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I.  SUMMARY 

The second work ing meet ing on "Fusion Environment S e n s i t i v e  Flow and 

F r a c t u r e  Processes was he ld  f o r  t h e  purpose o f  r ev i ew ing  t h e  progress made 

s i nce  t h e  l a s t  meet ing on t h i s  t o p i c  h e l d  i n  August 1980. 

r e p o r t  on t h e  1980 meet ing (DOE/ER-0046/4, Vol . 2) was used as a guide for 
assess ing accomplishments i n  t h e  l a s t  two years  and f o r  upda t ing  t he  

research recommendati ons. 

d i f f e r e d  s l i g h t l y  f rom the  f i r s t  i n  t h a t  t he  d i scuss ion  leaders  d i v i d e d  

t h e i r  t ime  between s t a t u s  r e p o r t s  and d iscuss ions  on t he  recommendations. 

The p a r t i c i p a n t s  were no t  d i v i d e d  i n t o  groups bu t  remained t oge the r  t o  

ensure t h a t  ' i npu t  on t he  recommendations was rece i ved  f rom the  group as a 

who1 e. 

The workshop 

The approach used f o r  t h e  second work ing meet ing 

The recommended research a c t i v i t i e s  a re  summarized below i n  o rder  o f  

decreas ing p r i o r i t y  w i t h i n  each t o p i c a l  area. P r i o r i t i e s  a re  r e l a t i v e  t o  

a c t i v i t i e s  w i t h i n  each work ing group, as no o v e r a l l  p r i o r i t i e s  were 

es tab l i shed .  The p r i o r i  t i e s  f o r  these a c t i  v i  t i e s  r e f l e c t  e i t h e r  t he  near  

te rm need f o r  t he  research o r  t he  l ack  o f  i n f o r m a t i o n  on a p a r t i c u l a r  

p rope r t y .  It i s  apparent t h a t  t h e  e f f o r t  r e q u i r e d  t o  s a t i s f a c t o r i l y  complete 

t h e  1 i s t  o f  recommended research a c t i  v i  t i e s  exceeds t he  present  program 

fund ing ;  however, t h i s  l i s t  i s  expected t o  serve as a g u i d e l i n e  f o r  new 

programs and e x i s t i n g  programs. 
a c t i v i t i e s  a re  suppo r t i ve  o f  t he  A l l o y  Development f o r  I r r a d i a t i o n  

Performance ( A D I P )  goals,  and as such a c l ose  l i a i s o n  w i t h  A D I P  must be 

mainta ined.  

performed i n  such a way t h a t  t h e  r e s u l t s  w i l l  be o f  ass is tance  i n  a l l o y  

development and s e l e c t i o n .  

found i n  Sect ion I V  o f  t h i s  r epo r t .  

Also,  i t  i s  recognized t h a t  many o f  these 

It i s  expected t h a t  a c t i v i t i e s  suppo r t i ve  o f  A D I P  goals  w i l l  be 

Discuss ion o f  t h e  recommended research can be 

RESEARCH RECOMMENDATIONS: SUMMARY 

A.  FLOW PROCESSES AND PROPERTIES:  N. M. Ghoniem, Discuss ion Leader 

1. Assess e f f e c t s  o f  he l ium on i r r a d i a t o n  creep - h i g h  p r i o r i t y .  
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2. Develop i r r a d i a t i o n  har t ien ing - enibri t t l e m e n t  r e l a t i o n s h i p s  for  
f e r r i t i c  s t e e l s  - h i g h  p r i o r i t y .  

3. F u r t h e r  model ing and e v a l u a t i o n  o f  c r e e p- r u p t u r e  - h i g h  

p r i o r i t y .  (A1 so d i scussed  and recommended i n  T i  me Dependent 

F r a c t u r e  s e c t i o n )  

4. F u r t h e r  model ing and e v a l u a t i o n  of p u l s i n g  e f f e c t s  - medium 

p r i o r i t y .  

5. F u r t h e r  e v a l u a t i o n  o f  cascade e f f e c t s  on i r r a d i a t i o n  c reep  - low 

p r i o r i t y .  

B. EFFECT OF FLOW PROCESSES ON FRACTURE: W. G. WOLFEH, D iscuss ion  Leader 

1. JIc measurements and f r a c t u r e  mode d e t e r m i n a t i o n  of t y p e  316SS 

i r r a d i a t e d  t o  h i g h  doses - h i g h  p r i o r i t y .  

2. Exper imenta l  and a n a l y t i c a l  e v a l u a t i o n  of t h e  t r a n s g r a n u l a r  t o  

i n t e r g r a n u l a r  t r a n s i t i o n  temperature  i n  i r r a d i a t e d  316SS - h i g h  

p r i o r i t y .  

3.  Eva lua te  e f f e c t  of f u s i o n  env i ronments  on nKo and f i r s t  w a l l  

l i f e t i m e s  - h i g h  p r i o r i t y .  

4. E v a l u a t e  t h e  f r a c t u r e  p r o p e r t i e s  of welds and heat  a f f e c t e d  

zones i n  i r r a d i a t e d  20% CW 316SS - low p r i o r i t y .  

5. Analyze t h e  e f f e c t  of t h e  s o f t e n i n g  observed i n  i r r a d i a t e d  20% 

CW 316SS on f r a c t u r e  processes - low p r i o r i t y .  

C .  T I M E  DEPENDENT FRACTURE: G. Lucas, D i s c u s s i o n  Leader 

1. Complete and c i r c u l a t e  a t o p i c a l  r e p o r t  and recommendations on 

f a t i g u e  crack growth by June 1983 - h i g h  p r i o r i t y .  

2. Cont inue development o f  c a l i b r a t e d  c o r r e l a t i o n  methodolog ies  

f o r  c r e e p- r u p t u r e  - h i g h  p r i o r i t y .  

3. Summarize Breeder c r e e p- r u p t u r e  da ta  i n  a t o p i c a l  r e p o r t  - h i g h  

p r i o r i t y .  
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4. F l a g  UDIP c r e e p- r u p t u r e  specimens f o r  m i c r o s t r u c t u r e  a r c h i v e s  - 
h i g h  p r i o r i t y .  

5 .  

6. 

7. 

8. 

u. 

1. 

2. 

3 .  

4. 

5. 

6. 

7.  

Assess a l t e r n a t e  p r e s s u r i z e d  t u b e  des igns  f o r  e v a l u a t i n g  s t r e s s  

s t a t e  e f f e c t s  - medium p r i o r i t y .  

Con t i  nue rnoni t o r i  ny 1 i t e r a t u r e  on c reep  c rack  growth and w r i t e  

a summary r e p o r t  by Aug. 1984 - medium p r i o r i t y .  

E v a l u a t e  t h e  e f f e c t  o f  s t r a i n  r a t e  on i r r a d i a t i o n  e m b r i t t l e m e n t  

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  - medium p r i o r i t y .  

E v a l u a t e  f u s i o n  r e l e v a n t  c r e e p- f a t i g u e  i n t e r a c t i o n s  - rnediurii 

p r i o r i t y .  

K A D I A T I U N  EMBKITTLEMENT AND ENVIRONMENTAL EFFECTS: K .  H. Jones, 

D i s c u s s i o n  Leader 

Develop m i c r o - h a r d n e s s l y i e l d  s t r e n y t h  c o r r e l a t i o n s  f o r  

i r r a d i a t e d  316SS and HT-9 - h i y h  p r i o r i t y .  

Cont inue  development o f  model based and expe r imen ta l  

p r o p e r t y  - p r o p e r t y  c o r r e l  a t i  ons f o r  f r a c t u r e  and f a t i g u e  

c rack  y rowth  - h i g h  p r i o r i t y .  

Cont inue  e v a l u a t i o n  o f  e f f e c t s  o f  i r r a d i a t i o n  on i m p u r i t y  

seg reya t  i on - h i  gh p r i o r i t y  . 
Eval  u a t e  t h e  e f f e c t  o f  g r a i  n boundary phosphorus s e g r e g a t i o n  

on t h e  s t r e s s  c o r r o s i o n  o f  316SS - h i g h  p r i o r i t y .  

Eval  u a t e  and model t h e  r e l a t i o n s h i p  between seg rega t i on ,  

p r e c i p i t a t i o n ,  i r r a d i a t i o n  hardening,  and f r a c t u r e  processes 

of f e r r i t i c  a l l o y s  - h i g h  p r i o r i t y .  

Assess t h e  s t a t u s  and re levance  o f  s t r e s s  c o r r o s i o n  and 

c o r r o s i o n  f a t i g u e  models f o r  f u s i o n  env i  ronments and pub1 i s h  

a s t a t u s  r e p o r t  by August 1984 - medium p r i o r i t y .  

C o n t i  nue development o f  techn iques  f o r  eva l  u a t i  ny y r a i  n 

boundary chemis t r y  o f  i r r a d i a t e d  m a t e r i a l s  - low p r i o r i t y .  
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I I .  WORKSHOP SCHEDULE 

Monday, August 2 

A. Rad ia t i on  Embr i t t lement  and Environmental E f f e c t s  - R. H. Jones, 

D iscuss ion  Leader 

8:30 a.m. Sta tus  Report 

10: 00 Break 
10: 15 

12:oo Lunch 

D iscuss ion  o f  Recommendations/Prior i  t i e s  

8. F l o w  Processes - N. Ghoniem, D iscuss ion  Leader 

1:30 p.m. Sta tus  Report 

3:OO Break 

3: 15 
5: 00 Adjourn f o r  d inner .  

U i  scus s i on of Recommenda t i ons / P r i  o r  i t i  es 

Tuesday, August 3 

C. E f f e c t s  o f  Flow Processes on F r a c t u r e  - W. G. Wolfer,  D iscuss ion  Leader 

8:30 a.m. S ta tus  Report 

10 : 00 Break 

10: 15 Discuss ion  of Recommendations/Priori t i e s  

12:oo Lunch 

0. Time Dependent F r a c t u r e  - G. E. Lucas, D iscuss ion  Leader 

1:30 p.m. Sta tus  Report 

3:OO Break 
3: 15 
5: 00 Adjourn 

D iscuss ion  o f  Recommendations/Prior i  t i e s  

4 



111. PARTICIPANTS 

Barinore, W . ,  LLNL 

Brager, H., HEDL 

Brimhall , J, L. , PNL 
Doran, D. G., HEDL 

Garner, F., HEDL 

Gel les,  D., HEDL 
Ghoniem, N., OKNL 

Grossbeck, M., ORNL 

Hu, W. L., HEDL 

Huang, F., HEDL 

Jesser, W . ,  U. VA 
Jones, R. H., PNL 

Lechtenberg, T., GA 

Lucas, G., UCSB 

Mansur, L. K.,  ORNL 
Odette, G. R., UCSB 

Panayotou, N., HEDL 

Simons, R. L., HEDL 

Simonen, E. P., PNL 

Watson, R., Sandia 

Wolfer,  W.G., U. W I  

5 



I V .  RECOMMENDATIONS: STATUS AND UPDATE 

A. FLOW PROCESSES AND PROPERTIES D iscuss ion  Leader: N. M. Ghoniem, 

U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Angeles. 

1. Overview and Sta tus  Report 

The session on f l o w  processes and p r o p e r t i e s  was organ ized i n t o  

p r e s e n t a t i o n s  and d iscuss ions .  

coherent  and balanced unders tand ing o f  t he  issues i nvo l ved .  

p r e s e n t a t i o n s  were g i  ven: 

S ta tus  o f  Research s ince August 1980 (Ghoniem) 

Presenta t ions  were grouped toge the r  f o r  

The f o l l o w i n g  

1. 

2. Accompl ishments and progress (Ghoniem) 

3. I n f l u e n c e  o f  f l o w  processes on design (Ghoniem) 

4. C y c l i c  f l u x  e f f e c t s  on i r r a d i a t i o n  creep (Ghoniem) 

5. T h e o r e t i c a l  r e l a t i o n s h i p s  between s w e l l i n g  and creep d u r i n g  

6. R a d i a t i o n  hardening a t  low temperature (Ghoniem) 

i r r a d i a t i o n  (Mansur) 

7. R a d i a t i o n  hardening a t  h i g h  temperature (Garner )  

8. Hardness - s t r e n g t h  cor  re1  a t  i ons (Panay o t  ou ) . 
The d i scuss ions  on f l o w  processes and p r o p e r t i e s  focused on 

i r r a d i a t i o n- i n d u c e d  s w e l l i n g ,  creep, and hardening. It was f i r s t  f e l t  t h a t  

p r o p e r t i e s  should be s t u d i e d  i n  p e r s p e c t i v e  w i t h  f u s i o n  r e a c t o r  designs. 
o r d e r  t o  i n s u r e  t h a t  exper imenta l  programs and t h e o r e t i c a l  e f f o r t s  l ead  t o  
d e s i r a b l e  design c r i t e r i a ,  t h e  i m p l i c a t i o n s  o f  changes i n  p r o p e r t i e s  due t o  

i r r a d i a t i o n  were discussed. 

as w e l l  as p r o p e r t y - p r o p e r t y  c o r r e l a t i o n s  rece i ved  cons ide rab le  a t t e n t i o n .  

I n  

The m i c r o s t r u c t u r a l  o r i g i n s  o f  f l o w  p r o p e r t i e s ,  

The area o f  i r r a d i a t i o n  e f f e c t s  on creep p r o p e r t i e s  has been t h e  c e n t e r  

o f  e x t e n s i  ve d i  scuss i  ons. 

i r r a d i a t i o n  creep p l a y s  a s i g n i f i c a n t  r o l e  as a de format ion  mechanism fo r  
r e a c t o r  s t r u c t u r a l  components. It has been recognized t h a t  creep 

A t  temperatures b e l  ow -400-450°C i n  s t e e l  s, 
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de fo rma t ion  has t o  be cons idered i n  r e l a t i o n s h i p  t o  s w e l l i n g  deformat ion  i n  

o r d e r  t o  t r a n s l a t e  these two processes t o  design f a i l u r e  c r i t e r i a .  

