=intppt+ppsink*iflux*timdlt 
j n t v c l = j n t v c l  + v c l s n k * i f l u x * t i m d l t  
i n t n e t = i n t n e t  + zin*rhosnk*disntd*iflux*timdlt 
i f ( i c l f ! g . n e . l )  go t o  185 
do 180 !=2 l c l a s s  
I nt f lp= i nt 1 p + z i I ( i )*rhosnk*2. *pi * lprad(  i )* lpnurnc i )* 
f loop=f loop + z v l ( i  )*rhosnk*2.*pi*lprad(i)*lpnum(i)* 

1 i f l u x * t i m d l t  

1 (vflux-diffv*cvl(i))*timdlt 
r e t u r n  
end 

cCCCCCcCCCCCCCCCCCCccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C FCNCVV C 
C C 
c f u n c t i o n  t o  ca lcu la te  value o f  cvv, vacancy concentrat ion i n  C 
c e q u i l i b r i u m  w i t h  c a v i t y  C 

CCCCCCCCCCC~CCCCcCCCcccccccccccccccccccccccccccc~ccccccccccccccccccccccc 
C C 

f u n c t i o n  fcncvv (kt,omega,vaccne,gamna,rvoid,gpress,i) 
i m p l i c i t  rea l*8 (a -z )  
in teger  i 
~vvexp=(2.*ganma/rvoid-gpress)*ome a/kt  
i f (cvvexp. g t  .15. .or. cvvexp. It . - 18. ) w r i  te(6,901) i , cvvexp 
cvvexp=dmaxl( -15.d0, dminl(l5.d0,cvvexp) 
fcncvv=vaccne*dexp(cvvexp) 
r e t u r n  

end 
901 format(5x,'>> f o r  i= l , i2 , '  fcncvv exp. term=', lpdl l .3,1 <<I) 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C FCNLPG 

C 
C 

C C 

C C 
C f u n c t i o n  t o  ca lcu la te  the  loop growth ra tes  C 

C dedm=change o f  loop energy w /  respect t o  loop no. o f  i n t e r .  C 
C l i n e t n = l i n e  tens ion c o n t r i b u t i o n  o f  loop energy C 
C s tck f t=s tack ing  f a u l t  c o n t r i b u t i o n  t o  loo energy C 
C cvl=equi librium vacancy concentrat ion a t  Voop suface C 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

func t ion  f c n l p  (lrad,pi,rhosnk,g,stckft,zin,zvn,zilO,zvlO) 
i m p l i c i t  real*! (a -z )  
conmon /defprm/ alpha,ao bvectd byectf,cycls,cvemit,diffi,diffv, 

1 e f  ,eim,em,fracls,gamvc[,genvc[, intcon, intgn2, in tgnr ,k t ,  
2 numvac,numvcl,omega,radvcl,sprsat tauvc1,vaccne vaccon, 
3 vacgnr vc 1 snk, c i lo,  c i h i , cvgues, i f [ ux, v f  lux,del f [ x 

z i  I r = z i  16 z i l - r  - . . . - . . . 
z v l  r=zvlO 

c zilr=dminl(3.5dO. ( z i n  + zi lO/lrad**2) ) 

~ 

z i l - r  
z i l - r  

c z v l r =  zvn + zvlO/lrad**2 z i l - r  
linetn=~*bvectf*ome~a/2.8/pi/lrad*dlog(4.dO*lrad/bvectf) 
dedm=dmin1(30.0d0,1inetn+stckft) 
cvlr=vaccne*dexp( -dedm/kt) 
f c n l p  bvect f  / rhosnk / 

( z i  ?f*di f f i*i ntcon - z v l  r * ( d i  f fv*vaccon-di f fv *cv l  r )  ) 1 
r e t u r n  
end 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C FCNSNK C 
C C 



C function subprogram to calcutate summation 4*pi*voidrd C 
C *voidcn (geometry term of weighted sink) c 
C C 
CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccCcccc~ccccccccccccccccccccccccccc 

function fcnsnk(voidrd,voidcn,nclass, fs,pi ,bb~f lg”~bsnkO~vdsnkO) 
implicjt rea!*8 (a-z) 
dimension voidrd( 1 ) voidcn(l), fs( I ) 
integer bblfig(l), ;, nclass 
fcnsnk=O.OdO 
vdsnkO=O.OdO 
bbsnkO=O.OdO 
do 100 i=l  nclass 
tmpsnk=fs( )*voidrd( i )*voidcn( i) 
if(bblflg(i) .eq. 1) go t o  50 
vdsnkO=vdsnkO+trnpsnk 
go to 100 

50 bbsnkO=bbsnkO+tmpsnk 
100 fcnsnk=fcnsnk+tmtxnk 

return 
end 

CCCCCCCCCCCCCCCCCCCCcccccccccccccccCcccccccccccccccccccccccccccccccccccc 
C C 
C F CN TVV C 
C C 
C function to calculate total void volume (swell; I: 
C C 
CCcCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

funcfion fcn:vv(voidcn,voidrd,fv,nclass) 
implicit rea!*8 (a-z) 
dimension voidcn( 1 ) ,voidrd( 1 1, fv( 1) 
integer 1 ,  nclass 
f cntvv=O. 
do 100 i=l,nclass 

