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T h i s  i s  t h e  proceedings o f  a workshop on "Fus ion Environment S e n s i t i v e  

Flow and F r a c t u r e  Processes," h e l d  i n  S e a t t l e  on August 4-5, 1980. The 

workshop was a p l ann ing  a c t i v i t y  o f  the  Subtask Group on Fundamental Mechan- 

i c a l  Behav ior  o f  t h e  Damage Ana l ys i s  and Fundamental S tud ies  Task Group. 

I n  o r d e r  t o  g i v e  the  recommendations f o rmu la ted  a t  t h e  workshop wide d i s -  

t r i b u t i o n ,  t h e  proceedings a r e  i s s u e d  here  as a companion volume t o  t h e  

r e g u l a r  DAFS Program Q u a r t e r l y  Progress Report .  
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I .  SUMMARY 

The Damage Analysis and Fundamental Studies (DAFS) Task Group was 
recently reorganized with the establishment of a subtask group on "Funda- 

mental Mechanical Behavior". While there  are  several programs in the DAFS 
program addressing mechanical behavior issues ,  there has been no recent 
discussion of the mechanical behavior issues which are  relevant t o  the 
overall  fusion materials  program. Therefore, t h i s  workshop was organized 
as  a planning a c t i v i t y  f o r  the "Fundamental Mechanical Behavior" subtask 
group and t o  introduce researchers in the DAFS programs t o  the relevance 
of various mechanical behavior issues.  Par t ic ipants  were chosen t o  repre- 
sent b o t h  subtask B* and  C* of DAFS and subtasks of the Alloy Development 

f o r  I r rad ia t ion  Performance task group. 

The workshop was divided in to  working groups with each group respon- 
s i b l e  f o r  l i s t i n g  research a c t i v i t i e s  which they considered necessary t o  
understand, i n t e rp re t  and control the mechanical properties of fusion 
reactor  materials.  These a c t i v i t i e s  were t o  include a balanced blend o f  
theory, model development and experiment. 

The recommended research a c t i v i t i e s  are summarized below in order of 
decreasing p r io r i t y  within a working group.  
a c t i v i t i e s  within each working g r o u p ,  as  no overall  p r i o r i t i e s  were es tabl ished.  
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  the near term need f o r  
the research o r  the lack of  information on a pa r t i cu l a r  property. I t  i s  

apparent t h a t  the e f f o r t  required t o  s a t i s f a c t o r i l y  complete the  l i s t  of 
recommended research a c t i v i t i e s  exceeds the present program funding; however, 
t h i s  l i s t  i s  expected t o  serve as a guideline f o r  new programs and fo r  
evaluating ex is t ing  programs. Also, i t  i s  recognized t h a t  many of these 
a c t i v i t i e s  a r e  supportive of the Alloy Development f o r  I r rad ia t ion  Per- 
formance (ADIP) g o a l s a n d  as such a close l i a i son  with ADIP must be 
maintained. 
be performed in such a way t h a t  the r e su l t s  will  be of ass is tance in a l loy  

development and se lec t ion .  

P r i o r i t i e s  are r e l a t i ve  t o  

I t  i s  expected t h a t  a c t i v i t i e s  supportive of ADIP goals will  
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FLOW PROCESSES AND PROPERTIES 

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  hardening w i t h  m i c r o s t r u c t u r e  

( h i g h  p r i o r i t y )  

I n v e s t i g a t e  t h e  e f f e c t  o f  a c y c l i c  f l u x  on creep r a t e  ( h i g h  p r i o r i t y )  

I n v e s t i g a t e  t h e  f l u x  and temperature dependence o f  rad ia t ion-enhanced 

creep a t  temperatures below where f i s s i o n  da ta  a r e  a v a i l a b l e  ( h i g h  

p r i  o r i  ty  ) 

I n v e s t i g a t e  t h e  e f f e c t  o f  temperature c y c l i n g  on c reep r a t e  (medium 

p r i o r i t y )  

Measure t h e  e f f e c t s  o f  he l i um on r a d i a t i o n  c reep r a t e  (medium p r i o r i t y )  

I n v e s t i g a t e  t h e  e f f e c t  o f  s t r e s s  c y c l i n g  on c reep harden ing  and 

m i c r o s t r u c t u r a l  e v o l u t i o n  (medium p r i o r i t y )  

I n v e s t i g a t e  t h e  n a t u r e  of  deformat ion  d u r i n g  synchronized temperature,  

f l u x  and s t r e s s  cyc les  (medium p r i o r i t y  f o r  model ing, low p r i o r i t y  

f o r  exper iment  u n t i l  model ing completed) 

EFFECT OF FLOW PROCESSES ON FRACTURE 

Perform f r a c t u r e  toughness exper iments on specimens o f  h i g h 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 )  

Per fo rm f a t i g u e  c rack  growth exper iments on specimens o f  h i g h l y  i r r a -  

d i a t e d  d u c t  m a t e r i a l  ( h i g h  p r i o r i t y )  

I n i t i a t e  t h e o r e t i c a l  and b a s i c  exper imenta l  s t u d i e s  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 c o n d i t i o n s  f o r  channel de format ion  ( h i g h  

p r i o r i t y )  

Eva lua te  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 )  

Eva lua te  a s tandard  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  o f  a 
magnetic f u s i o n  r e a c t o r  ( l ow  p r i o r i t y )  
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C. TIME-DEPENDENT FRACTURE 

1.  Eva luate  t h e  need f o r  near t h r e s h o l d  c rack  p ropaga t ion  e v a l u a t i o n  f o r  

f u s i o n  des ign ( h i g h  p r i o r i t y )  

Prov ide l i a i s o n  w i t h  o t h e r  task  groups 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  ( h i g h  p r i o r i t y )  

3. Develop models f o r  c reep- rup tu re  

2 .  

a. F lag  A D I P  c reep 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 rch ives  

( h i g h  p r i o r i t y )  

b. C a l i b r a t e d  c o r r e l a t i o n  model (CCM) development (medium p r i o r i t y )  

c. A l t e r n a t e  p r e s s u r i z e d  tube sample design (medium p r i o r i t y )  

d. M i c r o s t r u c t u r a l  a n a l y s i s  o f  creep r u p t u r e  specimens ( l o w  

p r i o r i  t y  ) 

4. Eva luate  the  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  i n  f u s i o n  r e a c t o r  

f i r s t  w a l l  designs (medium p r i o r i t y )  

0. R A D I A T I O N- I N D U C E D  OR -ENHANCED EMBRITTLEMENT 

1. 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. 

b. 

C. 

d. 

Eva luate  the  r o l e  o f  h e l i u m  on d u c t i l i t y  a t  low temperatures 

( h i g h  p r i o r i t y )  

Develop 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  ( h i g h  p r i o r i t y )  

Develop techniques f o r  measuring g r a i n  boundary he l i um and 

i m p u r i t i e s  (medium p r i o r i t y )  

W r i t e  a sumnary r e p o r t  on hydrogen 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 s  ( l o w  p r i o r i t y )  

2. F e r r i t i c  s t e e l s  

a. Eva luate  t h e  r o l e  o f  t r a c e  i m p u r i t i e s  on e m b r i t t l e m e n t  ( h i g h  

p r i o r i t y )  
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b.  

c.  