Conceptual r e a c t o r  desi  gns thus  f a r  have employed crude def  i n i  t i  ons o f  
component f a i l u r e  mechanisms. Residual s t resses  generated by d i f f e r e n t i a l  

de format ion  r a t e s  may l e a d  t o  an undes i rab l y  h i g h  s t r e s s  t h a t  may cause 

f a i l u r e .  The complex geometr ies o f  some f u s i o n  b l a n k e t  s t r u c t u r e s  may n o t  

t o l e r a t e  excess ive  gross s t r u c t u r a l  deformat ion.  The abso lu te  magnitudes of 

s w e l l i n g  and creep and t h e i r  r a t i o  a r e  i m p o r t a n t  f a c t o r s  f o r  f a i l u r e  

ana lys i s .  I r r a d i a t i o n  creep mechanisms were reviewed, w i t h  emphasis on a 

newly proposed model (1,2) o f  cascade- induced d i s l o c a t i o n  c l imb.  

A t  temperatures above approx imate ly  450°C i n  s t e e l s ,  f a i  1 u r e  mechani sms 

due t o  creep deformat ion  were more c l e a r l y  de f ined.  

process i s  recognized t o  be t h e  cause o f  f a i l u r e .  Considerable 

u n c e r t a i n t i e s  appeared t o  e x i  s t ,  however, rega rd ing  t h e  e f f e c t s  of 

i r r a d i a t i o n  on c l a s s i c a l  c reep- rupture  processes. The l i m i t e d  a v a i l a b l e  i n -  

r e a c t o r  data show e i t h e r  an improvement o r  a decrease i n  the  t i m e- t o- r u p t u r e  

due t o  i r r a d i a t i o n .  P o s t - i r r a d i a t i o n  creep measurements show a c o n s i s t e n t  

decrease i n  t h e  r u p t u r e  t ime due t o  i r r a d i a t i o n .  Fundamental unders tand ing 

of t he  issues governing these processes i s  s o r e l y  needed. Th is  i s  

p a r t i c u l a r l y  t r u e  when r e a c t o r  s t r u c t u r a l  components a r e  under the  i n f l u e n c e  

o f  i r r a d i a t i o n  d u r i n g  on l y  l i m i t e d  f r a c t i o n s  o f  t h e i r  ope ra t i ona l  

l i f e t i m e .  Such a s i t u a t i o n  may a r i s e  due t o  star tup/shutdown procedures, 
scheduled maintenance, o r  t he  i n h e r e n t  pu lsed na tu re  o f  some fus ion  devices. 

The slow c reep- rup tu re  

I r r a d i a t i o n  hardening phenomena were then discussed. It was f e l t  t h a t  

t h e  mechanisms o f  i r r a d i a t i o n  hardening a re  b e t t e r  understood and documented 

than two yea rs  ago (3).  

t e n s i l e  s t r e n g t h  o f  s t r u c t u r a l  a l l o y s  can be b road ly  c l a s s i f i e d  i n t o  low- 

temperature,  and h igh- tempera ture  mechanisms. Low-temperature hardening was 

i d e n t i f i e d  w i t h  the  fo rma t ion  o f  d e f e c t  c l u s t e r s ,  bo th  vacancy and 

i n t e r s t i t i a l  loops. On t h e  o t h e r  hand, t h e  o r i g i n s  o f  h igh- tempera ture  

hardening were analyzed and r e l a t e d  t o  va r ious  m i c r o s t r u c t u r a l  f ea tu res .  

The i n f l u e n c e  o f  i r r a d i a t i o n  on i n c r e a s i n g  t h e  
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There was an o v e r a l l  f e e l i n g  o f  progress i n  unders tand ing f l o w  

However, u n c e r t a i n t i e s  were perce ived t o  

A sense o f  t he  importance o f  l i n k i n g  t h e  work on 

Our recommendations were t h e r e f o r e  

processes over the  l a s t  two years.  

e x i s t  i n  c e r t a i n  areas. 

p r o p e r t i e s  t o  des ign  issues p r e v a i l e d .  

s l a n t e d  toward a d i r e c t i o n  t h a t  i s  more meaningful t o  designers,  b u t  y e t  

fundamental ly  based. Table 1 summarizes the  achievements, o r  l a c k  of 

progress,  i n  t h e  p r e v i o u s l y  recommended research areas s ince August 1980 

(3 ) .  
work ing  group. 

Th is  i s  fo l lowed by a s e c t i o n  on the  c u r r e n t  recommendations of t h e  

TABLE 1 

PROGRESS IN FLOW PROCESSES AND PROPERTIES 

Research Area 

1. C o r r e l a t i o n  o f  Rad ia t i on  Hardening 

w i t h  M i c r o s t r u c t u r e  (Low Fluence) 

2. E f f e c t  o f  C y c l i c  F l u x  on Creep Rate 

(Low F1 uence) 

3. F l u x  and Temperature E f f e c t s  on Low- 
Temperature Creep 

4. E f f e c t  o f  Temperature C y c l i n g  on Creep 

5. E f f e c t s  o f  Hel ium on Creep 

6. E f f e c t s  o f  S t ress  C y c l i n g  on Creep 

7. Nature o f  Deformat ion Dur ing  Synchronized 

Temperature, F lux  and St ress  Cycles 

( K a t c h e t i n g )  

Progress 

S i  gni  f i can t  

S i g n i f i c a n t  

Modest 

S m a l l  

S m a l l  

S m a l l  

None 
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2. Recommendations: Update 

a. I r r a d i a t i o n  Creep and Swe l l i ng :  

11) Hel ium E f f e c t s  

The rnechani sms f o r  i r r a d i a t i o n  induced creep and swe l l  i ng deformat ions  

a re  b e t t e r  understood now as compared t o  seve ra l  yea rs  ago. I n  a f u s i o n  

envi ronment,  t h e  two key f a c t o r s  t h a t  may modi fy  our unders tand ing are  

he l i um genera t i on  and neut ron  f l u x  c y c l i n g .  It was recommended t h a t  he l i um 

e f f e c t s  on i r r a d i a t i o n  creep be f u l l y  assessed. Th is  i s  p a r t i c u l a r l y  

impor tan t  a t  low temperatures where t h e  i n t e r a c t i o n  o f  he l i um w i t h  Frenke l  

de fec ts  may r e s u l t  i n  an a l t e r e d  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 .  Since the  

r a t i o  o f  s w e l l i n g  t o  creep r a t e s  i s  ma in l y  r e s p o n s i b l e  f o r  t he  presence of 

r e s i d u a l  s t resses,  low temperature creep measurements where s w e l l i n g  i s  low 

a r e  s i g n i f i c a n t .  A mechan is t ic  model shou ld  be developed and c o r r e l a t e d  t o  

1 ow temperature measurements. 

( 2 )  E f f e c t s  o f  P u l s i n g  

R a d i a t i o n  p u l s i n g  has been recognized t o  change t h e  k i n e t i c s  o f  p o i n t  

de fec ts .  Th is  was shown by va r ious  i n v e s t i g a t o r s  t o  r e s u l t  i n  s i g n i f i c a n t  

a l t e r a t i o n s  i n  phenomena t h a t  are non- l i nea r  i n  t h e i r  dependence on the  

p r e v a i  1 i n g  p o i n t  d e f e c t  concen t ra t i ons .  

f e a t u r e  i n  p u l s i n g  exper iments us ing  i o n s  i s  t he  i n e v i t a b l e  temperature r i s e  

assoc ia ted  w i t h  the  r a p i d  e l e c t r o n i c  energy d e p o s i t i o n  d u r i n g  the  r i s e  t i m e  

of t he  pulse.  Exper imental  and t h e o r e t i c a l  e f f o r t s  over t h e  l a s t  few years  

have d e f i n e d  t h e  c o n d i t i o n s  under which p u l s i n g  e f f e c t s  a re  expected t o  be 

pronounced. It i s  recommended t h a t  f u r t h e r  exper iments and c a l c u l a t i o n s  a re  

per formed f o r  t h e  f o l l o w i n g  c o n d i t i o n s :  

One c o m p l i c a t i n g  exper imenta l  

1. Good temperature c o n t r o l  d u r i n g  a r a p i d  pu lse  r i s e  t ime  

2. Low temperature 

3. Long pu lse  on- time, and d i f f e r e n t  du ty  f a c t o r s  

4. M i c r o s t r u c t u r e s  c h a r a c t e r i z e d  by va r ious  o b s t a c l e  s i z e s  go ing  

from very small  t o  l a rge .  
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(3)  Cascade E f f e c t s  

Cascade-induced i r r a d i a t i o n  creep has been i n t r oduced  as a p o s s i b l e  

de fo rmat ion  mechanism (1,2). While exper imenta l  v e r i f i c a t i o n s  of t h i s  

proposed mechanism are  d i f f i c u l t ,  exper iments can be designed f o r  va r i ous  

PKA energ ies.  

frequency can then be s tud ied.  Theo re t i ca l  and exper imenta l  e f f o r t s  a re  

recommended f o r  t he  e x p l o r a t i o n  of cascade e f f e c t s  on m i c r o s t r u c t u r e ,  and 

hence p rope r t i es .  

pr ime t a r g e t  f o r  such e f f o r t s .  

The s e n s i t i v i t y  o f  i r r a d i a t i o n  creep t o  cascade s i z e  and 

The p r e v a i l i n g  pe rcep t i on  i s  t h a t  i r r a d i a t i o n  creep i s  a 

b. CreeD-RuDture 

Creep- rupture i s  a c l e a r l y  de f i ned  f a i l u r e  mechanism f o r  s t r u c t u r a l  

components ope ra t i ng  a t  h i g h  temperatures which may be f u r t h e r  enhanced by a 

s teady d i  s p l  acement damage r a t e .  

i s  i n c reas ing ,  s i nce  f u s i o n  r e a c t o r  concepts a re  emphasizing s teady- s ta te  

r a t h e r  than pu lsed  opera t ion .  Dur ing  t h e  p rev ious  meet ing (3), f a t i g u e  

crack growth was emphasized. Th is  emphasis i s  now s h i f t i n g  t o  creep crack 

growth and creep r u p t u r e  processes. Y Al though thermal creep phenomena 
have been a t  the  co re  o f  mechanical m e t a l l u r g y  s t ud ies  f o r  decades, t h e  

i n f l u e n c e  o f  i r r a d i a t i o n  on these processes i s  no t  f u l l y  es tab l i shed .  

Cur ious exper imenta l  f i n d i n g s  have been r e c e n t l y  r epo r t ed  on t he  e f f e c t s  of 

i r r a d i a t i o n  on t h e  r u p t u r e  t ime. The r e s u l t s  seem t o  be a t  odds and t he  

e n t i r e  problem needs t o  be assessed f o r  f u s i o n  a p p l i c a t i o n .  

e v a l u a t i o n s  a re  recommended : 

The importance o f  t h i s  f a i  1 u r e  rilechani srn 

The f o l l o w i n g  

1. The d i f fe rences  between p o s t - i  r r a d i a t i o n  and i n - r e a c t o r  creep-  
r u p t u r e  behav ior .  

2. The e f f e c t s  o f  he l ium genera t ion  and m i g r a t i o n  on i n t e r g r a n u l a r  
c a v i t y  n u c l e a t i o n  and growth and f r a c t u r e  processes. 

*Th i s  isone i s  a l s o  d iscussed under t ime-dependent f r a c t u r e  p. 25; however, 

i t  was d iscussed i n  t h i s  s e c t i o n  w i t h  respec t  t o  t h e  e f f e c t  o f  f l o w  

processes on creep- rupture.  
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3. The i n f l u e n c e  o f  i r r a d i a t i o n  on t h e  behav ior  o f  s o l i d  s o l u t i o n  
and second phase hardeners i s  requ i red ,  s ince  creep s t r e n g t h  i s  
d e r i v e d  from t h e  presence o f  key elements both  i n  s o l u t i o n  and 
i n  t h e  fo rm o f  d ispersed phases. 

4. The e f f e c t s  o f  i m p u r i t y  segregat ion  on creep d u c t i l i t y .  

5. The e f f e c t s  o f  f l u x  c y c l i n g  and k i n e t i c  phenomena on creep- 
rup tu re .  

A l though c reep- rup tu re  has been model led i n  the  l a s t  few years ,  t h e  

p a r t i c u l a r  aforement ioned aspects p e r t a i n i n g  t o  f u s i o n  were n o t  t ho rough ly  

addressed. 

c. I r r a d i a t i o n  Hardenina and Embri t t l e m e n t  

It was g e n e r a l l y  shown t h a t  a s i g n i f i c a n t  improvement o f  our 

unders tand ing o f  hardening mechanisms has r e s u l t e d  over t h e  l a s t  few 

years .  Such an understandi  ng shou ld  be s t rengthened even f u r t h e r .  However, 

impor tan t  as i t  i s ,  i r r a d i a t i o n  hardening does n o t  immedia te ly  t r a n s l a t e  t o  

des ign  f a i l u r e  c r i t e r i a .  Re la t i ons  a re  known t o  e x i s t  between hardening and 

embr i t t l emen t .  Th is  i s  p a r t i c u l a r l y  t r u e  f o r  f e r r i t i c  a l l o y s  where t h e  

y i e l d  and f r a c t u r e  s t resses  can be r e l a t e d  t o  the  s h i f t  i n  t h e  DBTT. The 

f o l l o w i n g  were the  group recommendations: 

1. Cont inue t o  e s t a b l i s h  c o r r e l a t i o n s  o f  r a d i a t i o n- h a r d e n i n g  w i t h  
m i c r o s t r u c t u r e .  
t o  be impor tan t .  

I n  t h i s  regard  t h e  f o l l o w i n g  aspects were f e l t  

(i) E f f e c t s  o f  t he  i m p u r i t y  con ten t  on t h e  m o b i l i t y  o f  s e l f -  
i n t e r s t i t i a l s  a t  low temperature and hence on c l u s t e r i n g .  

( i i )  Design experiments based on t h e  t h e o r y  o f  r a d i a t i o n  
hardening t o  i n v e s t i g a t e  the  r o l e s  o f  shor t- range versus 
long- range d i s l o c a t i o n  i n t e r a c t i o n  w i t h  obs tac les .  

(iii) Assess t h e  importance o f  t h e  number o f  lobes c rea ted  
w i t h i n  a cascade reg ion  on measured hardening. 