100 fcntvv=fcntvv+fv(i)*voidrd(i)**3*voidcn~i) 
return 
end 

CccCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccc~ccccccccc 
C C 
C F CNSGR C 
C C 
C function to calculate new vacancy generation rate C 
C C 
ccccccccccccccCccccccccccccccccccccccccccccccccccccccccccc~ccccccccccccc 

function fcnv r(bblflg,iclflg,lclass,nclass,pptflgtvdflgl 
implicit real% (a-z) 

emf lp=O. 0 
ppsink=O.OdO 



i f ( ppt  f L g . eq. 1 )  psi nk=pptsnk 
emdisl=zvn*rhosn *d isntd*d i f fv*cvemi t  
emppt=p s ink*d i f fv*cvemj t  
emsubg=!sbgv*di f f v*cvemi t 
emvcl=vclsnk*diffv*cvcls 
i f ( i c l f 1  .ne.l)  go t o  80 
do 50 i = P  l c l a s s  
emflpFemf[p + 

50 cont inue 
80 do 100 i = l  nclass 

tmpvac=fs(! )*voidrd( i )*voidcn( i )*cfacv( i) 
emvoid=emvoid + tmpvacldiffv*cvv(i)*vdflg(i) 
embbl=embbl + tmpvac*diffv*cvv(i)*bblflg(i) 

fcnvgr= int  n r * ( l .dO- f rac ls )  

r e t u r n  
end 

1 zvl(i)*rhosnk*2.*pi*lprad(i)*lpnum(i)*diffv*cvl(i) 

100 cont inue 

1 + (emdisf+emppt+emsubg+embbl+emvoid+emvcl+emf lp) 

CCCCCCCCCCCCCCCCcCcCcccccccccccccc~ccccccccccccccccccccccccccccccccccccc 
C C 
C DUMSUB C 
C C 

C C 
CccCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccccccccccccccccc 

c a dumny subroutine f o r  dlsode, see documentation C 

subrourine dumsub(neq, t, y ,  m l ,  mu, pd, nrowpd) 
i m p l i c i t  rea l *8  (a -z )  
in teger  neq,nrowpd,ml,mu 
dimension y(neq) , pd(nrowpd,neq) 
r e t u r n  
end 

A . 2  Sample Data File f o r  MICROEV 

See the Introduction to this Appendix and the comments in the 

MICROEV source listing f o r  an explanation o f  the input parameterr. 

1 
data f i l e  f o r  MICROEV, 100 dpa i r r a d i a t i o n  a t  500 C 
base case parmeters, January 1987 

1.400' 
-800 

1.00e-06 
500.0 
0.600 

1.3291e-07 
1.00e-04 

63.0 
1 . OOe- 05 
1.00e-04 
1 .00e+08 

0 
1 

2.28e+l5 
1 .ooo 
1 .ooo 

0.800e+00 
2.00 

1 -600 0.850 1.350 1.750 2.500 
.0800 2.00e+17 3.50e-13 0.50 

0.3333 1.25 1 .oo 1.500 1 .ooo 
3.00e+lI 0.0 15.0 2.00 
1.00e+01 8.00e-08 0.800e+00 2.00e-03 
2.00e+15 1.773 1 .ooo 0.3545 0.050 
1.00e-09 1.00e+09 1.00e+08 1.00e+14 
90.0 110.0 127.0 33.0 38.0 42.0 

1.00e-04 1.00e+08 subgrain diameter 
2.50e+07 1.00e+04 1.00e+01 1.00e+04 1.00e+04 

3.183e+14 3.20e+07 ppt. radius, conc, t ime 

22 0 10000 0 
16 8 2 -1 

2.53e+14 v o i d  d e n s i t i e s  l i n e  
0.400 f v  l i n e  
0.434 f s  l i n e  

0.800e+00 gama l i n e  
2.00 hel ium l i n e  
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A.3 Partial Results from Sample MICROEV Run 

These results are printed at the end of each run. More detailed 

output is printed at intermediate doses as requested by the input 

parameter "prntdt" on the thirteenth line o f  the input data set. 

Additional output includes an echo o f  the input data set, a table of 

calculated material and irradiation parameters for the current data 

set (see the subroutine CONST), a table o f  selected variables that 

is printed when a size class o f  bubbles converts to voids (see the 

subroutine TABLE) and 1 ine-printer plots of dose versus swelling, 

Frank faulted loop number density, and the network and total 

dislocation densities (see the subroutine PLOT). 

For c a v i t y  s i z e  c lass 1: bubbles did not  convert t o  voids. 
For c a v i t y  s i z e  c lass 2: 

bubble- to  void-conversion dose = 36.1 dpa, 
bubble rad ius a t  conversion = 1.274 run. 

Approximate dose t o  1% swe l l i ng  = 44.1 dpa. 

Maximum swe l l i ng  r a t e  = 1.365d+00 %/dpa a t  99.7 dpa. 

Maximum f a u l t e d  loop densi ty  1.318e+20 a t  68.0 dpa. 

40.00 
50.00 
60.00 
70.00 
80.00 
90.00 

100.00 

swel l ing 

(%I 

O.OOe+OO 
3.37e- 04 
7.39e- 04 
1.22e-03 
4.19e- 01 
4.82e+00 
1.30e+01 
2.38e+01 
3.61e+01 
4.91 e+01 
6.25e+01 

- - - . - - - - 
network d is loc 

dens i t y  
(/m**2) 

3.00e+15 
6.36e+14 
6.31 e+l4 
6.28e+l4 
5.89e+14 
5.24e+ 14 
4.71 e+14 
4.36e+l4 
4.09e+14 
3.90e+14 
3.73e+14 

. - - - - - - - 
:a t ion  f a u l t e d  loop 

dens i t y  
(/m**3) 

O.OOe+OO 
9.96e+l9 
1 .Ole+20 
1.01e+20 
1 .I Oe+20 
1.23e+20 
1.31e+EO 
1.32e+20 
1.29e+20 
1 .27e+20 
1.23e+20 

.____._ - 
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