Develop property-property cor re la t ions  (high p r i o r i t y )  

Evaluate sa tura t ion  i n  ADBTT o f  pressure vessel s t e e l s  and i t s  
relevance t o  fusion mater ials  (medium p r i o r i t y )  

d .  Evaluate the potential  f o r  hydrogen embrittlement o f  i r rad ia ted  
mater ials  ( l o w  p r i o r i t y )  
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11. WORKSHOP APPROACH 

As  a p lann ing  a c t i v i t y ,  t h e  o b j e c t i v e s  o f  t h e  workshop were t o  l i s t ,  

p r i o r i t i z e  and m i les tone  the  a c t i v i t i e s  necessary t o  understand, i n t e r p r e t  

and c o n t r o l  t he  mechanical behav ior  o f  cand ida te  f u s i o n  r e a c t o r  a l l o y s .  
Emphasis was p laced  on f l o w  and f r a c t u r e  processes which a re  unique t o  t h e  

f u s i o n  envi ronment s i n c e  t h e  n a t i o n a l  f u s i o n  m a t e r i a l s  program must 

eva lua te  these e f f e c t s  w i t h o u t  ass i s tance  f rom o t h e r  r e a c t o r  programs. 

The work ing  group on f l o w  processes and p r o p e r t i e s  was concerned w i t h  t h e  

t ime-dependent and independent f l ow .  Th is  i n c l u d e d  r a d i a t i o n  harden ing 

and steady s t a t e  and c y c l i c  creep. 

f l o w  on f r a c t u r e  was concerned w i t h  t h e  r e l a t i o n s h i p s  between the  unique 

f l o w  p r o p e r t i e s  o f  i r r a d i a t e d  mater ia ls ,such as d i s l o c a t i o n  channeling,and 

the  f r a c t u r e  p r o p e r t i e s  o f  these m a t e r i a l s .  

dependent f r a c t u r e  was concerned w i t h  h igh- temperature,  t ime-dependent 

f rac tu re ,such  as  s t r e s s - r u p t u r e  and f a t i g u e  f r a c t u r e , w h i l e  a l s o  be ing  

concerned w i t h  t ime-dependent envi ronmental  e f f e c t s  on f r a c t u r e .  The 

work ing  group on r a d i a t i o n- i n d u c e d  or.enhanced e m b r i t t l e m e n t  was concerned 

p r i m a r i l y  w i t h  t ime- independent  f r a c t u r e  o f  m a t e r i a l s  f o r  near- term f u s i o n  

dev ice  a p p l i c a t i o n s .  

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

these work ing  groups a r e  l i s t e d  i n  s e c t i o n  I V .  

i n c l u d e d  i n  t h e  workshop schedule, s e c t i o n  111, t o  assure the  mst r e c e n t  

i n p u t  on t h i s  s u b j e c t .  Long-term m a t e r i a l  needs a r e  cons idered e q u a l l y  

i m p o r t a n t  t o  near- term needs,but i t  was assumed t h a t  t h e  p a r t i c i p a n t s  

were f a m i l i a r  w i t h  t h e  long- term research needs. 

The work ing  group on the  e f f e c t  o f  

The work ing  group on t ime-  

Therefore,  t h i s  group was concerned p r i m a r i l y  w i t h  

The p a r t i c i p a n t s  i n  each o f  

A p r e s e n t a t i o n  by R. E.  Nygren on m a t e r i a l  needs f o r  ETF was a l s o  

The workshop schedule, s e c t i o n  111, was s t r u c t u r e d  so t h a t  most o f  

t h e  f i r s t  day was devoted t o  the  p r e s e n t a t i o n  o f  summaries and recommenda- 

t i o n s  by each work ing group chairman t o  a l l  t h e  workshop p a r t i c i p a n t s .  

Comments and d i s c u s s i o n  of  the  recommendations were encouraged d u r i n g  t h i s  

t ime.  The work ing  groups met s e p a r a t e l y  f o r  mos t  o f  the  second day,wi th a 
wrap-up sess ion a t  which the  chairmen presented an up-dated v e r s i o n  o f  the  
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recommendations. 

o f  t h e  recommendations and t h e  r a t i o n a l e  f o r  t h e i r  s e l e c t i o n , w h i l e  t h e  

workshop o rgan i ze r  was r espons ib l e  f o r  t h e  f i n a l  r e p o r t .  

Each chairman was then  r espons ib l e  f o r  a w r i t t e n  summary 
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111. WORKSHOP SCHEDULE 

SUNDAY - AUGUST 3 

7:OO pm Reception 

MONDAY - AUGUST 4 

8 : O O  Opening 
8:15 Material Needs f o r  ETF: R. E. Nygren 
8:45 Radiation-Induced or-Enhanced Embrittlement: R. H. Jones 

10:15 Break 
10:30 F low  Processes:  A. P .  L .  Turner 
12:OO Lunch 
12:45 Ef fec t  of Flow Processes on Frac ture :  W. G. Wolfer 

2:15 Break 
2:30 High Temperature Fracture:  G.  Lucas 
4 :OO Working Groups 
6:OO Depart f o r  Ti l l icum Village for Dinner 

TUESDAY - AUGUST 5 

8:OO Working Groups 

1:00 Working Groups 

3 : O O  Workshop Summaries (30 m i n .  per group)  
5 : O O  Workshop Wrap-up 

1 2 : O O  Lunch 
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I V .  WORKING GROUP PARTICIPANTS 

1. Flow Processes *l. A. P .  L. Turner, ANL 

2. W. Barmore, LLL 

3. E. R. Brad ley,  PNL 

4. F. Garner, HEDL 

5. L. K. Mansur, ORNL 

2. E f f e c t  o f  Flow Processes on 

F r a c t u r e  

3. H igh  Temperature F r a c t u r e  

4. Radia t ion- Induced o r  -Enhanced 

Embri t t l e m e n t  

Others :  D. G. Doran, HEDL 

*l. W. G. Wolfer ,  U. Wisc. 

2. W.  Jesser, U. V i r g i n i a  

3. M. Grossbeck, ORNL 

4. J. L. St raa lsund,  HEDL 

*l. 

2 .  

3. 

*l. 

2. 
3. 

4. 
5. 

G. Lucas, U.C.S.B. 

G. R. Odette,  U . C . S . B .  

E. R. G i l b e r t ,  HEDL 

R. H. Jones, PNL 

R. E. Nygren, ORNL/HEDL 
G. L .  Wire, HEDL 

J .  Sp i tznage l ,  WRD 

S. Rosenwasser, G.A. 

*Chairman 
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V. MATERIALS RESEARCH NEEDS - W. G. Wol fer ,  U. o f  Wisc. 