2. Cont inue assessment of t he  r o l e  o f  he l i um i n  hardening and/or  
s o f t e n i n g  o f  i r r a d i a t e d  metals. 

3. C o r r e l a t e  hardening measurements w i t h  measurements o f  t he  DBTT. 
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4. I n v e s t i g a t e  t he  i m p l i c a t i o n s  o f  hardening s a t u r a t i o n  and 
s o f t e n i n g  on t he  DBTT o f  f e r r i t i c s .  

5 .  Assess t he  e f f e c t s  o f  f l u x  on t he  DBTT. 

6. Cont inue develop ing t e n s i l e - i n d e n t a t i o n  c o r r e l a t i o n s .  
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B. EFFECT OF FLOW PROCESSES ON FRACTURE D iscuss ion  Leader, W. G. Wol fer ,  

Univ. o f  Wisconsin 

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

The connect ion  between p l a s t i c  f l o w  p r o p e r t i e s  and f r a c t u r e  behav ior  i s  

o f  p a r t i c u l a r  importance t o  t h e  a l l o y  development e f f o r t  f o r  f u s i o n  

appl  i c a t i  ons f o r  t he  f o l  1 owi ng reasons : 

a. Experiments i n  FMIT  w i l l  be l i m i t e d  by a r e l a t i v e l y  smal l  i r r a d i a t i o n  

vo l  ume, and t h e r e f o r e ,  small  specimens are  des i  r a b l  e. 

b. F r a c t u r e  parameters can be measured on ly  on r e l a t i v e l y  l a r g e  samples, 

whereas v a l i d  t e n s i l e  data can be obta ined f rom m i c r o t e n s i l e  specimens. 

c. L i f e t i m e  a n a l y s i s  o f  f i  r s t - w a l l  components has demonst ra ted t h a t  
r a d i a t i o n - i  nduced embri t t l e m e n t  causes t h e  f r a c t u r e  toughness t o  drop 

and thereby reduce s i g n i f i c a n t l y  t h e  number o f  f a t i  gue cyc les  t o  

f a i l u r e .  

l i f e t i m e  was t h e  impetus i n  t h e  p rev ious  workshop t o  cons ide r  t h e  

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

p r o p e r t i e s .  

yea rs  ago: 

The r e c o g n i t i o n  o f  t he  importance o f  f r a c t u r e  behav ior  on the  

Accord ing ly ,  t he  f o l l o w i n g  recommendations were made two 

(1) Perform F r a c t u r e  Toughness Experiments on Specimens o f  H igh l y  

I r r a d i a t e d  Duct M a t e r i a l  ( h i g h  p r i o r i t y ) .  

( 2 )  Perform Fa t igue  Crack Growth Experiments on Specimens o f  H igh l y  

I r r a d i a t e d  Duct M a t e r i a l  ( h i g h  p r i o r i t y ) .  

( 3 )  I n i t i a t e  Theore t i ca l  and Exper imental  Studies t o  I d e n t i f y  t he  

M i c r o s t r u c t u r a l  Causes and Cond i t i ons  f o r  Channel Deformat ion ( h i  gh 

p r i o r i t y ) .  

( 4 )  Evaluate  D u c t i l e  and B r i t t l e  F r a c t u r e  Models (medium p r i o r i t y ) .  

( 5 )  Develop a Standard L i f e t i m e  Ana lys i s  Code f o r  t h e  F i r s t  W a l l  ( l ow  

p r i  o r i  t y  ). 

I n  the  f o l l o w i n g ,  we w i l l  d iscuss  what a c t i o n  has been taken and what 

p rogress  has been made rega rd ing  t h e  above recommendations. 
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2, Sta tus  Report on Prev ious Recommendations 

a. Perform F rac tu re  Toughness Experiments 

A l though no d i r e c t  a c t i o n  was taken by DAFS supported i n v e s t i g a t o r s ,  

some exper imenta l  r e s u l t s  have been ob ta ined  by Huang and F i s h  (1). These 
i n v e s t i g a t o r s  performed t e n s i l e  t e s t s  on notched and unnotched specimens 

made f rom 20% CW 316 duc t  m a t e r i a l  i r r a d i a t e d  i n  EBR-I1 t o  f l uences  g r e a t e r  

than  4 x n/cm2 (E > 0.1 M e V ) .  From t h e  load-d isp lacement  curves from 

two notched specimens (w i th ,  f l uences  o f  7.8 x loz2  n/cm2) they ob ta ined  JIC- 

va lues and corresponding f r a c t u r e  toughness values between 57.2 and 67.7 
MPA 

I n  c o n t r a s t ,  t ne  va lue o f  K I C  when es t imated  from the  t e n s i l e  data of 

t he  notched specimens accord ing  t o  t h e  Hahn-Rosenf ie ld c o r r e l a t i o n  gave a 

va lue  of 22.5 MPA 

f r a c t u r e  toughness from t e n s i l e  p r o p e r t i e s  o f  HF IK- i r r ad ia ted  316 samples. 

T h e i r  a n a l y s i s  showed t h a t  a c o r r e l a t i o n  due t o  K r a f f t  (3 )  and mod i f i ed  by 

Schwa1 be (4 )  gave more reasonable p red i  c t i  ons. 

Th is  i s  t oo  low by rough ly  a f a c t o r  of two, a 

d i sc repancy  a l s o  found by Wol fer  and Jones ( 2 )  in t h e i r  p r e d i c t i o n  of 

It i s  t he re fo re  o f  i n t e r e s t  t o  app ly  t he  K r a f f t  r e l a t i o n s h i p  

t o  t h e  exper imenta l  data o f  Huang and F ish.  I n  t h e i r  exper iment,  t h e  

measured y i e l d  s t r e n g t h  was a y  = 530.8 MPa, t h e  s t r a i n  hardening exponent 

was n = 0.035 and t h e  t r u e  s t r a i n  a t  f a i l u r e  was E f  = 0.3 as ob ta ined  from 

an es t ima te  of t h e  r educ t i on  i n  area. 

If the  dimple spacing d* i s  assumed t o  be between 30 pm and 50 pm, t h e  

range o f  t he  g r a i n  s i ze ,  then t h e  computed va lues f o r  KIC would be between 

136 and 176 MPa C lea r l y ,  these values a re  t o o  la rge .  

A l though Schwalbe ( 4 )  suggests o r i g i n a l l y  t h a t  E f  should  be t he  t r u e  

f r a c t u r e  s t r a i n ,  i t  i s  more i n  accordance w i t h  t h e  s p i r i t  of t he  K r a f f t  

model t o  t ake  f o r  E f  t he  t e n s i l e  e l o n g a t i o n  o f  smooth t e n s i l e  specimens as 

14 



recommended by Wol fer  and Jones ( 2 ) .  
i r r a d i a t e d  20% CW 316 duct  m a t e r i a l ,  t h e  t e n s i l e  e l o n g a t i o n  a t  t e s t  

temperatures above 550°C i s  about 0.05 (1). 

p r e d i c t s  a f r a c t u r e  toughness between 53.8 MPA fi and 69.4 MPa 

compares very f a v o r a b l y  w i t h  the  measured range which was between 57.2 and 

67.7 MPa 6 

Based on t h e  measured values on 

Using t h i s  value f o r  E f ,  one 

Th is  

I n  conc lus ion ,  t h e  exper imental  r e s u l t s  f o r  t he  f r a c t u r e  toughness on 

i r r a d i a t e d  duc t  m a t e r i a l  have so f a r  demonstrated two impor tan t  p o i n t s  

r e l e v a n t  t o  the  f u s i o n  m a t e r i a l  development e f f o r t s :  

1) F r a c t u r e  toughness o f  a u s t e n i t i c  s t e e l s  can indeed remain very adequate 

even a f t e r  h i g h  f l uence  i r r a d i a t i o n s .  

2) It appears t h a t  a s a t i s f a c t o r y  c o r r e l a t i o n  has been found t o  p r e d i c t  

KIC from t e n s i l e  data o f  i r r a d i a t e d  specimens, p rov ided  the  mode of 

f r a c t u r e  i s  t r a n s g r a n u l a r  and a t  l e a s t  p a r t l y  d u c t i l e  (i.e., w i t h  a 

d impled f r a c t u r e  su r face ) .  

however, t h e r e  remain unanswered issues r e l a t e d  t o  channel f r a c t u r e  

which w i  11 be d i  scussed bel  ow. 

I n  s p i t e  o f  these encouraging r e s u l t s ,  

b. 
I r r a d i a t e d  Duct Mater i  a1 

Perform Fa t igue  Crack Growth Experiments on Specimens o f  H igh l y  

~~ ~ 

No a c t i o n  has been taken on t h i s  recommendation, and no exper imenta l  

i n v e s t i g a t i o n s  have been performed i n  o t h e r  programs. 

However, a thorough rev iew o f  t he  l i t e r a t u r e  on f a t i g u e  crack growth 

(FCG) has been performed by Lucas and R i t c h i e  (5) ,  Watson (6), and Wolfer 

and Jones (2).  

Lucas and R i t c h i e  (5 )  reviewed the  t h r e s h o l d  e f f e c t s  on FCG. The 

t h r e s h o l d  s t r e s s  i n t e n s i t y  f o r  FCG a t  an R- r a t i o  equal t o  zero i s  known t o  

decrease w i t h  i n c r e a s i n g  y i e l d  s t reng th .  F i g u r e  1 shows t h i s  e m p i r i c a l  

c o r r e l a t i o n  f o r  h i g h  s t r e n g t h  m a r t e n s i t i c  s t e e l s  ( t r i a n g l e s ) .  For  

a u s t e n i t i c  s t e e l s ,  i n s u f f i c i e n t  data prevent  a s i m i l a r  conc lus ion  t o  be 

drawn a t  t h e  present  t ime.  

t h r e s h o l d  s t r e s s  i n t e n s i t y  

The e f f e c t  o f  t h e  i n c r e a s i n g  R - r a t i o  on t h e  

f a c t o r  A K ~  i s  shown i n  F igu re  2. 
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I n  i n e r t  environments such a vacuum, hel ium, o r  pure l i q u i d  sodium, 

h i ghe r  t h r e s h o l d  values a re  measured than f o r  a i r .  

(260°C) was a l s o  found t o  inc rease  t he  t h r e s h o l d  i n  430 SS and even decrease 

t h e  FCG r a t e  i n  Stage 11. 

Low temperature steam 

Very s h o r t  c racks o f  depth < 0.5 rrm a re  known t o  grow f a s t e r  than 

p r e d i c t e d  w i t h  e m p i r i c a l  c o r r e l a t i o n s  based on FCG o f  l a r g e r  cracks.  

s h o r t  c rack c o r r e c t i o n  can and should be made when r e s u l t s  are a p p l i e d  t o  

t h i n  wa l l s .  Based on t he  recen t  rev iew by Hudak (7), Watson (6 )  recommended 

t h a t  t he  ac tua l  c rack l eng th ,  a, be rep laced  by (a t to), where 

A 

and AU, i s  t h e  endurance l i m i t  f o r  smooth, uncracked f a t i g u e  specimens. 

316 SS, a crack i s  e f f e c t i v e l y  en larged by II, = 0.064 mn. 

F o r  

Based on t he  p resen t  unders tanding o f  t h e  f a c t o r s  which i n f l u e n c e  t h e  

t h r e s h o l d  f o r  FCG, r a d i a t i o n  damage i s  expected t o  harden s t r u c t u r a l  

m a t e r i a l s  and thereby reduce t h e  t h r e s h o l d  A K ~ .  

envi ronmenta l  e f f e c t s  may dominate t he  t h r e s h o l d  va lue of A K ~ .  
However, o t h e r  
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c. I n i t i a t e  Theo re t i ca l  and Exper imenta l  S tud ies  t o  I d e n t i f y  t h e  
M i c r o s t r u c t u r a l  Causes and Cond i t ions  f o r  Channel Deformation 

Channel de format ion  i s  a p a r t i c u l a r  form of f low l o c a l i z a t i o n  which 

occurs i n  i r r a d i a t e d  m a t e r i a l s .  

approaching t h e  u l t i m a t e  s t r e n g t h  and w i t h  a very smal l  t e n s i l e  

e longa t i on .  It i s  a l s o  b e l i e v e d  t o  cause t r a n s g r a n u l a r  f a i l u r e  i n  a non- 

d u c t i l e  manner r e s u l t i n g  i n  a c leavage-1  i k e  f r a c t u r e  su r face  w i t hou t  the 
dimples c h a r a c t e r i s t i c  o f  d u c t i l e  f a i l u r e .  

It i s  assoc ia ted  w i t h  a y i e l d  s t r e n g t h  

Channel deformat ion and channel f r a c t u r e  p resents  two pr imary  concerns 

t o  t h e  f u s i o n  m a t e r i a l s  development e f f o r t :  

1) The usual c o r r e l a t i o n s  between f r a c t u r e  parameters and o t h e r  

t e n s i l e  p r o p e r t i e s  a re  n o t  a p p l i c a b l e  t o  channel f r a c t u r e .  No 

o t h e r  e s t a b l i s h e d  c o r r e l a t i o n s  or  fundamental unders tand ing  
e x i  s t e d  p r e v i o u s l y  r e g a r d i n g  t h i s  f r a c t u r e  mode. 

2 )  M i c r o s t r u c t u r a l  c o n d i t i o n s  a re  l i k e l y  t o  be ob ta ined  i n  

s t r u c t u r a l  m a t e r i a l s  exposed t o  t he  f u s i o n  env i  ronment which 

favor  bo th  channel deformat ion and channel f r a c t u r e .  It i s  

t h e r e f o r e  impor tan t  t o  f i n d  ou t  what f a i l u r e  des ign  c r i t e r i a  a r e  

a p p r o p r i a t e  f o r  t h i s  k i n d  o f  f r a c t u r e  mode. 

Some progress  has been made w i t h  regard  t o  these i ssues  bo th  i n  t h e  

exper imenta l  and t he  t h e o r e t i c a l  area. Unpubl ished r e s u l t s  by 3. J. L a i d l e r  

(8 )  on t h e  m i c r o s t r u c t u r e  i n  channel de format ion  bands o f  E B R - I 1  duc ts  made 

o f  304L s t a i n l e s s  s t e e l s  have been analyzed by F. A. Garner. The excess ive  

p l a s t i c  shear i n  t he  channels n o t  on l y  l e d  t o  sheared vo ids  bu t  a l s o  t o  a 

d r a s t i c  r e d u c t i o n  i n  t he  loop  and t he  d i s l o c a t i o n  network dens i t y .  It 

appears then  t h a t  t h e  f low l o c a l i z a t i o n  i s  due t o  a p l a s t i c  i n s t a b i l i t y  

caused by work- sof tening.  The work- sof ten ing  i s  due t o  t he  coalescence of 

g l i d e  d i s l o c a t i o n s  w i t h  t h e i r  main g l i d e  obs tac les ,  namely d i s l o c a t i o n  

loops ,  and n o t  due t o  t he  shear ing  o f  voids. 

Th is  i n t e r p r e t a t i o n  agrees a l s o  w i t h  t h e  nega t i ve  r e s u l t s  o f  a 

t h e o r e t i c a l  i n v e s t i g a t i o n  by Wol fer  and co-workers ( 9 ) .  I n  these  
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i n v e s t i g a t i o n s ,  t h e  s t r a i n  energy p l u s  t h e  sur face energy o f  sheared vo ids  

was eva lua ted  as a f u n c t i o n  o f  the app l i ed  s t r e s s  and as a f unc t i on  of the  
shear de format ion  i n  the  channel. With i n c r e a s i n g  shear, t h e  su r face  energy 

o f  t h e  sheared vo ids  increases,  b u t  t h e  s t r a i n  energy decreases. An 

i n s t a b i l i t y  p o i n t  f o r  a c r i t i c a l  va lue o f  t he  shear was a n t i c i p a t e d  t o  

occur,  and i t  was thought  t h a t  t h i s  might  e x p l a i n  the  onset o f  channel 

deformat ion.  I f  c o r r e c t ,  a c l o s e  connect ion  between t h e  amount o f  v o i d  

s w e l l i n g  and the  onset o f  channel f r a c t u r e  would have e x i s t e d .  However, t h e  

numer ica l  r e s u l t s  showed t h a t  an i n s t a b i l i t y  o f  t h i s  k i n d  does n o t  occur  f o r  

v o i d  s i z e s  o f  any p r a c t i c a l  i n t e r e s t .  Therefore,  t h e r e  does n o t  seem t o  

e x i s t  a d i r e c t  l i n k  between v o i d  s w e l l i n g  and channel deformation, and t h e  

f l o w  l o c a l i z a t i o n  may have a d i f f e r e n t  m i c r o s t r u c t u r a l  o r i g i n .  However, i t  

i s  p o s s i b l e  t h a t  voids c o n t r i b u t e  i n d i r e c t l y  t o  t h e  channel f r a c t u r e  

phenomenon. The obse rva t i on  by L a i d l e r  seem t o  i m p l i c a t e  d i s l o c a t i o n  l oops  

as the  impor tan t  m i c r o s t r u c t u r a l  fea ture .  A d e t a i l e d  c o r r e l a t i o n  between 

t h e  l oop  d e n s i t y ,  s i ze ,  e tc .  and the  onset  o f  channel de format ion  i s ,  

however, s t i l l  l ack ing .  

Some progress has a l s o  been made i n  the  development o f  models which 

r e l a t e  m i c r o s t r u c t u r a l  parameters f o r  channel de format ion  t o  f r a c t u r e  

toughness. Wol f e r  and Jones (2 )  f u r t h e r  devel oped a model proposed e a r l  i e r  

by Smith, Cook, and Rau (10). This model r e l a t e s  t h e  f r a c t u r e  toughness t o  

t h e  channel width,  t h e  y i e l d  s t ress ,  and t o  t h e  shear decohesion 
d isplacement i n  a channel. Among these parameters, o n l y  the  y i e l d  s t r e s s  

and perhaps t h e  channel w i d t h  can be ob ta ined  a t  t h e  present  t ime f rom smal l  

t e n s i l e  samples o r  microspecimens. The shear decohesion d isplacement cou ld ,  

however, i n  p r i n c i p l e  be measured w i t h  a die-punch experiment. Th is  

poss i  b i  1 i ty needs f u r t h e r  i n v e s t i  g a t i  on. 

When t h i s  new model f o r  f r a c t u r e  toughness was a p p l i e d  t o  channels 

observed i n  E B R - I 1  duc t  m a t e r i a l  o f  304 L, a lower  bound o f  about 30 M P a f i  

w a s  found. The a c t u a l  f r a c t u r e  toughness f o r  t h i s  r a t h e r  b r i t t l e  m a t e r i a l  

must then be h ighe r .  This i m p l i e s  t h a t  t h e  f r a c t u r e  toughness o f  t h i s  

seve re l y  r a d i a t i o n - e m b r i t t l e d  m a t e r i a l  i s  s t i l l  adequate i n  s p i t e  o f  i t s  

very low d u c t i l i t y .  
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To summarize, the  na tu re  of channel deformat ion has been c l a r i f i e d  t o  

some ex ten t ,  and a model f o r  t h e  f r a c t u r e  toughness has been developed f o r  

channel f r ac tu re .  This model suggests again t he  p o s s i b i l i t y  o f  o b t a i n i n g  

f r a c t u r e  parameters f rom m i c r o t e n s i l e  specimens. However, f u r t h e r  

development i s  r equ i r ed  t o  r e a l i z e  t h i s  p o t e n t i a l .  

d. Eva luate D u c t i l e  and B r i t t l e  F rac tu re  Models 

Progress r ega rd i ng  t h i s  recommendation i s  d iscussed i n  connect ion w i t h  

recommendations ( a )  and (c ) .  It should be po in ted  ou t ,  however, t h a t  none 

o f  t h e  f r a c t u r e  models eva lua ted  and developed apply  t o  f e r r i t i c  and 

m a r t e n s i t i c  s t e e l s  and t o  t he  i s sue  of the  DBTT. With the  r i s i n g  i n t e r e s t  

i n  f e r r i t i c  and m a r t e n s i t i c  s t e e l s ,  more development i s  requ i red .  

e. Develop a S t r u c t u r a l  L i f e t i m e  Ana lys is  Code f o r  t he  F i r s t  Wall 

S i g n i f i c a n t  progress has been made i n  t h i s  area by t h e  U n i v e r s i t y  o f  
Wisconsin group. A se t  of codes has been developed which f o l l o w  t he  s t r e s s  

h i s t o r y  o f  f i r s t  w a l l  and in- vesse l  components exposed t o  t he  plasma heat 

and p a r t i c l e  f l u x  as w e l l  as t o  t he  neu t ron  f l u x .  Changes i n  t h e  m a t e r i a l ' s  

p r o p e r t i e s  a re  modeled as a f u n c t i o n  of exposure t ime,  and t he  i n i t i a t i o n  

and p ropaga t ion  o f  f a t i g u e  cracks i s  fo l l owed.  As a r e s u l t ,  s e l f - c o n s i s t e n t  

l i f e t i m e  p r e d i c t i o n s  can be made. 

Because o f  the  l ack  o f  e s s e n t i a l  r a d i a t i o n  damage data,  however, t he  

p resen t  p r e d i  c t i  ons a re  somewhat h y p o t h e t i c a l  . However, the  codes devel  oped 

a l l o w  researchers  i n  t he  a l l o y  development e f f o r t  t o  i d e n t i f y  impo r tan t  and 

r e l e v a n t  areas o f  research, and t o  t e s t  t he  impact o f  c o r r e l a t i o n  f o r  

mechanical p rope r t y  changes. 

Ex tens ive  l i f e t i m e  p r e d i c t i o n s  have been made by Watson ( 6 )  on a 

b l anke t  module i n  a tokamak r e a c t o r ;  t h e  s t r u c t u r a l  m a t e r i a l  used was 20% CW 

316 s t a i n l e s s  s t ee l s .  S i m i l a r  work i s  i n  progress f o r  m a r t e n s i t i c  s t e e l  as 

a f i r s t  w a l l  m a t e r i a l  i n  bo th  tokamak and tandem m i r r o r  r eac to r s .  
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3. Recommendations 

0 Since on ly  one measurement o f  f r a c t u r e  toughness has been repo r ted  so 

f a r ,  more JIC-measurements on t y p e  316 SS i r r a d i a t e d  t o  h i g h  doses a r e  

recommended. 

0 E s t a b l i s h  by SEM and TEM what mode o f  f r a c t u r e  occurs i n  t h e  J I c  

exper iments  on type 316 SS i r r a d i a t e d  t o  h i g h  doses. 

Exp lo re  what f u r t h e r  exper iments c o u l d  and shou ld  be done t o  f i n d  ou t  

t he  c o n d i t i o n s  when a t r a n s i t i o n  occurs f rom t r a n s g r a n u l a r  t o  

i n t e r g r a n u l a r  f r a c t u r e .  A t r a n s i t i o n  o f  t h i s  k i n d  was found i n  

exper iments o f  Huang and F i s h  a t  t e s t  temperatures o f  -65OOC. 

t r a n s i t i o n  temperature i s  expected t o  depend on dose and on t h e  he l i um 

content .  

0 

Th is  

0 C o l l e c t  and analyze the  i n f o r i n a t i o n  on the  t r a n s i t i o n  temperature from 

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

0 More emphasis should be p laced on the  e f f e c t s  o f  i r r a d i a t i o n  on welds 

i n  20% CW 316 and on t h e  f r a c t u r e  p r o p e r t i e s  o f  t h e  h e a t - a f f e c t e d  zone. 

0 Address the  f o l l o w i n g  quest ions  w i t h  regard  t o  t h e  t h r e s h o l d  AK, i n  

FCG: 

a )  

b )  

0 Analyze t h e  impact o f  t h e  s o f t e n i n g  observed i n  20% CW 316 a t  h i g h  

doses. 

What i s  t he  e f f e c t  o f  t he  environment (hydrogen, oxygen, water  ...) 
on AK,? 
What i s  the  impact o f  a AK, v a r i a t i o n  on l i f e t i m e ?  
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C. TIME-DEPENDENT FRACTURE, D iscuss ion  Leader : G. Lucas, UCSB 

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

The s t a t u s  o f  work performed i n  the  area o f  t ime-dependent f r a c t u r e  was 

d iscussed i n  f o u r  d i f f e r e n t  ca tego r ies ;  namely, f a t i g u e ,  c reep- rupture ,  

c r e e p - f a t i  gue, and env i  ronmental l y - a s s i  s t e d  f r a c t u r e .  

members p resen t  a t  t h e  work ing  group, recommendations i n  each o f  these 

c a t e g o r i e s  were updated. Both the  s t a t u s  o f  o r i g i n a l  recommendations and 

t h e  update ve rs ions  a re  descr ibed f o r  each ca tegory  below. 

From d i scuss ions  w i t h  

2. S ta tus  and Update o f  Recommendations 

a. Fa t i gue  

The o r i g i n a l  recommendation i n  the  area o f  f a t i g u e  was t h a t  a r e p o r t  be 

made which addresses t h e  i ssue  o f  near t h r e s h o l d  crack growth as i t  p e r t a i n s  

t o  f u s i o n  dev ice  design. While i t  was s t a t e d  i n  t h i s  recommendation t h a t  

such a r e p o r t  shou ld  address d i f f e r e n c e s  between s h o r t  crack behav ior  (and 

thus  crack i n i t i a t i o n  phenomena) and l o n g  crack behav ior ,  t h i s  was 

emphasized i n  comments by Argon, Chen and H a r l i n g  (MIT). 

D iscuss ion  o f  t h i s  recommendation be fo re  t h e  general group e s t a b l i s h e d  

t h e  f o l l  owing: 

0 Such a r e p o r t  i s  n e a r l y  d r a f t e d .  It i n c o r p o r a t e s  recen t  rev iews of 

nea r- th resho ld  phenomena by R i  t c h i e ,  ( * )  and s h o r t  crack behav ior  by 

R i t c h i e  and S ~ r e s h . ( ~ )  

c o n t r i b u t i o n  and w i l l  a l s o  be submi t ted  f o r  p u b l i c a t i o n  i n  a r e f e r e e d  

j o u r n a l .  

f a t i g u e  crack propagat ion  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  by James, (1) 

The r e p o r t  w i l l  appear as a DAFS q u a r t e r l y  

0 The most recent  data r e p o r t e d  on f a t i g u e  behav ior  o f  cand idate  a l l o y s  

w h i l e  u s e f u l  i n  t h e i r  own r i g h t  and necessary f o r  a complete 

d e s c r i p t i o n  o f  f a t i g u e  behavior ,  s t i l l  leave some ques t i ons  about near-  

t h r e s h o l d  and sho r t - c rack  phenomena. 

m a t e r i a l s  from center- cracked t e n s i o n  (CCT) specimens i n  bo th  the  

u n i  ~ a d i a t e d ( ~ )  and i r ~ - a d i a t e d ( ~ )  c o n d i t i o n s  a re  f o r  crack p ropaga t ion  

Data ob ta ined  on a v a r i e t y  of 
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r a t e s  g r e a t e r  than 

cracks a t  t he  r epo r t ed  t e s t  c o n d i t i o n s .  A1 so, t he  d i s t i n c t i o n  between 

f a t i g u e  crack i n i t i a t i o n  and f a t i g u e  crack p ropaga t ion  i s  no t  apparent 

i n  t he  S-N data on HF IR- i r r ad ia ted  a u s t e n i t i c  s t a i n l e s s  s t e e l  . ( 6 )  

mmlcycle, above t h e  t h r e s h o l d  regime f o r  l ong  

o Fat igue  crack p ropaga t ion  i n  t h e  nea r- th resho ld  regime, f a t  

i n i t i a t i o n ,  and d i f f e r e n c e s  i n  t he  behav ior  of s h o r t  c racks 

c racks  cannot be d iscoun ted  i n  f a i l u r e  a n a l y s i s  f o r  f u s i o n  

s t r u c t u r e s .  Recent work by Watson e t  a l  . ( 7 )  p o i n t s  t o  t he  

gue crack 

and l o n g  

mporta nce 

o f  i n c l u d i n g  both near- th resho ld  and near-KIC behav io r  o f  f a t i g u e  

cracks i n  f a i l u r e  ana l ys i s .  Moreover, c o n t i n u i n g  work on plasma- 

su r f ace  i n t e r a c t i o n s  i n d i c a t e s  t h a t  f a t i g u e  crack i n i t i a t i o n  may occur 

by non- c lass i ca l  mechanisms, a t  l e a s t  on t h e  plasma s i de  o f  t he  f i r s t  

w a l l ,  thereby ' lshor t  c i r c u i t i n g "  t h a t  p a r t  o f  t o t a l  f a t i g u e  l i f e .  