The e f f e c t  o f  r a d i a t i o n  damage, he l i um and hydrogen embr i t t l emen t ,  and 

sur face e r o s i o n  a re  major  c o n s i d e r a t i o n s  w i t h  regard  t o  t h e  u l t i m a t e  l i f e -  

t ime  of  t h e  f i r s t  w a l l  i n  a f u s i o n  r e a c t o r .  A l l  t h e  above f a c t o r s  a r e  

expected t o  s i g n i f i c a n t l y  a f f e c t  the  mechanical and f r a c t u r e  p r o p e r t i e s  o f  

cand ida te  m a t e r i a l s  f o r  the  f i r s t  w a l l .  

Exper imental  i n v e s t i g a t i o n s  o f  t h e  above phenomena which would be bo th  

r e l e v a n t  and t i m e l y  t o  t h e  des ign o f  f u s i o n  r e a c t o r s  a re  hampered by t h e  

l a c k  o f  a f u s i o n  i r r a d i a t i o n  f a c i l i t y .  

o n l y  f i s s i o n  r e a c t o r s  and 14 MeV neu t ron  sources a r e  a v a i l a b l e  f o r  i r r a d i -  

a t i o n  s t u d i e s  t o  s imu la te  t h e  f u s i o n  environment. I n  o r d e r  f o r  these 

s t u d i e s  t o  be meaningfu l ,  i t  w i l l  be necessary t o :  

Ins tead,  f o r  the  fo reseeab le  f u t u r e ,  

1.  i d e n t i f y  t h e  m a t e r i a l s  p r o p e r t i e s  which s i g n i f i c a n t l y  i n f l u e n c e  the  

l i f e t i m e  o f  t h e  f i r s t  w a l l ;  

2. p r o v i d e  the  necessary unders tand ing t o  c o r r e l a t e  t h e  mechanical prop-  

e r t y  changes w i t h  t h e  r a d i a t i o n  environment; 

3. f i n d  p h y s i c a l  connect ions between m a t e r i a l s  p r o p e r t i e s  r e l e v a n t  t o  

des ign  and those which can be s t u d i e d  and measured w i t h  a v a i l a b l e  o r  

soon t o  be a v a i l a b l e  i r r a d i a t i o n  f a c i l i t i e s .  

Whereas t h e  second task  ( 2 )  i s  adequate ly  cons idered i n  the  DAFS program, 
t h e  f i r s t  and t h i r d  tasks  (1 and 3)  r e q u i r e  g r e a t e r  emphasis i n  the  f u t u r e .  

The reasons w i l l  be d iscussed b r i e f l y  i n  t h e  f o l l o w i n g  two sec t ions .  

A. METHOD FOR I D E N T I F I C A T I O N  OF RELEVANT MATERIALS PROPERTY CHANGES 

Re levant  m a t e r i a l s  p r o p e r t i e s  and t h e i r  changes a re  those which s i g -  

n i f i c a n t l y  a f f e c t  t h e  l i f e t i m e  o f  t h e  f i r s t  w a l l .  Based on p rev ious  des ign  

s t u d i e s ,  i t  i s  g e n e r a l l y  b e l i e v e d  t h a t  b o t h  f a t i g u e  and creep c rack  growth, 

a s  w e l l  as u n s t a b l e  c rack  propagat ion ,  w i l l  l i m i t  t he  l i f e t i m e  o f  t h e  f i r s t  

w a l l .  Excessive d imensional  changes due t o  s w e l l i n g  and i r r a d i a t i o n  creep 

9 



can p o s s i b l y  by avoided by j u d i c i o u s  des ign  and p rope r  s e l e c t i o n  of  mate- 
r i a l s  and o p e r a t i n g  temperatures. Nevertheless,  s w e l l i n g  i s  n o t  i n s i g n i -  

f i c a n t .  D i f f e r e n t i a l  s w e l l i n g ,  caused by t h e  l a r g e  temperature g r a d i e n t  
t h rough  t h e  f i r s t  w a l l ,  may produce l a r g e  r e s i d u a l  s t resses  even a t  low 

average va lues  o f  s w e l l i n g .  These r e s i d u a l  s t resses  can a c c e l e r a t e  t h e  
c rack  growth and thereby  l i m i t  t h e  l i f e t i m e .  

Th i s  i s  b u t  one o f  t h e  many s y n e r g i s t i c  e f f e c t s  o r  connect ions t h a t  

F a i l u r e  t o  i d e n t i f y  these connect ions may r e s u l t  i n  an extraneous 
need t o  be uncovered and exp lo red  i n  v iew o f  t h e i r  impact  on f u s i o n  r e a c t o r  

design.  

m a t e r i a l s  research  and development program. 

A more sys temat ic  approach t o  cover  connect ions and focus  t h e  research  

on t h e  impor tan t  problems must emerge f rom a c l o s e r  i n t e r a c t i o n  between 

f u s i o n  r e a c t o r  des ign  and m a t e r i a l s  development. Th is  i n t e r a c t i o n  n o t  
o n l y  i n v o l v e s  b e t t e r  comnunicat ion and c o l l a b o r a t i o n  between des igners  and 
m a t e r i a l s  s c i e n t i s t ,  b u t  a l s o  t h e  development o f  a framework t o  assess and 

q u a n t i f y  t he  m a t e r i a l s  performance i n  t h e  c o n t e x t  o f  t h e  f i r s t  w a l l  i n t e g -  

r i t y .  Design procedures adopted so f a r  have been incomplete,  i n c o n s i s t e n t ,  

o r  s imp ly  t o o  narrow t o  p r o v i d e  t h e  comprehensive methodology needed. 

Nevertheless,  as a r e s u l t  o f  a l l  t h e  p rev ious  des ign  s t u d i e s ,  a 

c e r t a i n  sys temat ic  p i c t u r e  has emerged. Al though t h i s  p i c t u r e  l a c k s  t h e  

necessary d e t a i l s ,  i t  c l e a r l y  i n d i c a t e s  t h a t  a gene r i c  methodology can and 

shou ld  be developed t o  p r o v i d e  t h e  c a p a b i l i t y  f o r  l i f e t i m e  p r e d i c t i o n s  and 

q u a n t i t a t i v e  m a t e r i a l s  assessment. Th i s  methodology, i n  t h e  form o f  models 

and computer codes f o r  a gene r i c  f i r s t  w a l l  sec t i on ,  can then be u t i l i z e d  

t o  t e s t  m a t e r i a l s  p r o p e r t y  c o r r e l a t i o n s  and t o  gu ide  f u r t h e r  m a t e r i a l s  da ta  

development. 

B. TYPICAL EXPOSURE OF THE FIRST WALL MATERIAL 

To a p p r e c i a t e  t h e  s i g n i f i c a n c e  o f  mechanical p r o p e r t y  changes we 

d e s c r i b e  b r i e f l y  t he  magnitude o f  t h e  s t resses  i n  t h e  f i r s t  w a l l .  
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Suppose t h e  f i r s t  w a l l  c o n s i s t s  o f  a t ype  316 s t a i n l e s s  s t e e l  s h e l l  

s t r u c t u r e  of  0.5 cm th i ckness .  

plasma burn  i s  assumed t o  be 50 W/cm a t  about  2 MW/m w a l l  l oad ing .  For 

a s h e l l  cons t ra ined  f rom bending, t h e  thermal  s t resses  a r e  5340 MPa on t h e  

sur faces .  A l though these thermal  s t resses  r e l a x  e v e n t u a l l y  d u r i n g  t h e  

plasma bu rn  because o f  i r r a d i a t i o n  creep, t hey  g i v e  r i s e  t o  equal and 

o p p o s i t e  r e s i d u a l  s t resses  d u r i n g  t h e  p lasma- of f  pe r i ods .  