Fa t i gue  crack p ropaga t ion  o f  sho r t  c racks may then become q u i t e  
impor tan t .  

e Environmental  e f f e c t s  on f a t i g u e  crack propagat ion,  e s p e c i a l l y  i n  t he  

e a r l y  stages o f  c rack p ropaga t ion  may be o f  p r imary  importance. Th is  

i s  c e r t a i n l y  t h e  case i n  long- crack,  nea r- th resho ld  behav ior  as we l l  as 

r ecen t  shor t- c rack  s t ud ies ,  a1 though cons iderab ly  l e s s  i s  known about 

env i ronmenta l  e f f e c t s  on sho r t  c rack behav ior .  

Consequently, t he  recommendation remains t h a t  t he  t o p i c a l  

report/recommended research program on f a t i g u e  cons ide ra t i ons  f o r  

fus ion  dev ice  design be completed and c i r c u l a t e d  f o r  rev iew and comment 

p r i  o r  t o  d i  s t r i  b u t i  on. 

b. Creep-Rupture 

Of t he  recommendations i n  t h e  area of c reep- rup tu re  t he  f i r s t  was t h a t  

Odette and Vagara l i  ( * )  have repo r t ed  

c a l i b r a t e d  c o r r e l a t i o n  methodology (CCM) be cont inued.  The CCM approach has 

rece i ved  con t inued  a t t e n t i o n  a t  UCSB. 

r e s u l t s  o f  model ing e f f o r t s  t o  i n c o r p o r a t e  t h e  i n f l u e n c e  o f  He bubbles on 

p o s t - i  r r a d i a t i o n  creep r u p t u r e  t imes 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 .  The 

model i s  based on an assumed exponen t ia l  s i z e  d i s t r i b u t i o n  o f  p r e - e x i s t i n g  

24 



He bubbles a t  g r a i n  boundaries, which i s  C a l i  b r a t e d  a g a i n s t  m i c r o s t r u c t u r a l  

evidence, and bubble growth t o  a c r i t i c a l  a rea l  d e n s i t y  by coupled g r a i n  

boundary d i f f u s i o n  and m a t r i x  creep, a f t e r  Edward and Ashby.(’) 

p r e d i c t i o n s  are  i n  good agreement w i t h  e x i s t i n g  data. 

The model 

While work has cont inued on CCM development, f u r t he r  development i s  
c l e a r l y  needed. The phys i ca l  bas i s  o f  t h e  model ing o f  Odette and Vagara l i  

r ep resen ts  b u t  one o f  several  p o s s i b l e  competing mechanisms f o r  creep 

rup tu re .  

v a r i a b l e s  i n  the  methodology; i n  p a r t i c u l a r ,  t h e  e f f e c t  o f  i n - r e a c t o r  creep 

r a t e s  on creep r u p t u r e  l i f e .  

creep, t h e  data base appear ing i n  t h e  l i t e r a t u r e  needs t o  be extended. 

Garner (HEDL) agreed t o  summarize the  a v a i l a b l e  Breeder data f o r  t h i s  

Moreover, t h e r e  i s  a need t o  i n c o r p o r a t e  o t h e r  p e r t i n e n t  o p e r a t i n g  

However, t o  assess the  e f f e c t s  o f  i n - r e a c t o r  

F. 

pu rpose. 

Hence, t h e  f i rst  o f  the recommendations on creep r u p t u r e  stands 

m o d i f i e d  as f o l l o w s :  Work should con t i nue  on the  development o f  p h y s i c a l l y -  

based, c a l i b r a t e d  c o r r e l a t i o n  methodologies f o r  creep r u p t u r e  i n  cand idate  

a l l o y s ;  and as a f i r s t  s tep i n  t r e a t i n g  t h e  e f f e c t s  o f  i n - r e a c t o r  creep on 

creep r u p t u r e  t h e  Breeder data on creep r u p t u r e  should be summarized i n  a 

t o p i c a l  r e p o r t .  

The second o f  the  o r i  g i  n a l  recommendations was t h a t  p r e s s u r i  zed- tube 

specimens should be f l agged  i n  a sys temat ic  manner f o r  m i c r o s t r u c t u r a l  

a n a l y s i s  t o  p rov ide  a c o n s i s t e n t  data base f o r  CCM development. 

s p e c i f i c  DAFS p l a n  has n o t  been implemented w i t h i n  t h e  A D I P  t e s t  p lan,  a 
l a r g e  number o f  t he  pressur ized- tube samples be ing  t e s t e d  are  a l s o  t a r g e t e d  

f o r  m i c r o s t r u c t u r a l  ana lys i s .  Consequently, t h e  o r i g i n a l  recommendation i s  

ma in ta ined  w i t h  t h e  unders tand ing t h a t  i t  i s  a l ready  be ing  l a r g e l y  

implemented by ADIP.  

DAFS specimens i n  the  f u t u r e ;  however, such a need w i l l  be d i c t a t e d  by CCM 

devel  opmen t s . 

Al though a 

There may be a need t o  augment the  A D I P  specimens w i t h  

The t h i r d  o f  t he  o r i g i n a l  recommendations was t h a t  a l t e r n a t e  

creep/creep r u p t u r e  specimen designs should be i n v e s t i g a t e d  f o r  t he  purpose 
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o f  s t udy ing  s t r e s s  s t a t e  e f f e c t s  on creep rup tu re .  

i n v e s t i g a t e d  an e c c e n t r i c  tube design f o r  such purposes and has found some 

success. However, t he re  i s  s t i l l  a need f o r  o the r  specimen designs, and 

Schwab(l0) has 

t h e r e f o r e  the  recommendation stands. 

F i n a l l y ,  the  f o u r t h  o f  the  o r i g i n a l  recommendat 

l i t e r a t u r e  on creep crack growth should be mon i to red  

developments should be i nco rpo ra ted  i n  creep r u p t u r e  

be ing done by groups i n v o l v e d  i n  creep r u p t u r e  ana ly  

crack phenomena have no t  been i nco rpo ra ted  i n  CCM's. 

recommendati on i s  maintained. 

on was t h a t :  t h e  

and p e r t i n e n t  

ana l ys i s .  Th is  i s  

i s ,  bu t  as y e t  creep 

Therefore t h i s  

Wi th  respec t  t o  new recommendations, t h e r e  was some d iscuss ion  about 

embr i t t l emen t  of 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  and t e s t e d  a t  an e l e v a t e d  

temperatu re.  
(KIC) o f  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  i n  EBR-I1 a t  377-400°C t o  11.3 x 

10" n/cm2 En > .1 M e V .  Whi le t h e  f r a c t u r e  toughness was -70 MPaf i  and the  

f r a c t u r e  mode predominant ly  t r ansg ranu la r  f o r  t e s t  temperature <450°C, t h e  

f r a c t u r e  toughness dropped t o  21 M P a f i  and t he  f r a c t u r e  mode was complete ly  

i n t e r g r a n u l a r  a t  650OC. Such a l oss  o f  f r a c t u r e  toughness i s  cons ide rab le  

and warrants  f u r t h e r  a t t e n t i o n .  The mechanism f o r  t he  h i gh  temperature 

f r a c t u r e  i s  n o t  c u r r e n t l y  known; p o s s i b i l i t i e s  i n c l u d e  He embr i t t l ement  as 

w e l l  as i m p u r i t y  segregat ion.  Al though the  temperatures a t  which t h i s  

phenomenon was e x h i b i t e d  were those i n  which i r r a d i a t i o n  damage and He 

e f f e c t s  on creep r u p t u r e  have been l a r g e l y  i n v e s t i g a t e d ,  t he  s t r a i n  r a t e s  

i n v o l v e d  i n  t he  K I C  t e s t s  were cons iderab ly  h igher .  

n o t  be a r e l a t i o n s h i p  between t h i s  loss o f  f r a c t u r e  toughness a t  h i gh  

temperatures i n  i r r a d i a t e d  316 s t a i n l e s s  s t e e l  and reduc t i on  of c reep 

r u p t u r e  l i f e ,  

Huang (11) r epo r t ed  r e s u l t s  on p lane s t r a i n  f r a c t u r e  toughness 

Hence, t h e r e  may o r  may 

Nonetheless, t h i s  e x h i b i t i o n  o f  e l eva ted  temperature f r a c t u r e  toughness 

l o s s  war ran ts  f u r t h e r  i n v e s t i g a t i o n ;  and f rom a t ime-dependent f r a c t u r e  

p o i n t  o f  view t he  recornmendation f o r  research i n  t h i s  area can be s t a t e d  as 

f o l l ows :  
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The e f f e c t  o f  s t r a i n  r a t e  on i r r a d i a t i o n  embr i t t l emen t  should be 

i n v e s t i g a t e d  w i t h  emphasis on t h e  r e l a t i o n  ( i f  any) between l o s s  

o f  f r a c t u r e  toughness 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  

a t  e l e v a t e d  temperatures. 

c. Creep-Fatigue I n t e r a c t i o n  

The o r i g i n a l  recommendation i n  t h e  area o f  creep f a t i g u e  was t h a t  

c r i t i c a l  t e s t s  shou ld  be performed t o  eva lua te  t h e  p o t e n t i a l  f o r  He t o  a l t e r  

t h e  c r e e p- f a t i g u e  i n t e r a c t i o n ,  and a d d i t i o n a l  research,  i f  needed, should 

t h e r e a f t e r  be suggested. 

Such c r i t i c a l  t e s t s  have y e t  t o  be performed. Moreover, c r e e p- f a t i g u e  

i n t e r a c t i o n  i s  s t i l l  a p o t e n t i a l  problem, a l t hough  o f  lower  p r i o r i t y  t han  

t h e  o t h e r s  i d e n t i f i e d  here. Consequently, t h e  o r i g i n a l  recommendation i s  

mai n t a i  ned. 

d. 

The o r i  g i  na l  recommendation i n  the  area o f  envi  ronmental l y  a s s i s t e d  

Envi ronmental l y - A s s i  s t e d  F r a c t u r e  

f r a c t u r e  was t h a t  DAFS should des ignate  a l i a s o n  w i t h  o t h e r  components of 

t h e  f u s i o n  r e a c t o r  m a t e r i a l s  program t o  ensure t h a t  chemical l y- induced  

f r a c t u r e  c o n s i d e r a t i o n s  be made when and where necessary and t o  ensure t h a t  

t h e  ass i s tance  o f  DAFS i s  p rov ided  when necesssary i n  t he  accumulat ion of 
data and t h e  unders tand ing o f  problems of t h i s  na ture .  

R. Jones (PNL) agreed t o  serve as the  l i a i s o n  and has kep t  bo th  DAFS 
and ADIP  aware o f  o t h e r ' s  a c t i v i t i e s  i n  t h i s  area. Perhaps i t  i s  un re la ted ,  

b u t  i t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  the  recen t  A D I P  exchange meet ing i t  

was determined t h a t  env i  ronmental l y - a s s i  s t e d  f r a c t u r e  shou ld  be a p r i o r i t y  

c o n s i d e r a t i o n  f o r  a l l o y  development, p a r t i c u l a r y  f o r  s t a i n l e s s  s t e e l s  i n  

water  environments. Consequently, i t  was g e n e r a l l y  agreed t h a t  t h e  l i a i s o n  

be cont inued.  
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D. RADIAT ION EMBRITTLEMENT AND ENVIRONMENTAL EFFECTS. D iscuss ion  

Leader, R. H. Jones, B a t t e l  l e  Northwest Labora tory  

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

The scope o f  t he  embri t t l e m e n t  a c t i v i t y  was changed s u b s t a n t i a l l y  f rom 

t h e  p rev ious  workshop. 

on s t r e s s  c o r r o s i o n  and c o r r o s i o n  f a t i g u e  processes w h i l e  t h e  t o p i c  of low 

temperature (<3OO0C) he l i um embri t t l e m e n t  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  was 

swi tched t o  the  t ime dependent f r a c t u r e  sec t i on .  

i s  c e r t a i n l y  a form o f  r a d i a t i o n  embr i t t l emen t ,  t h e  s w i t c h  was made t o  

reduce d u p l i c a t i o n  s ince  he l ium embr i t t l emen t  was covered under t h e  t ime 

dependent f r a c t u r e  sec t ion .  

The name was changed t o  r e f l e c t  t h e  g r e a t e r  emphasis 

While he l i um embr i t t l emen t  

Inc luded  i n  t h e  r a d i a t i o n  embr i t t l emen t  and envi ronmental  e f f e c t s  

s e c t i  on i s  r a d i a t i o n  enhanced i m p u r i t y  segregat ion ,  and p r e c i p i  t a t i  on which 

can c o n t r i b u t e  t o  embr i t t l emen t ,  hydrogen embr i t t l emen t ,  s t r e s s  c o r r o s i o n  

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

even though some o f  t h i s  a c t i v i t y  i s  d i r e c t e d  towards f l o w  and t ime  

dependent f r a c t u r e  p r o p e r t i e s .  

P roper t y- p roper t y  c o r r e l  a t i  ons a re  a1 so i n c l u d e d  

Proper t y- p roper t y  c o r r e l a t i o n s  general l y  r e f e r  t o  a t tempts  t o  use one 

s e t  o f  m a t e r i a l  p r o p e r t i e s  f o r  p r e d i c t i n g  another  s e t  o f  p r o p e r t i e s  which 

a r e  n o t  a v a i l a b l e  o r  a t t a i n a b l e  because o f  exper imenta l  l i m i t a t i o n s .  

Examples i n c l u d e  t h e  use o f  micro-hardness measurements t o  p r e d i c t  f l o w  
p r o p e r t i e s  o r  t he  use o f  t e n s i l e  p r o p e r t i e s  t o  p r e d i c t  f r a c t u r e  toughness. 

P roper t y- p roper t y  c o r r e l a t i o n s  may be based on exper imenta l  da ta  o r  may be a 

b lend  o f  exper imenta l  data and model 1 i ng. 

c o r r e l a t i o n s  r e s u l t s  f rom the  l a c k  o f  adequate f u s i o n  energy neu t ron  

i r r a d i a t i o n  f a c i l i t i e s  f o r  i r r a d i a t i n g  samples f rom which t h e  des i red  

p r o p e r t i e s  can be obta ined.  

The need f o r  p r o p e r t y - p r o p e r t y  
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2. Recommendations: S ta tus  and Update 

a. A u s t e n i t i c  S t a i n l e s s  S tee l s  

(1) Eva lua te  t he  Role o f  Hel ium on D u c t i l i t y  a t  Low Temperatures 

It was concluded a t  t h e  workshop t h a t  t he  e f f e c t  o f  he l ium on d u c t i l i t y  

a t  low temperatures should be i nc luded  w i t h  t he  s e c t i o n  on t h e  e f f e c t s  o f  

h e l i u m  on t ime  dependent f r a c t u r e  s i nce  he l i um e f f e c t s  a re  d pr imary  f a c t o r  

i n  t h e  t irne dependent f r a c t u r e  o f  m a t e r i a l s  and because t h e  t r a n s i t i o n  froin 

t ime dependent t o  r a p i d  o r  t ime independent f r a c t u r e  i s  n o t  we l l  def ined. 

The ques t ions  r a i s e d  i n  t he  p rev ious  workshop r e p o r t  (00E/ER-0046/4 

Vol. 2, p. 44 )  have n o t  been answered d u r i n g  t h e  l a s t  two years.  Whi le 

these ques t ions ,  l i s t e d  below, 

e i s  a tomic he l ium a t  g r a i n  boundaries c o n t r i b u t i n g  t o  t he  embr i t t le rnen t ;  

0 i f  so, what i s  the  r e l a t i o n s h i p  between q u a n t i t y  o f  he l ium a t  t h e  g r a i n  

boundary, y i e l d  s t r e n g t h  and ernbri t t l e m e n t ;  

o a l s o ,  how i s  he l iu in  t r a n s p o r t e d  t o  t h e  g r a i n  boundar ies ;  

0 i s  he l i um a f f e c t i n g  f l o w  p r o p e r t i e s ,  i .e., f l o w  l o c a l i z a t i o n ,  and, 

t h e r e f o r e ,  d u c t i  1 i t y ?  

d re  o f  p r imary  concern t o  d u s t e n i t i c  s t a i n l e s s  s t e e l s  they cou ld  a l s o  have 

a p p l i c a t i o n  t o  o t h e r  a l l o y  systems. There fore  o b t a i n i n g  answers t o  these 

ques t i ons  i s  s t i l l  cons idered  t o  be h i g h  p r i o r i t y .  

(2 )  Develop Proper ty- Proper ty  C o r r e l a t i o n s  (High P r i o r i t y )  

(a ) Exper imenta l  C o r r e l a t i o n s  

Comparison between m i  crohardness and y i e l d  s t r e n g t h  of copper (11, 

t i t a n i u m  and vanadium(') i r r a d i a t e d  w i t h  T(d,n) neut rons  has been completed 

i n  t he  l a s t  few years.  The r e s u l t s  shown i n  F igures  1 and 2 i n d i c a t e  t h a t  a 

good c o r r e l a t i o n  e x i s t s  between t h e  tnicrohardness and t e n s i l e  y i e l d  s t r e n g t h  

o f  copper i r r a d i d t e d  t o  low f luences a t  room temperature bu t  t h a t  a s imp le  

c o r r e l a t i o n  does n o t  e x i s t  f o r  t i t a n i u m  and vanadium. The breakdown i n  t h e  

c o r r e l a t i o n  f o r  t i t a n i u m  and vanadium may be t he  r e s u l t  o f  non-uniform f low 
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around t h e  microhardness i nden to r .  These r e s u l t s  suggest t h a t  p r o p e r t y -  

p r o p e r t y  c o r r e l a t i o n s  should be e s t a b l i s h e d  f o r  each a1 l o y  system and over  

t h e  i r r a d i a t i o n  f l uence  and temperature range o f  i n t e r e s t  before an 

e x t e n s i v e  amount o f  ini crohardness data i s  acqui  red. A m ic roha rdness- y ie ld  

s t r e n g t h  c o r r e l a t i o n  i s  needed on 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  and 

HT-9 b e f o r e  inicrohardness data can be used w i t h  conf idence f o r  these 

ma te r i  a1 s .  

An i n d e n t a t i o n  creep and l o a d  r e l a x a t i o n  t e s t  was developed(3)  and t h e  

r e s u l t s  were found t o  compare f a v o r a b l y  w i t h  s tandard  creep and s t r e s s  

r e l a x a t i o n  r e s u l t s  f o r  lead. Comparison between t h e  i n d e n t a t i o n  and 

s tandard  method was made over s t r a i n  r a t e s  cove r ing  bbout 3 orders  of 

magnitude. A p p l i c a b i l i t y  o f  t h i s  techinque 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  

needs t o  be assessed; however, t he  s i g n i f i c a n c e  o f  p o s t - i r r a d i a t i o n  creep 

r a t e  f o r  f u s i o n  r e a c t o r  design i s  no t  c l e a r  and t h e r e f o r e  the  value o f  t h i s  

techn ique 

( b )  

Both 

have been 

KIC, w i t h  

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

Model Based C o r r e l a t i o n s  

f r a c t u r e  toughness and f a t i g u e  crack growth r a t e  model p r e d i c t i o n s  

eva lua ted  r e c e n t l y .  

i r r a d i a t i o n  f l uence  i s  shown i n  F igu re  3 based on t he  Krafft model 

The c a l c u l a t e d  change i n  f r a c t u r e  toughness, 

and t e n s i l e  data f rom HFIR(4) and EBR-II(5) 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 .  The r e s u l t s  g iven i n  F igu re  3 are  very comparable w i t h  t h e  h i g h  
He/dpa HFIR environment g i v i n g  s l i g h t l y  lower toughness than t h e  low He/dpa 

E B R I I  env i  ronment. F u r t h e r  development o f  a model -based f r a c t u r e  toughness 

c o r r e l a t i o n  must awa i t  exper imental  da ta  t o  assess t h e  q u a l i t y  o f '  these 

c a l c u l a t i o n s .  The va lue  o f  such a c o r r e l a t i o n  i s  i n  t h e  p o s s i b i l i t y  o f  

showing t h e  t r e n d  i n  f r a c t u r e  toughness f rom s imple  mechanical p r o p e r t y  da ta  

such as t e n s i l e  t e s t  data which i s  more r e a d i l y  o b t a i n a b l e  w i t h  e x i s t i n g  

f u s i o n  energy neut ron devices. 

A model based f a t i g u e  crack growth r a t e  c o r r e l a t i o n  has a l s o  been 

evaluated.  

K r a f f t  KIC model t o  p r e d i c t  the  dajdn vs $T r e l a t i o n s h i p  f o r  a u s t e n i t i c  

The McEv i l y (6 )  r e l a t i o n s h i p  was used(5)  i n  c o n j u n c t i o n  w i t h  t h e  
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s t a i n l e s s  s t e e l .  The r e s u l t s  g iven i n  F i gu re  4 f o r  R values of 0 and 0.3 

suggest t h a t  the  f a t i g u e  crack growth r a t e  o f  316 SS i n i t i a l l y  increases 
w i t h  i n c r e a s i n g  f luence bu t  t h a t  the  f a t i g u e  crack growth r a t e  i s  

As f o r  t he  

f r a c t u r e  toughness c o r r e l a t i o n ,  f u r t h e r  development o f  the  f a t i g u e  crack 

growth r a t e  model must awa i t  exper imenta l  v e r i f i c a t i o n .  I t  i s  recommended 

t h a t  f u r t h e r  development o f  model -based c o r r e l a t i o n s  be con t inued  w i t h  a 

major emphasis o f  comparing p r e d i c t e d  and exper imenta l  r e s u l t s  whenever 

poss ib l e .  

independent o f  f l uence  f o r  f l uences  g rea te r  than 3 MW-yr/m 2 . 

( 3 )  Develop Techniques f o r  Measuri ng Gra in  Boundary He1 i urn 

and Irnpuri t i e s  

( a )  

There have been no pub l i shed  r e p o r t s  o r  papers on t h i s  t o p i c  and I am 

Gra in  Boundary Hel ium (Medium P r i o r i t y )  

n o t  aware o f  anyone a t t emp t i ng  t o  develop a technique f o r  measuring t he  

he l i um  concen t rd t i on  i n  the  g r a i n  boundar ies o f  i r r a d i a t e d  m a t e r i a l .  

Residudl  gas ana l ys i s ,  HGA, o f  the  q u a n t i t y  o f  he l ium re leased  upon f r a c t u r e  

i s  the e a s i e s t  approach. An RGA/Fracture c a p a b i l i t y  e x i s t s  a t  Oak Ridge 

Nat iona l  Labora to ry ;  however, very few r e s u l t s  have been publ ished.  The 

he l i um  re l ease  upon f r a c t u r e  technique has t h e  l i m i t a t i o n  i n  i r r a d i a t e d  

m a t e r i a l s  c o n t a i n i n g  vo ids or  bubbles a t  the  g r a i n  boundary t h a t  t he  major 

he l i um  re l ease  i s  from the  voids o r  bubbles. 

adsorbed a t  g r a i n  boundar ies i s  no t  detected.  However, t h e  RGAIFracture 

techn ique  would be very use fu l  f o r  m a t e r i a l s  which do no t  con ta i n  g r a i n  

boundary vo ids o r  bubbles and would be a u s e f u l  s t a r t i n g  p o i n t  f o r  those  

t h a t  do con ta i n  g r a i n  boundary vo ids o r  bubbles. 

l hus  t he  q u a n t i t y  o f  he l ium 

(b )  Grain Boundary I m p u r i t i e s  (High P r i o r i t y )  

There have been no pub1 i shed r e s u l t s  on g r a i n  boundary cherni s t r y  of 
i r r a d i a t e d  m a t e r i a l  w i t h i n  the l a s t  2 years .  Some work done severa l  yea rs  

ago (7 )  showed t h a t  i r r a d i a t i o n  increased t h e  g r a i n  boundary phosphorus 

concen t ra t i on  o f  304 SS; however, the  i r r a d i a t e d  samples were f r a c t u r e d  a t  

e l e v a t e d  temperatures.  Desegregat ion o r  segrega t ion  c o u l d  occur d u r i n g  t h e  

3 2  



e l e v a t e d  temperature f r a c t u r e  process thereby causing g rea t  u n c e r t a i n t y  i n  

t h e  r e p o r t e d  phosphorus concent ra t ions .  

Sur face segregat ion  s t u d i e s  have been used ex tens i  v e l y  t o  eva lua te  

r a d i a t i o n  induced segregat ion  o f  minor  a l l o y i n g  elements; however, t h i s  

techn ique has no t  been used f o r  s tudy ing  t h e  e f f e c t s  o f  r a d i a t i o n  on 

i m p u r i t y  segregat ion .  S i g n i f i c a n t  d i f f e r e n c e s  between su r face  and i n t e r f a c e  

seg rega t ion  behav ior  f o r  thermal l y  a c t i  vated-equi 1 i b r i  um segregat ion  and t h e  

need t o  expose the  su r face  t o  t h e  atmosphere between i r r a d i a t i o n  and 

a n a l y s i s  l i m i t  t h e  usefu lness  o f  t h i s  approach; however, t h e  s i m p l i c i t y  o f  

f r e e  su r face  compos i t ion  a n a l y s i s  r e l a t i v e  t o  g r a i n  boundary compos i t ion  

a n a l y s i s  f o r  i r r a d i a t e d  m a t e r i a l s  makes the  f r e e  su r face  approach u s e f u l  f o r  
scopi  ng s tud ies .  

Scopi ng s t u d i e s  t o  determi ne t h e  e f f e c t  o f  i r r a d i a t i o n  on i inpur i  t y  

segregat ion  o f  316 SS, PE16, HT-9 and T ~ - ~ A E - ~ V ( ~ )  have been completed t h i s  

year .  S i g n i f i c a n t  i r r a d i a t i o n  enhanced phosphorus segregat ion  was observed 

i n  316 SS and PE16 w h i l e  no i r r a d i a t i o n  enhanced i m p u r i t y  segregat ion  was 

observed i n  HT-9 and Ti-6Aa-4V. 

the  f r e e  su r face  o f  heavy i o n  i r r a d i a t e d  316 SS i s  shown i n  F igu re  5. 
Thermal c o n t r o l  samples had n e g l i g i b l e  f r e e  su r face  phosphorus 

segregat ion .  I f  s i m i l a r  q u a n t i t i e s  o f  phosphorus segregate t o  the  g r a i n  

boundar ies o f  316 SS,  t he  s t ress- rup tu re ,  s t r e s s- c o r r o s i o n  and c o r r o s i o n  

f a t i g u e  p r o p e r t i e s  cou ld  be adverse ly  a f f e c t e d .  

The q u a n t i t y  o f  phosphorus segregat ion  on 

Fu tu re  recommended work on t h i s  t o p i c  i n c l u d e s  de te rm in ing  i f  the  f ree  

su r face  phosphorus c o n c e n t r a t i o n  s a t u r a t e s  a t  h i g h e r  f l uences  and pe r fo rm ing  

AES g r a i n  boundary composi t ion a n a l y s i s  o f  i r r a d i a t e d  316 SS. 

f l u e n c e  t e s t s  w i l l  revea l  t he  c o n c e n t r a t i o n  a t  which s a t u r a t i o n  occurs. 

Th is  i n f o r m a t i o n  can be used t o  determine i f  i r r a d i a t i o n  induced phosphorus 

segregat ion  i s  n o n- e q u i l i b r i u m  o r  enhanced e q u i l i b r i u m  segregat ion .  

The h ighe r  
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( 4 )  W r i t e  a Summary Report on Hydrogen Embr i t t lement  of A u s t e n i t i c  

S t a i n l e s s  Steel  s. 