The s teady- s ta te  hea t  f l u x  d u r i n g  t h e  
2 2 

The s t resses  due t o  t h e  c o o l a n t  p ressure  a r e  expected t o  be between 

10 t o  100 t imes t h e  c o o l a n t  pressure,  depending on t h e  design.  

i n g l y ,  t hey  can be k e p t  a t  acceptab le  l e v e l s  by p rope r  des ign  o f  t h e  f i r s t  

w a l l  and t h e  b lanke t .  

Accord- 

The magnet ic  loads  induced d u r i n g  a plasma d i s r u p t i o n  may generate 

e q u i v a l e n t  p ressures  o f  about  1.4 MPa. Hence, t h e  assoc ia ted  membrane 

s t r e s s e s  may reach  va lues  up t o  135 MPa. Again, as i n  t h e  case o f  t h e  

c o o l a n t  p ressure ,  t h e  s t resses  produced by t h e  magnetic loads  can be 

min imized by j u d i c i o u s  design.  

Much more s e r i o u s  than  t h e  magnet ic  loads  a r e  t h e  t r a n s i e n t  thermal  

s t resses  produced i n  t h e  f i r s t  w a l l  d u r i n g  a plasma dump. The hea t  f l u x  
2 may reach va lues  i n  excess o f  10 kW/cm d u r i n g  a t ime on t h e  o r d e r  o f  20 

ms. As a r e s u l t ,  t h e  su r face  temperature o f  t h e  f i r s t  w a l l  r i s e s  beyond 

t h e  m e l t i n g  p o i n t .  A l a y e r  o f  about 40 vm th i ckness  may m e l t ,  o f  which a 
s u b s t a n t i a l  p a r t  may a l so  evaporate .  The heat  pulse p e n e t r a t i n g  i n t o  t he  

s o l i d  remainder o f  t h e  f i r s t  w a l l  t h i ckness  produces t r a n s i e n t  thermal 

s t resses .  I n  f r o n t  o f  t h e  thermal  pu lse ,  t h e  s t resses  a r e  t e n s i l e  and on 
t h e  o r d e r  o f  270 MPa, whereas under t h e  hea t  p u l s e  t h e  compressive s t resses  

y i e l d  t h e  m a t e r i a l .  

r eve rsed  p l a s t i c  de format ions  take  p lace .  I n  a l l ,  up t o  20% o f  t h e  w a l l  

t h i ckness  may be s u b j e c t  t o  e i t h e r  u n i d i r e c t i o n a l  and/or  reve rsed  y i e l d i n g .  

If sudden plasma dumps cannot be r u l e d  o u t  e n t i r e l y ,  a minimum d u c t i l i t y  

va lue  o f  a t  l e a s t  0.2% must be requ i red ,  o v e r  t h e  l i f e t i m e  o f  t h e  f i r s t  

w a l l .  

t r ansmuta t i ons  may degrade t h e  d u c t i l i t y  t o  lower  values. 

Dur ing  t h e  c o o l - o f f  p e r i o d  f o l l o w i n g  t h e  plasma dump, 

Un fo r tuna te l y ,  embr i t t l emen t  caused by r a d i a t i o n  damage and he l i um 
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I n  addit ion t o  these presumably ra re  events of extreme cycl ic  loading, 

P a r t  of the stress cycle i s  formed by the residual thermal 
the wall may be subject  t o  normal cycl ic  s t resses  when plasma operation i s  
not continuous. 
s t r e s se s  during the off-period,  and par t  a r i s e s  from the s t resses  produced 
by d i f f e r en t i a l  swelling. Their magnitude i s  i n  proportion t o  the tempera- 
tu re  difference across the f i r s t  wall and t o  the r a t i o  of the swelling and 
i r r ad i a t i on  creep rates. 
and  i r rad ia t ion  creep of 316 SS, the s t resses  may reach values of 5540 MPa 
f o r  an average wall temperature of 350"C, i . e . ,  f o r  a temperature var ia t ion 
from 375°C t o  325°C across the wall. For a cycl ic  plasma operation,  the 
surface stresses on the f i r s t  wall f luc tua te  between - +540 MPa and - +240 MPa, 
where the plus (minus) sign holds f o r  the surface facing the coolant 
(plasma). 

Based on the present correla t ions  f o r  swelling 

Based on t h i s  b r i e f  discussion o f  the loading of the f i r s t  w a l l ,  the 
most relevant f low and f rac ture  propert.ies are:  

1 .  Stage I and Stage I 1  of fa t igue crack propagation fo r  normal cycl ic  
plasma operation; 

Stage 111 of fa t igue crack propagation and f rac ture  toughness K I C  f o r  
abnormal plasma operati  on ; 

2 .  

3. Yield s t r e s s  and d u c t i l i t y  under t rans ien t  temperature and s t resses  
occurring during a plasma dump. 

Crack g rowth  through the f i r s t  wall must be studied n o t  only in simple 
tension t e s t s  b u t  a lso in steep s t r e s s  gradients and under compressive 
loads. 
wall thickness will require the development of analyt ical  crack growth 
models and codes which must be cal ibrated against  actual crack growth d a t a  
from t e s t s  under simpler s t r e s s  h i s to r i e s  and s t r e s s  d i s t r ibu t ions .  

The complicated s t r e s s  var ia t ion b o t h  with time and  t h r o u g h  the 

I t  will n o t  be possible for  a long time t o  invest igate  fa t igue  crack 
growth, d u c t i l i t y  loss ,  d i f f e r en t i a l  swell ing,  and i r r ad i a t i on  creep i n  a 
real  fusion environment. Furthermore, i r r ad i a t i on  experiments i n  e i t h e r  

1 2  



f i s s ion  reactors  o r  14 MeV f a c i l i t i e s  will  be mostly r e s t r i c t e d  t o  small 
samples. I t  i s ,  therefore ,  mandatory t h a t  properties measured on these 
small samples can be re la ted  to  the more macroscopic properties involved in 
p l a s t i c  flow and f rac ture .  Microstructural ,  flow, and f rac ture  properties 
require samples of increasing s ize .  Therefore, connections between micro- 
s t ruc ture  and flow, and  between flow and fracture,must be sought  and 
es  tab1 i shed. 
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V I .  WORKING GROUP RECOMMENDATIONS 

A. FLOW PROCESSES A N D  PROPERTIES, Chairman: A. P .  L.  Turner,  ANL 

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

The subgroup on f l o w  processes and p r o p e r t i e s  focussed i t s  a t t e n t i o n  

on i r r ad i a t i on- enhanced  creep and r a d i a t i o n  hardening. The t i m e  spent  on 

t h e  former g r e a t l y  exceeded t h a t  spent  on the  l a t t e r  p r i m a r i l y  because we 

f e l t  t h a t  t h e r e  a r e  many more unknown f a c t o r s  i n  rad ia t ion- enhanced creep 

than  t h e r e  a re  i n  r a d i a t i o n  hardening. We d i d  f e e l  t h a t  f l o w  s t r e s s  mea- 

surements and c o r r e l a t i o n s  o f  f l o w  s t r e s s  w i t h  m i c r o s t r u c t u r a l  c h a r a c t e r i -  

z a t i o n  form t h e  b a s i s  f o r  a t tempts  t o  r e l a t e  o t h e r  mechanical p r o p e r t i e s  t o  

m i c r o s t r u c t u r e .  Therefore,  we have recommended t h a t  such work should  con- 

t i n u e  t o  r e c e i v e  a h i g h  p r i o r i t y .  

I n  t h e  a rea  of i r r a d i a t i o n  creep we have t r i e d  t o  emphasize ques t ions  

t h a t  r e l a t e  t o  t h e  un ique aspects o f  the  f u s i o n  r e a c t o r  environment.  

f o r e ,  t h e  e f f e c t s  o f  c y c l i c  f l u x ,  temperature and s t r e s s  a r e  prominent  i n  

o u r  recommendations. 

e f f e c t  o f  He on f l o w  i s  p robab ly  l e s s  c r i t i c a l  than i t s  p o t e n t i a l  e f f e c t s  

on f r a c t u r e .  T h i s  i s  r e f l e c t e d  i n  o u r  p r i o r i t i e s .  We a l s o  i d e n t i f i e d  

behav io r  a t  low temperature as be ing  an area o f  r e l a t i v e  ignorance t h a t  

w i l l  be impo r t an t  t o  near- term dev ices.  A l though some o f  t h e  most p r o -  

nounced e f f e c t s  o f  i r r a d i a t i o n  on f l o w  r e l a t e  t o  changes i n  t h e  de fo rma t i on  

mode t o  more l o c a l i z e d  shear, we d i d  n o t  i n c l u d e  t h i s  e f f e c t  i n  o u r  d i s -  

cuss ions because we expected i t  t o  be covered by t h e  group c o n s i d e r i n g  t h e  

e f f e c t s  o f  f l o w  on f r a c t u r e .  We c o n f i n e d  o u r  d i scuss ions  t o  ques t ions  t h a t  

were r e l a t e d  t o  changes i n  f l o w  s t r e n g t h  o r  de fo rmat ion  r a t e  r e s u l t i n g  f r om  

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

There- 

The e f f e c t  o f  He gene ra t i on  i s  a l s o  inc luded,  b u t  t h e  

I n  s e t t i n g  p r i o r i t i e s ,  we at tempted t o  be r e a l i s t i c  about what can 

be achieved. 

p r i o r i t y  because i t  i s  n o t  c l e a r  t h a t  they  can be answered w i t h o u t  a ma jo r  

Some ques t ions  t h a t  may be ve ry  c r i t i c a l  r ece i ved  a low 
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e f f o r t .  They should, t h e r e f o r e ,  w a i t  u n t i l  e a s i e r  p r e l i m i n a r y  exper iments 

g i v e  a s u r e r  i n d i c a t i o n  of  t h e i r  importance. 

a r e  areas where knowing t h e  answer i s  i m p o r t a n t  f o r  m a t e r i a l  s e l e c t i o n  and 

r e a c t o r  design,  where l i t t l e  o r  no i n f o r m a t i o n  e x i s t s  and where i t  i s  

r e a l i s t i c  t o  expect  t h a t  an e f f o r t  commensurate w i t h  c u r r e n t  and a n t i c i -  

pated fund ing  l e v e l s  w i l l  produce r e s u l t s .  Most o f  t h e  recomnendations 

r e l a t e  t o  experiments. 

amount o f  t heo ry  and m o d e l l i n g  w i l l  be r e q u i r e d  i n  a l l  o f  t h e  e f f o r t s  

mentioned i n  o r d e r  t o  i n t e r p r e t  t h e  exper imenta l  r e s u l t s  and assess t h e i r  

g e n e r a l i t y .  It was f e l t  t h a t  t h e o r i e s  o f  rad ia t ion- enhanced creep need t o  

be improved, b u t  no recommendation was made t h a t  t h i s  be a h i g h  p r i o r i t y .  

P a r t l y  t h i s  i s  because such t h e o r y  development i s  be ing done o u t s i d e  t h e  

DAFS program and p a r t l y  because more e x t e n s i v e  exper imenta l  r e s u l t s  a r e  

needed be fo re  t h e o r i e s  can r e a l i s t i c a l l y  be advanced. 

The i tems g i v e n  h i g h  p r i o r i t y  

T h i s  i s  n o t  meant t o  exc lude theory .  A reasonable 

I n  t h e  recommendations, we have n o t  been s p e c i f i c  about what m a t e r i a l s  

shou ld  be used i n  experiments. I n  some cases, i t  w i l l  be most a p p r o p r i a t e  

t o  use t h e  eng ineer ing  a l l o y s  t h a t  a re  prime candidates f o r  use i n  the  

f i r s t  w a l l .  

a l l o y s .  

ment. 

t han  work ing  w i t h  a l l o y s  because s o l u t e - p o i n t - d e f e c t  i n t e r a c t i o n s  and 

seg rega t ion  w i l l  always p l a y  an i m p o r t a n t  r o l e  i n  r e a l  a l l o y  systems. 

I n  o t h e r  cases, t h e r e  may be e x c e l l e n t  reasons t o  use model 

The cho ice  would depend on the  o b j e c t i v e  o f  the  s p e c i f i c  e x p e r i -  

I n  most cases, work ing  w i t h  pure m a t e r i a l s  would be l e s s  i n f o r m a t i v e  

2. Recommendations 

a. 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  Hardening w i t h  M i c r o s t r u c t u r e  

(H igh P r i o r i t y )  

C o r r e l a t i o n  o f  measured values o f  the  f l o w  s t r e s s  w i t h  values p re-  

d i c t e d  f rom t h e  m i c r o s t r u c t u r e  i s  t h e  b e s t  a v a i l a b l e  t e s t  t h a t  m i c r o s t r u c -  

t u r e  c h a r a c t e r i z a t i o n s  a re  complete and accurate.  The r e l a t i o n s h i p  between 

m i c r o s t r u c t u r e  and f l o w  s t r e s s  i s  p robab ly  t h e  best- understood connect ion  

between s t r u c t u r e  and a mechanical p r o p e r t y .  The unders tand ing o f  t h i s  
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re la t ionship will be an important ingredient in developing the other  s t ruc-  
ture/mechanical property re la t ions  t ha t  will  be one basis fo r  extrapolat ing 
t e s t  data t o  fusion reactor conditions. Therefore, the work on correla t ing 
flow s t r e s s  with microstructure should continue t o  have a high p r io r i t y  in 
the mechanical behavior e f f o r t s .  This will  re f ine  our understanding of 
what are  the important charac te r i s t i cs  o f  microstructure fo r  determining 
mechanical behavior. I t  should a lso be noted t h a t  a t  low i r rad ia t ion  
temperatures where TEM i s  n o t  useful f o r  characterizing the microstructure,  
the flow s t r e s s  may be the most su i tab le  quant i ta t ive  measure of radiat ion 
damage. 