Several good summaries(9-11) have been pub l i shed  on t h i s  t o p i c  i n  t h e  

l a s t  severa l  yea rs  and t h e r e f o r e  i t  was concluded t h a t  a separate summary 

f o r  t h e  f us ion  program i s  n o t  necessary. Hydrogen embr i t t l emen t  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 n  f u s i o n  r e a c t o r s  i s  very u n l i k e l y ;  however, a 

minor  concern s t i l l  e x i s t s .  These issues w i l l  be addressed i n  t he  

recommendation on env i  ronmental e f f e c t s  o f  f u s i o n  r e a c t o r  m a t e r i a l s .  

( 5 )  Eva lua te  Environmental E f f e c t s  (High P r i o r i t y )  

Th is  recommendation represents  a new a c t i v i t y  f o r  t he  DAFS task  

group. 

t ask  group t o  p rov ide  l i a i s o n  on s t r e s s  c o r r o s i o n  w i t h  o the r  task  groups 

(p.38). 
c r i t i c a l  envi ronmenta l  e f f e c t s  issues and t o  assess and develop models f o r  

s t r e s s  c o r r o s i o n  and c o r r o s i o n  f a t i g u e  o f  f u s i o n  r e a c t o r  m a t e r i a l s .  The 

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

The recommeqdation made a t  t h e  p rev ious  workshop was f o r  the  DAFS 

It has s i nce  been concluded t h a t  t h e r e  i s  a need t o  i d e n t i f y  

o f  t h e  A D I P  

v i t y  i s  t o  

o f  s t r e s s  

C 

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

Task Group w h i l e  t h e  goal o f  t he  DAFS Task Group i n  t h i s  a c t  

i d e n t i  fy c r i t i c a l  e f f e c t s  and t h e  development and assessment 

c o r r o s i o n  and c o r r o s i o n  f a t i g u e  f r a c t u r e  models. The s p e c i f  

recommendations f o r  t h i s  a c t i v i t y  i n c l u d e :  

1) To measure t h e  e f f e c t  o f  g r a i n  boundary segregat ion  on 

c o r r o s i o n  o f  316 SS. 

t h e  s t r e s s  

2) Assess t h e  s t a t u s  o f  s t r e s s  c o r r o s i o n  and c o r r o s i o n  f a t i g u e  models 

f o r  f u s i o n  a p p l i c a t i o n s .  Pub l i sh  t h i s  s t a t u s  r e p o r t  i n  t h e  DAFS 

Q u a r t e r l y ,  August 1984. 
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b. F e r r i t i c  S tee l s  

(1) Eva luate  t h e  Role o f  Trace I m p u r i t i e s  on Embr i t t lement  (High 

P r i o r i t y  ) 

Trace i m p u r i t y  segregat ion  has been w e l l  e s t a b l i s h e d  as a major f a c t o r  i n  

the  embr i t t l emen t  o f  f e r r i t i c  s tee l s .  I n  t h e  pas t  two years,  t he  f o l l o w i n g  

i n f o r m a t i o n  has been acqu i red  rega rd ing  i m p u r i t y  segregat ion  i n  HT-9: 

o s u l f u r  may segregate t o  m a r t e n s i t e  l a t h  boundar ies and c o n t r i b u t e  t o  
temper embri t t l e m e n t  ( 12) 

a phorphorus segregat ion  (0.1 monolayers) was observed a t  g r a i n  

boundar ies o f  HT-9 annealed f o r  240 h r s  a t  540°C(13) 

o r a d i a t i o n  enhanced i m p u r i t y  segregat ion  was n o t  observed i n  HT-9(8)  

o r  a Fe + 300 appm P a1 1 oy. 

These r e s u l t s  i n d i c a t e  the  pr imary  i m p u r i t y  segregat ion  concern f o r  HT-9 i s  i n  

t h e  areas o f  e s t a b l i s h i n g  the  proper  t r a c e  i m p u r i t y  l i m i t s  and process ing  and 

f a b r i c a t i o n  thermal  cyc les  t o  c o n t r o l  t h e r m a l l y  a c t i v a t e d  segregat ion.  These 

a c t i v i t i e s  a re  the  r e s p o n s i b i l i t y  o f  t h e  A D I P  task  group w h i l e  t h e  

recommendations f o r  f u r t h e r  work by the  DAFS Task Group i s  as f o l l o w s :  

u Deterini ne i f  r a d i  a t i  on enhanced i m p u r i t y  segregat ion  w i  11 occur 

i n  o t h e r  f e r r i t i c  a l l o y s  such as 2 1/4 C r  1 Mo s t e e l ,  

e Evaluate  t h e  g r a i n  boundary chemis t ry  o f  i r r a d i a t e d  HT-9 t o  

v e r i f y  t h e  su r face  segregat ion  r e s u l t s .  

( 2 )  Develop Proper ty- Proper ty  C o r r e l  a t 1  ons 

The r a t i o n a l e  f o r  deve lop ing  p rope r t y- p roper t y  c o r r e l a t i o n s  f o r  

f e r r i t i c  s t e e l s  i s  s i m i l a r  t o  a u s t e n i t i c  s t a i n l e s s  s tee l s .  Th is  a c t i v i t y  i s  

d i v i d e d  i n t o  exper imenta l  and model -based c o r r e l a t i o n s ;  however, no progress 

was made i n  t h e  pas t  two years.  Recommended research a c t i v i t i e s  i n c l u d e :  

e Develop micro- hardness- y ie ld  s t r e n g t h  c o r r e l a t i o n s  f o r  i r o n  and 

f e r r i t i c  a1 l o y s ,  

e Evaluate  model -based c o r r e l a t i o n s  f o r  f r a c t u r e  and f a t i g u e  crack 

growth. 
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( 3 )  Eva lua te  S a t u r a t i o n  i n  DBTT o f  Pressure Vessel Steel  and i t s  

Relevance t o  Fusion Ma te r i  a1 s 

Recent r e s u l t s  from pressure  vessel s u r v e i l l a n c e  samples and some 

German da ta  have i n d i c a t e d  t h a t  t he  re fe rence temperature n i l  d u c t i l i t y  

temperature,  RTNDT, reaches a p la teau  a t  f luences o f  about lo1' n/cm2. 

l i g h t  water  r e a c t o r  p ressure  vessel data a re  n o t  d i r e c t l y  a p p l i c a b l e  t o  

f u s i o n  r e a c t o r  f i r s t  w a l l  des ign because t h e r e  a r e  no data t o  show t h a t  t h 2  

p l a t e a u  i n  RTNDT p e r s i s t s  t o  f luences  g r e a t e r  than about 10'' nIcm2. The 

LWR data may be a p p l i c a b l e  t o  s t r u c t u r a l  components i n  low f l u x  p o s i t i o n s  

w i t h i n  t he  b l a n k e t  o f  a f u s i o n  r e a c t o r ;  however, these must be cons idered  3n 

a case by case basis .  There fore ,  i t  was concluded t h a t  t h i s  i s  no t  an 

a p p r o p r i a t e  a c t i v i t y  f o r  t h e  DAFS task group and shou ld  t h e r e f o r e  be d e l e t ? d  
as a recommended a c t i v i t y .  

The 

( 4 )  Evaluate Environmental E f f e c t s  (High P r i o r i t y )  

A recommendation was made a t  t h e  p rev ious  workshop t o  " f l a g "  t h e  need 

t o  eva lua te  t h e  hydrogen ernbr i t t lement  of i r r a d i a t e d  f e r r i t i c  s t e e l s  becau'ie 

t h e  s e n s i t i v i t y  o f  s t e e l  t o  hydrogen inc reases  w i t h  i n c r e a s i n g  y i e l d  

s t reng th .  

eva lua ted  t h e  mechanical p r o p e r t i e s  o f  c a t h o d i c a l l y  charged HT-9 w i t h  y i e l d  

s t r e n g t h s  o f  650 MPa t o  1250 MPa. S t o l t z  v a r i e d  t h e  y i e l d  s t r e n g t h  o f  HT-!J 

by t he  quenching and temper ing t rea tment .  The r e d u c t i o n  of area was reductld 

f rom 60% t o  7% f o r  hydrogen charged HT-9 w i t h  a y i e l d  s t r e n g t h  i nc rease  f rom 

650 MPa t o  1250 MPa. 

m a t e r i a l ,  these r e s u l t s  c o n f i r m  t h e  need t o  eva lua te  t h e  hydrogen 

ernbr i t t lement  o f  i r r a d i a t e d  f e r r i t i c  m a t e r i a l s .  

Th is  concern was conf i rmed f o r  HT-9 r e c e n t l y  be S t o l t z ( 1 4 )  who 

Since i r r a d i a t i o n  can double t h e  y i e l d  s t r e n g t h  o f  a 

Segregat ion o f  i m p u r i t i e s  t o  t h e  g r a i n  boundar ies o f  f e r r i t i c  m a t e r i a l s  

can cause a m a t e r i a l  t o  be more s e n s i t i v e  t o  hydrogen embr i t t lement .  Th i s  

e f f e c t  was shown i n  F igu re  6, by Kameda and McMahon(15) f o r  a N i C r  s t e e l  

w i t h  Sn, o r  P segregated t o  t h e  g r a i n  boundaries. Kameda and McMahon's 

r e s u l t s  i n  F i g u r e  6 show t h a t  a m a t e r i a l  which i s  e m b r i t t l e d  by P and Sn 

seg rega t i on  was f u r t h e r  e m b r i t t l e d  by hydrogen; however, m a t e r i a l  embri t t l e d  
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by Sb seg rega t ion  i s  n o t  f u r t h e r  e m b r i t t l e d  by hydrogen. Therefore,  i t  i s  

i m p o r t a n t  t o  c a r e f u l l y  c h a r a c t e r i z e  t h e  g r a i n  boundary compos i t ion  o f  b o t h  

u n i  r r a d i a t e d  and i r r a d i a t e d  ma te r i  a1 and eva lua te  t h e  hydrogen embri t t l e m e n t  

i f  i m p u r i t y  segregat ion  has occurred. 

PNL(8) i n d i c a t e  t h a t  i r r a d i a t i o n  enhanced segregat ion  may n o t  occur i n  HT-9; 

however, t h e r m a l l y  a c t i v a t e d  segregat ion  may occur d u r i n g  f a b r i c a t i o n  o r  
s e r v i  ce. 

P r e l i m i n a r y  r e s u l t s  f rom work a t  

Wri gh t  and Gerber i  ch (16) have modeled t h e  e f f e c t  o f  hydrogen and 

i m p u r i t i e s  on t h e  KTH o f  t he  Kameda and McMahon m a t e r i a l .  

t h i s  a n a l y s i s  are  i n  f a i r  agreement w i t h  the  exper imenta l  r e s u l t s  as shown 

i n  F igu re  7. 

The r e s u l t s  of 

The recommendations f o r  t h i s  task  are  s i m i l a r  t o  those f o r  a u s t e n i t i c  

m a t e r i a l s  i n  t h a t  t he  purpose i s  t o  i d e n t i f y  key envi ronmental  e f f e c t s  

i ssues  and develop models f o r  hydrogen embr i t t l emen t ,  s t r e s s  c o r r o s i o n  and 

c o r r o s i o n  f a t i g u e  o f  f e r r i t i c  m a t e r i a l s .  There fore  t h e  s p e c i f i c  

recommendations a re  : 

1) Eva luate  t h e  e f f e c t  o f  i m p u r i t y  segregat ion  on t h e  

hydrogen einbri t t l e m e n t  o f  HT-9, 

2) I f  an impur i ty- hydrogen e f f e c t  i s  observed, model 

and e x p e r i m e n t a l l y  measure KTH, 

3)  E v a l u a t e  models f o r  the  s t r e s s  c o r r o s i o n  and 

c o r r o s i o n  f a t i g u e  o f  f e r r i t i c  m a t e r i a l s .  
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A P P E N D I X  

The i n f o r m a t i o n  conta ined i n  t h e  appendix was presented a t  t h e  workshop 

bu t  t h e r e  was i n s u f f i c i e n t  t ime  f o r  t h e  p a r t i c i p a n t s  t o  d iscuss t h e  m e r i t s  

o r  d e t a i l s  o f  these recommendations. Therefore,  they  a r e  inc luded  i n  t h e  

workshop r e p o r t  t o  communicate the  proposed recornmendat i o n s  and t o  encouraye 

d iscuss ion  by t h e  f u s i o n  r e a c t o r  m a t e r i a l s  community. W r i t t e n  comments a r e  

encouraged and are  t o  be sent t o  R. Jones. 
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A P P E N D I X  

PROPOSED RECOMMENDATIONS 

(Comments Requested) 

A. PROPOSED EFFORT ON A O I P  PATH B ALLOYS - ~ -  
W. S. J. Yang and F. A. Garner 
Westinghouse, HEDL 

Rich land,  WA 

1. Backgrflund ------ 
The A D I P  task group r e c e n t l y  recommended t h a t  t he  e n t i r e  Patn B a l l o y  

c l a s s  be dropped f rom cons ide ra t i on  as f i r s t  w a l l  and b l anke t  s t r u c t u r a l  

i na te r i a l s .  These a l l o y s  are Fe-Ni - C r  a1 l o y s  s t rengthened by p r e c i p i t a t i o n  

o f  a second coherent  phase and were thought  t o  o f f e r  promise r e l a t i v e  t o  300 

s e r i e s  s t a i n l e s s  s t ee l s .  They were expected t o  have h i gh  s t r eng th ,  l o w  
s w e l l i n g  and creep, low f a t i g u e  crack growth r a t e s  and improved thermal 

expansion c h a r a c t e r i  s t i  cs. It was a1 s o  f o r e c a s t  , however, t h a t  the  p r imary  

disadvantage o f  t h i s  a l l o y  c l d s s  would be t h e i r  .lower d u c t i l i t y .  