This i s  an ongoing e f f o r t  involving both Subtask Groups B and  C .  I t  
should continue t o  receive high p r io r i t y  

b.  Investigate the Effect of a Cyclic Radiation Flux on the Accelera- 
t ion  of Creep Deformation ( H i g h  P r io r i t y )  

The cycl ic  nature of the radiat ion flux i s  one of the ways tha t  the 
fusion environment d i f f e r s  from t h a t  of f i s s ion  reactors .  Consequently, 
there  i s  only very sparse experimental evidence avai lable  regarding the 
e f f e c t  of cycl ic  i r rad ia t ion  on creep, b u t  w h a t  evidence i s  avai lable  gen- 
e r a l l y  shows tha t  a cycl ic  f lux accelerates  i r r ad i a t i on  creep. The the- 
ore t ica l  basis f o r  believing t h a t  cycl ic  i r r ad i a t i on  should accelerate  
creep i s  t h a t  excess p o i n t  defects  o f  a s ing le  type should a r r i ve  a t  sinks 
during the t rans ien t  periods following an increase or decrease in the 
damage r a t e .  The dislocation climb caused by the net f lux of i n t e r s t i t i a l s  
o r  vacancies can re lease  the dis locat ions  from obstacles allowing s t r a i n  t o  
be generated by dis locat ion glide.  Since the glide s t r a i n  i s  in the direc-  
t ion  of the s t r e s s ,  independent of the climb d i rec t ion ,  the s t r a i n  incre-  
ments from bo th  posi t ive  and negative t rans ien ts  are  addi t ive .  Theoretical 
estimates of the s i ze  of the e f f e c t  are  very dependent on the d e t a i l s  of 
the model used. They can predict  e i t he r  no e f f e c t  o r  a large effect,depend- 
ing on what assumptions are  made a b o u t  the climb distance required t o  
re lease  a dis locat ion and the s t r a i n  per re lease .  
e t e r s  cannot be made re l iab ly , so  a n  experimental investigation of the 
e f f e c t  i s  required. 

Choices of these param- 
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C y c l i c  f l u x  exper iments can b e s t  be done u s i n g  l i g h t - i o n  i r r a d i a t i o n  

Damage r a t e s  i n  such an exper iment  a re  comparable t o  f rom an a c c e l e r a t o r .  

those p r o j e c t e d  f o r  a f u s i o n  r e a c t o r  and t h e  f l u x  per  pu lse  ( i n  terms o f  

dpa), temperature and s t r e s s  l e v e l s  can e a s i l y  be chosen t o  cover the  range 
a p p r o p r i a t e  t o  t h e  r e a c t o r .  Such exper iments a re  n e c e s s a r i l y  l i m i t e d  t o  

a smal l  t o t a l  dose. Th is  shou ld  be no d isadvantage i n  de te rm in ing  the  

a f f e c t  o f  f l u x  c y c l i n g  on the  creep r a t e  a t  a g i ven  m i c r o s t r u c t u r e ,  b u t  

does n o t  t e l l  how the  c y c l i c  f l u x  m igh t  a l t e r  t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  

f rom t h a t  observed d u r i n g  steady s t a t e  i r r a d i a t i o n .  The exper iments shou ld  

be done on a l l o y s  o f  i n t e r e s t  f o r  r e a c t o r  a p p l i c a t i o n s  o r  s u i t a b l e  model 

a l l o y s .  Model a l l o y s  which a re  more s t a b l e  than, f o r  example, a u s t e n i t i c  

s t a i n l e s s  s t e e l  may be more a p p r o p r i a t e  f o r  i n i t i a l  exper iments designed 

t o  assess t h e  magnitude o f  the  e f f e c t  independent  o f  phase changes. 

c. I n v e s t i g a t e  the  F lux  and Temperature Dependence o f  R a d i a t i o n  

Enhanced Creep a t  Temperatures Below Those Where F i s s i o n  Reactor  

Data a re  A v a i l a b l e  (H igh P r i o r i t y )  

Very few exper imenta l  da ta  on r a d i a t i o n  creep r a t e s  a t  low tempera- 

t u r e  a re  a v a i l a b l e .  

should drop o f f  w i t h  decreasing temperature below the  peak s w e l l i n g  tem- 

p e r a t u r e  i n  much t h e  same way as s w e l l i n g  does. 

i n d i c a t e s  t h a t  t h i s  may n o t  be the  case and t h a t  the  creep r a t e  may even 

inc rease  a t  low temperatures.  A s i m i l a r  s i t u a t i o n  e x i s t s  w i t h  r e s p e c t  t o  
t h e  dependence o f  creep r a t e  on damage r a t e .  Al though i t  i s  recogn ized 

t h a t  t h e  r a d i a t i o n  c reep- ra te  shou ld  i nc rease  somewhat less than l i n e a r l y  

w i t h  f l u x  o r  damage r a t e  because recombinat ion  o f  p o i n t  d e f e c t s  becomes 
more i m p o r t a n t  a t  h i g h  damage r a t e ,  some exper imenta l  ev idence e x i s t s  t o  

i n d i c a t e  t h a t  t h e  creep r a t e : f l u x  r a t i o  r i s e s  more r a p i d l y  a t  low f l u x  

t h a n  a n t i c i p a t e d .  Because near- term f u s i o n  r e a c t o r s  w i l l  opera te  a t  tem- 

pera tu res  w e l l  below those o f  f i s s i o n  r e a c t o r s ,  these e f f e c t s  a re  o f  

concern. 

It i s  c o n v e n t i o n a l l y  b e l i e v e d  t h a t  t h e  creep r a t e  

Some exper imental  ev idence 

The i n v e s t i g a t i o n  o f  these e f f e c t s  shou ld  i n c l u d e  bo th  a m r e  thorough 

search f o r  e x i s t i n g  exper imenta l  ev idence f rom the  va r ious  r e a c t o r  programs 
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and new exper iments.  A d d i t i o n a l  da ta  may be a v a i l a b l e  t o  suppor t  t h e  i d e a  

t h a t  anomalous behav io r  occurs  i n  t h e  low s t r e s s  and low f l u x  regimes. 

comprehensive survey o f  a l l  a v a i l a b l e  sources and r e - e v a l u a t i o n  o f  o l d  d a t a  

should  be c a r r i e d  ou t .  Experiments u s i n g  a c c e l e r a t o r  sources should  be 
extended t o  lower  temperatures.  I f  a change o f  mechanism occurs  a t  low 

temperature t o  account f o r  abnormal ly  h i g h  creep r a t e s ,  t h i s  should  be 

de tec ted  by such exper iments.  Low temperature,  h i g h  dose r e a c t o r  i r r a d i -  

a t i o n s  o f  p ressu r i zed  tube samples should  be c a r r i e d  o u t  t o  determine 

whether some aspect  o f  m i c r o s t r u c t u r e  e v o l u t i o n  a t  low temperature can pro-  

duce g r e a t e r  than  expected creep r a t e s .  

have been i n c l u d e d  i n  A D I P  i r r a d i a t i o n s .  DAFS shou ld  examine t h e i r  p lanned 

t e s t  m a t r i x  t o  see i f  a d d i t i o n a l  samples should  be i n c l u d e d  t o  cover  t h e  

low temperature reg ime.)  

w ides t  p o s s i b l e  f l u x  range i n  o r d e r  t o  p r o v i d e  a b a s i s  f o r  c o r r e l a t i n g  

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

A 

(Some p ressu r i zed  tube samples 

Experiments should  be designed t o  cover  t h e  

T h i s  regime i s  o f  pr ime concern f o r  near- term dev ices and shou ld  
r e c e i v e  h i g h  p r i o r i t y .  

d. I n v e s t i g a t e  t h e  E f f e c t  o f  Temperature C y c l i n g  on t h e  A c c e l e r a t i o n  

o f  Creep Deformat ion (Medium P r i o r i t y )  

The e f f e c t s  o f  c y c l i c  temperature changes on rad ia t ion-enhanced  creep 

d u r i n g  cons tan t  f l u x  i r r a d i a t i o n  a re  expected t o  be s i m i l a r  t o  those p ro-  

duced by a c y c l i c  f l u x  a t  cons tan t  temperature.  

a l t e r  t h e  p o i n t  d e f e c t  m o b i l i t i e s  and cause pu lses o f  i n t e r s t i t i a l s  o r  
vacancies t o  a r r i v e  a t  s i n k s  as t h e  p o i n t  d e f e c t  concen t ra t i ons  a d j u s t  t o  
t h e  new c o n d i t i o n s .  

e f f e c t  on creep r a t e ,  exper iments shou ld  be extended t o  i n v e s t i g a t e  t h e  

c y c l i c  temperature e f f e c t s  because b o t h  types o f  c y c l e s  w i l l  be p resen t  i n  
a f u s i o n  r e a c t o r .  An a d d i t i o n a l  reason f o r  i n v e s t i g a t i n g  temperature 

c y c l e s  i s  t h a t  temperature c y c l i n g  i s  p o s s i b l e  t o  do i n - r e a c t o r  whereas f l u x  

c y c l i n g  i s  no t .  I f  a good c o r r e l a t i o n  can be e s t a b l i s h e d  between t h e  

The temperature changes 

I f  a c y c l i c  r a d i a t i o n  f l u x  i s  found t o  have a ma jo r  
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e f f ec t s  of temperature cycles and flux cycles, cycl ic  temperature experi- 
ments i n  a reactor  o f f e r  a means to  carry the invest igat ion of such e f f ec t s  
t o  high dose levels  where the influence of cycling on creep through 
a l t e r a t i o n  of the microstructural evolution can be evaluated. 

The p r io r i t y  f o r  t h i s  work should be increased i f  cyc l ic  f lux condi- 
t ions  a r e  found t o  have a major e f f e c t  on creep. 

e .  Measure the Effects of He on the Radiation Creep Rate (Medium 
Pr io r i t y )  

Because steady-state i r r ad i a t i on  creep depends on the bias f o r  disloca- 
t ions  absorbing net  point defects of one type, i t  can be expected t o  be 
affected by any changes in  sink s t ruc ture  o r  defect  mobi l i t ies .  
concentrations of gas generated in materials  by the high energy fusion 
neutrons can modify i r r ad i a t i on  creep in two ways: 
defects and thereby modifying t h e i r  mobility and the defect  currents t o  
s inks ,  and by a l t e r ing  the nature of the radiation-produced microstructure. 
Effects of defect  trapping can be investigated using l ight- ion i r rad ia t ions  
of He-injected samples. The e f f ec t s  of He generation on microstructure 
development are  being investigated using mixed spectrum reactor  i r r a d i -  
a t ions  and dual-ion i r rad ia t ions .  Correlations of microstructural changes 
with creep rate changes can be obtained from creep measurements on samples 
pre- ir radiated in  reactor.  A d i r e c t  comparison of creep with He vs. creep 
without He can be obtained from i r r ad i a t i ons  of pressurized t u b e s  of N i -  
bearing a l loys  with some samples shielded from the thermal neutron f lux t o  
suppress He generation by the two-step reaction.  

The high 

by trapping the point  

Comnent by L. Mansur, ORNL: 

The e f f e c t s  of high l eve l s  of helium on i rradia t ion  creep rate  may be 

qu i t e  important where f i n e  dispersion of He-vacancy c lus t e r s  provide 

obstacles t o  dis locat ion motion. I would, therefore,  recononend t h a t  the 

e f f e c t s  on i rradia t ion  creep of high helim leve ls  be viewed as a high 

p r i o r i t y  area. High ra tes  of ::e generation iv lot, dose ion irradiatior: 
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experiments wouZd not suffice t o  a m i n e  t h i s  effect. 

specimens or preZiminarg reactor i rradia t ion  would hoZd promise f o r  

obtaining some simiZarity t o  the fus ion rdeactor case. 

Preinject ion of 

f. I n v e s t i g a t e  t h e  E f f e c t  o f  S t ress  Cyc l i ng  on Creep, Hardening and 

M i c r o s t r u c t u r a l  E v o l u t i o n  (Medium P r i o r i t y )  

The the rma l- s t ress  l e v e l s  c a l c u l a t e d  f o r  t h e  f i r s t  w a l l  o f  a f u s i o n  

r e a c t o r  i n  r e c e n t  des ign  s tud ies ,  i n c l u d i n g  the  ETF design,  a r e  s u f f i c i -  

e n t l y  h i g h  t h a t  some c y c l i c  m i c r o p l a s t i c i t y  i s  t o  be expected. 

known t h a t ,  i n  u n i r r a d i a t e d  m a t e r i a l ,  c y c l i c  p l a s t i c i t y ,  even a t  v e r y  smal l  

p l a s t i c  s t r a i n  ampl i tudes,  can cause l a r g e  changes i n  t h e  d i s l o c a t i o n  

m i c r o s t r u c t u r e .  

m a t e r i a l s  and c y c l i c  s o f t e n i n g  i n  work-hardened m a t e r i a l s .  

de fo rma t ion  may e v e n t u a l l y  l e a d  t o  t h e  i n i t i a t i o n  o f  a f a t i g u e  c rack  and 
t h i s  aspect  o f  t h e  c y c l i c  s t r e s s  envi ronment  i s  d iscussed elsewhere. Even 

i f  a f a t i g u e  c rack  i s  n o t  formed, o r  i f  i t  w i l l  n o t  propagate, t h e  c y c l i c  

p l a s t i c i t y  can have a pronounced e f f e c t  on t h e  m a t e r i a l  mechanical 

behav ior .  