I r r a d i a t i o n  appears t o  accentuate t h i s  disadvantage, however. A f t e r  

i r r a d i a t i o n  i n  H F I R  t o  10 dpa the  d u c t i l i t y  o f  these a l l o y s  was assessed 

u s i n g  d i s k  bend t e s t i n g .  The d u c t i l i t y  decreased r a p i d l y  w i t h  i n c r e a s i n g  

t e s t  temperature,  approaching zero a t  temperatures >55OoC.  ( l )  

improvement i n  d u c t i l i t y  was noted f o r  some l o d  temperature p r e i  r r a d i a t i o n  
ag ing  t redtments .  

Some 

M i c r o s t r u c t u r a l  examinat ion o f  these a l l o y s  revea led  t h a t  t h e  d u c t i l i t y  
r e d u c t i o n  was no t  dependent on he l ium l e v e l  bu t  arose f rom weakening of  

g r a i n  boundar ies by fo rmat ion  o f  y '  boundary f i l m s  o r  o the r  l a r g e r  

p r e c i p i t a t e s  which serve as weakening s i t e s .  These conc lus ions  a re  s i m i l a r  

a s e r i e s  o f  a l l o y s  s i m i l a r  t o  those o f  Path R. I n  these s tud ies  however, 

t h e  a l l o y s  were i r r a d i a t e d  i n  EBR-I1 where t h e  he l ium l e v e l s  generated a re  

much lower.  

t o  those reached by Ydng(*) f o r  Nimonic PE16 and Vaidyanathan e t  a l .  ( 3 )  f o r  
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The A D I P  t ask  group has no p lans  t o  t e s t  t h i s  a l l o y  c l a s s  f u r t h e r  bu t  

has suggested t h a t  a d d i t i o n a l  work would be a p p r o p r i a t e  i f  conducted by t h e  

DAFS task  group. A d d i t i o n a l  specimens a re  a v a i l a b l e  a t  20-40 dpa which can 

be used t o  c o n f i r m  t h e  d u c t i l i t y  loss and e s t a b l i s h  t h e  mechanisms 

r e s p o n s i b l e  f o r  t h e  degradat ion.  There i s  some p o t e n t i a l  for  r e i n s t a t i n g  

t h e  Path B a l l o y s  i f  t h e  c a u s i t i v e  mechanism can be i d e n t i f i e d  and i s  found 

t o  be s e n s i t i v e  t o  p r e i r r a d i a t i o n  thermal-mechanical h i s t o r y .  

2. Recommendation 

The DAFS task  group should cons ider  s u b j e c t i n g  t h e  remain ing specimens 

t o  d i s k  bend t e s t i n g  and m i c r o s t r u c t u r a l  examinat ion  t o  assess t h e  p o t e n t i a l  

o f  r e i n s t a t i n g  some o f  t h e  Path B a l l o y s  t o  t h e  A D I P  e f f o r t .  

3. References 

1. W .  S. J.  Yang and M. L. Hamil ton, "The D u c t i l i t y  Behavior  o f  I r r a d i a t e d  
Path B A1 1 oys , I '  submi t ted  t o  A D I P  semi annual progress r e p o r t  , 
December 1982. 

2. W .  S. 3 .  Yang, 3. Nucl. Mater., 108 & 109, 1982, 339-346. 

3. S. Vaidyanathan e t  a1 ., ( I r r a d i a t i o n  Embr i t t lement  i n  Some A u s t e n i t i c  
Supera l loys ."  ASTM-STP-782, 619-635. 
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B. PKOPOSEU EFFUKT ON I K K A U I A T I O N  EFFECTS ON P K E C I P I T A T I O N  AND 
EMBRITTLEMENT OF FERRITIC MATERIALS 

U. S. G e l l e s  

Westinghouse, HEDL 

K i  c h l  and , WA 

1. Backyround 

I n  my opin ion, (132)  t h e  major  e f f e c t  o f  i r r a d i a t i o n  on f l o w  and 

f r a c t u r e  processes i n  f e r r i t i c  a l l o y s  i s  due t o  p r e c i p i t a t i o n .  

o f  my p r e s e n t a t i o n  a t  t h e  Workshop meet iny  was t o  emphasize t h i s  p o i n t .  

b e l i e v e  t h i s  p o i n t  of view has n o t  been addressed i n  t h e  r e p o r t  on t h e  

Workshop, whereas i t  shou ld  have been. 

The i n t e n t  

I 

A s  demonstrated i n  a u s t e n i t i c  a l l o y s ,  ma jo r  consequences o f  i r r a d i a t i o n  

a r e  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  and s o l u t e  seg rega t i on .  

induced p r e c i p i t a t i o n  may a l s o  occur.  The same processes can be expected i n  

f e r r i t i c  a l l o y s .  

changes due t o  p r e c i p i t a t i o n  i n  f e r r i t i c  a l l o y s  f o l l o w i n y  r e a c t o r  

i r r a d i a t i o n .  

I r r a d i t i o n -  

There i s  now c l e a r  ev idence  f o r  ma jo r  m i c r o s t r u c t u r a l  

It i s  l i k e l y  t h a t  p r e c i p i t a t i o n  i s  d i r e c t l y  r e s p o n s i b l e  f o r  
DBTT s h i f t s  r e s u l t i n g  f rom i r r a d i a t i o n  i n  m a r t e n s i t i c  s t a i n l e s s  s t e e l  (3 )  , 

and i t  can be specu la ted  t h a t  s i m i l a r  processes c o n t r o l  DBTT s h i f t s  i n  

p ressu re  vessel  s t e e l s .  

2. Recommendation 

There fo re ,  I recommend t h a t  c o n s i d e r a t i o n  be g i ven  t o  r e d i r e c t  t h e  work 

on f l o w  and f r a c t u r e  processes i n  f e r r i t i c  a l l o y s  i n  t h e  DAFS program t o  

i n c l u d e  s tudy  o f  t h e  behav io r  o f  i r r a d i  a t i  on-enhanced d i f f u s i o n ,  i r r a d i  a t i  on-  

induced p r e c i p i t a t i o n  and s o l u t e  seg rega t i on  i n  f e r r i t i c  a l l o y s  w i t h  r e g a r d  

t o  i n - r e a c t o r  p r e c i p i t a t i o n .  (Note: T h i s  recommendation has been i n c l u d e d  

i n  S e c t i o n  D 6 p. 3.) 
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C. H I t i H  HEAT FLUX COMPONENTS -- 

R. D. Watson 

Sandi a Na t iona l  Labo ra to r i es  

A1 buquerque , New Mexi co 

The O f f i c e  o f  Fusion Energy (DOE) has r e c e n t l y  formed a new task  group 

c a l l e d  t h e  High Heat F l u x  Component Task Group (HHFC). I t ' s  

r e s p o n s i b i l i t i e s  a re  t h e  research and development o f  components t h a t  r ece i ve  

very h i gh  heat and p a r t i c l e  f l u x e s ,  such as n e u t r a l  beam dumps, a c t i v e l y  

coo led  pumped l i m i t e r s ,  d i v e r t o r  c o l l e c t o r  p l a t e s ,  RF antenna s t r u c t u r e s ,  

and m i r r o r  machine d i r e c t  conver to rs .  

sub jec ted  t o  neut ron i r r a d i a t i o n ,  t he  DAFS program w i l l  p l ay  an impor tan t  

r o l e  i n  t h e  s e l e c t i o n  o f  m a t e r i a l s  f o r  HHF a p p l i c a t i o n s .  

Because these  components w i l l  a l s o  be 

I n  many respects ,  h i gh  heat f l u x  components operate  i n  a cons iderab ly  

more severe environment than t h e  f i r s t  w a l l  and b l anke t .  Surface hea t  

f l u x e s  t y p i c a l l y  range from 200-300 W/cm' f o r  a f u l l  t o r o i d a l  b e l t  

t o  2,000-20,000 W/cm2 f o r  a n e u t r a l  beam d ~ m p ( ~ - ~ ) .  I n  

c o n t r a s t ,  a f i r s t  w a l l  might  on ly  see 10-50 W/cm', o rders  o f  magnitude 

l ess .  

a l s o  induce severe e ros i on  o f  t h e  surface due t o  s p u t t e r i n g  and o t h e r  

processes. Th is  leads t o  c o n f l i c t i n g  design requi rements  because a t h i n  

w a l l  (1-5 mn) i s  d e s i r a b l e  i n  o rder  t o  min imize thermal s t resses ,  w h i l e  

t h i c k  w a l l s  (1-2 cm) a re  r e q u i r e d  t o  p rov i de  an adequate e ros i on  l i f e t i m e .  

The i n t e n s e  p a r t i c l e  bombardment which causes t h e  h i gh  heat f l u x  can 

A t  t h i s  t ime,  t h e  p r e f e r r e d  des ign f o r  h i gh  heat f l u x  components 

c o n s i s t s  o f  a t h i c k ,  e ros i on  r e s i s t a n t ,  p o s s i b l y  low-Z c l add ing  o r  c o a t i n g  

(armor)  a t tached  t o  a t h i n- wa l l ed ,  h i gh  thermal c o n d u c t i v i t y ,  a c t i v e l y  

coo led metal s t r u c t u r e  ( s u b s t r a t e ) .  An example might  be an a r ray  o f  1 cm 

t h i c k  S i c  t i l e s  bonded t o  a copper a l l o y  p l a t e  t h a t  has i n t e r n a l  coo lan t  

channels o f  2 nun w a l l  th i ckness .  Two p r imary  concerns o f  t h e  HHFC t a s k  

group a re  (1) t h e  i n t e g r i t y  o f  t h e  bond between t h e  armor and subs t ra te ,  and 

( 2 )  t h e  l i f e t i m e  o f  t h e  a c t i v e l y  coo led subs t ra te .  
f o r  ne.ar-term reac to r s  (TEXTOR, TFTR, JT-60, JET, and TORE-Supra) a re  caused 

Al though these problems 
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mos t l y  by thermal  f a t i g u e ,  i t  i s  c l e a r  t h a t  r a d i a t i o n  damaye i n  f u t u r e  

r e a c t o r s  w i l l  have a cons ide rab le  impact on these components. 

The DAFS t ask  group needs t o  broaden i t s  program t o  i n c l u d e  t h e  new 

ma te r i  a1 s r equ i  red  f o r  h i  gh heat f 1 ux components. These "Path E "  ma te r i  a1 s 
would i n c l  ude t h e  h igh  c o n d u c t i v i t y  s u b s t r a t e  metal s : 

tanta lum, vanadium and aluminum, as w e l l  as armor m a t e r i a l s :  S i c ,  Be, T i c ,  

T i B 2 ,  B4C, e t c .  

f e a s i b l e  s u b s t r a t e  m a t e r i a l s  because t h e i r  low thermal  c o n d u c t i v i t y  causes 

unacceptably h i gh  temperatures and l a r g e  thermal  s t resses .  For  example, a 

316 s t a i n l e s s  s t e e l  t h i n - w a l l e d  tube  w i t h  a un i f o rm  su r face  heat f l u x  o f  

1,000 W/cm2 c o u l d  o n l y  have a w a l l  t h i ckness  of 0.1 m t o  prevent  t h e  

su r face  f rom y i e l d i n g  due t o  thermal s t resses .  On t h e  o the r  hand, a h i g h  

s t r e n g t h  d i s p e r s i o n  st rengthened copper a l l o y  such as AMAX-MZC o r  A M Z I K C ,  

cou ld  have a w a l l  t n i ckness  o f  8 mm, f o r  t h e  same cond i t i ons .  Other a l l o y s  

copper, molybdenum, 

The 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  a re  not  considered as 

t h a t  have been cons idered  a re  Ta-5W(*) and V-15 Cr-5 T i  ( 3 ) .  

A1 though copper a1 1 oys a re  t h e  p r e f e r r e d  cho ice  f o r  h i  yh heat f 1 ux 

subs t ra tes ,  very l i t t l e  i s  known about t h e  e f f e c t  o f  neu t ron  i r r a d i a t i o n  on 

K n o l l  ( 7, has s t u d i e d  t h e  swe l l  i ng o f  heavy i o n  i r r a d i  a ted  copper a1 1 oys, 

however, i r r a d i a t i o n  creep, embr i t t l emen t  and f a t i g u e  crack growth a r e  

phenomena which have no t  been i n v e s t i g a t e d .  Recent ly ,  a number of samples 

(see Table 1) t h a t  a re  cand ida te  m a t e r i a l s  combinat ions f o r  h i gh  heat  f l u x  

components(8) have been p laced i n  FFTF and EBR-11. 

1.5 cm d iameter  d i s k s  t h a t  w i l l  be removed near t h e  end o f  1983. The 

p r imary  purpose o f  these  t e s t s  i s  t o  s tudy t h e  e f f e c t  o f  neutrons on t h e  

bond i n t e g r i t y .  However, a d d i t i o n a l  exper iments need t o  be done u s i n g  

specimen geometr ies t h a t  a re  s u i t a b l e  f o r  mechanical p r o p e r t i e s  t e s t i n g .  

F o r  t h i s  reason, i t  i s  impo r tan t  t h a t  DAFS and t h e  HHFC task  group work 

t o g e t h e r  t o  develop a t e c h n i c a l  p l an  f o r  damage a n a l y s i s  and mechanical 

behav io r  f o r  these new Path E ma te r i  a1 s. 

t h e  mechanical p r o p e r t i e s ,  accord ing  t o  a rev iew paper by H a r l i n g  (6 ) .  

These a re  1 cm t h i c k ,  
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TABLE 1 

NEUTRON I R R A D I A T I O N  STUDIES OF H I G H  HEAT FLUX MATERIALS 

COATINGS/SUBSTRATE -- SAMPLES I N  FFTF - SAMPLES I N  E B R - I 1  

B e / C u  ( B r a z e  :I 

B e / C u  ( P S )  
S i C / C  (CVD) 

T i C / C  (CVD) 

T i B 2 / C  (CVD) 

Mo/Cu ( P S I  
Mo/V /Cu  ( P S I  
T i C / M o  ( p s )  

B e /  304SS ( ps  

T i  B 2 / 3 0 4 S S  (11s) 
V / T Z M  (eb )  

T i  C 

T i  B2 

T i B 2  t BN 

S i  C 

S i c  t (B+C) 

2 

4 
2 

4 

1 

1 

2 

1 
2 

2 

2 
2 

4 

2 

31 

2-3 DPA 

- 450°C 

4 

12 

6-12 DPA 

- 450°C 
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