It i s  

C y c l i c  p l a s t i c i t y  causes c y c l i c  hardening i n  annealed 

The c y c l i c  

C y c l i c  m i c r o p l a s t i c i t y  may change t h e  l e v e l  o f  r a d i a t i o n  harden ing  

ach ieved i n  t h e  sample. Moving d i s l o c a t i o n s  can be much more e f f e c t i v e  

s i n k s  f o r  p o i n t  d e f e c t s  than s t a t i o n a r y  ones because they  w i l l  sweep up 

t h e  p o i n t  d e f e c t s  i n  t h e i r  path. I n  a d d i t i o n ,  t h e  c u t t i n g  o f  r a d i a t i o n -  

produced d i s l o c a t i o n  l oops  by t h e  moving d i s l o c a t i o n s  can keep t h e  l oops  

from growing o r  des t roy  them comple te ly .  

c y c l i c  p l a s t i c  de format ion  may keep t h e  d i s l o c a t i o n  d e n s i t y  i n  cold-worked 

m a t e r i a l  f rom decreas ing  d u r i n g  i r r a d i a t i o n  and thereby  a l t e r  t h e  m ic ro-  

s t r u c t u r a l  e v o l u t i o n  sequence. C y c l i c  de format ion  o f t e n  increases  t h e  

r a t e  o f  creep deformat ion  i n  u n i r r a d i a t e d  m a t e r i a l .  

D i s l o c a t i o n  gene ra t i on  d u r i n g  

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

d iscussed above w i l l  o n l y  be observed when t h e  s t r e s s  c y c l i n g  i s  done 

s imu l taneous l y  w i t h  t h e  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  f a t i g u e  t e s t s  w i l l  

n o t  revea l  any e f f e c t s  on m i c r o s t r u c t u r a l  e v o l u t i o n .  I n  p o s t i r r a d i a t i o n  
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t e s t s ,  m i c r o p l a s t i c i t y  w i l l  be suppressed by r a d i a t i o n  harden ing which 

w i l l  n o t  have occur red d u r i n g  t h e  i n i t i a l  p o r t i o n  o f  the  l i f e  o f  a f u s i o n  

r e a c t o r  f i r s t  w a l l .  I f  c y c l i c  de fo rmat ion  prevents  o r  reduces t h e  amount 
o f  r a d i a t i o n  hardening, p o s t i r r a d i a t i o n  t e s t s  may be made on m a t e r i a l  t h a t  

i s  s t r o n g e r  than t h e  f i r s t  w a l l  m a t e r i a l  w i l l  ever  become. For these 

reasons, i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  c y c l i c  s t r e s s i n g  must be done by 

i n - s i t u  exper iments.  

w i t h  changing the  e v o l u t i o n  o f  t h e  m i c r o s t r u c t u r e ,  t h e  exper iments must be 

c a r r i e d  t o  reasonab ly  h i g h  dose l e v e l s .  

a b l e  f o r  mechanical t e s t i n g  must be u n i f o r m l y  damaged, t h e  exper iments w i l l  

have t o  be done i n  a r e a c t o r .  

problem, i t  shou ld  be p o s s i b l e  t o  do such exper iments i n  t h e  FFTF. 

Because the  e f f e c t s  o f  most concern a re  assoc ia ted  

Because samples o f  a s i z e  s u i t -  

Al though t h i s  i s  a d i f f i c u l t  exper imenta l  

g. I n v e s t i g a t e  the  Nature o f  Deformat ion Dur ing  Synchronized Tem- 

p e r a t u r e ,  F lux ,  S t ress  Cycles (Medium P r i o r i t y )  

The l a r g e s t  s t resses  i n  t h e  f i r s t  w a l l  o f  a f u s i o n  r e a c t o r  a r i s e  f rom 

temperature g r a d i e n t s  and/or  s w e l l i n g  g rad ien ts .  Consequently, t h e  n e t  

f o r c e  th rough t h e  w a l l  i s  q u i t e  smal l  and i t  i s  g e n e r a l l y  assumed t h a t  

gross d i s t o r t i o n  f rom p l a s t i c  de fo rma t ion  and creep w i l l  n o t  occur.  

ever ,  i n  t h e  r e a c t o r ,  t h e  cyc les  o f  f l u x ,  temperature and s t r e s s  a re  

synchron ized so t h a t ,  f o r  example, a t  some p o i n t s  i n  t h e  w a l l  maximum com- 

p r e s s i o n  s t r e s s  always occurs a t  maximum temperature and f l u x  w h i l e  maxi- 

mum t e n s i l e  s t r e s s  occurs a t  minimum temperature w i t h  no r a d i a t i o n  f l u x .  
Under these c o n d i t i o n s ,  i t  i s  p o s s i b l e  f o r  a " r a t c h e t i n g "  e f f e c t  t o  occur  

so t h a t  even when t h e  s t r e s s  averaged ove r  the  w a l l  t h i ckness  o r  averaged 

i n  t i m e  i s  smal l ,  a l a r g e  n e t  de fo rma t ion  i n  one d i r e c t i o n  can occur.  

How- 

The p o s s i b i l i t y  t h a t  l a r g e  deformat ions  can be accumulated by r a t c h e t -  

i n g  d u r i n g  t h e  f u s i o n  r e a c t o r  s t ress ,  temperature,  r a d i a t i o n  c y c l e s  should 

be i n v e s t i g a t e d  by s u i t a b l e  t h e o r e t i c a l  nndels.  Al though t h e r e  i s  some 

u n c e r t a i n t y  about  m a t e r i a l  de fo rma t ion  behav ior  i n  the  f u s i o n  r e a c t o r  

environment, c o n s t i t u t i v e  r e l a t i o n s  f o r  de fo rma t ion  t h a t  a r e  q u a l i t a t i v e l y  

c o r r e c t  can be cons t ruc ted  from a v a i l a b l e  i n f o r m a t i o n .  Th is  shou ld  be 
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s u f f i c i e n t  t o  determine i f  any unusual behav io r  i s  t o  be expected f rom t h e  

synchron ized c y c l e .  Improvements i n  t h e  c o n s t i t u t i v e  laws f o r  de fo rmat ion  

can be i n c l u d e d  i n  t h e  models as a d d i t i o n a l  exper imenta l  d a t a  f rom e x p e r i -  

ments on f l u x  o r  temperature c y c l i n g  become a v a i l a b l e .  Exper imental  

e f f o r t s  t o  s i m u l a t e  t h e  comp l i ca ted  f i r s t  w a l l  c y c l e  shou ld  be under taken 

o n l y  i f  t h e  models p r e d i c t  a s u b s t a n t i a l  e f f e c t  f rom t h e  combined c y c l e .  

The t h e o r e t i c a l  model ing o f  t h e  f i r s t  w a l l  response t o  i t s  complex 

c y c l e  should  r e c e i v e  medium p r i o r i t y .  Exper imenta l  s i m u l a t i o n  o f  t h e  

s t r e s s ,  temperature f l u x  c y c l e  shou ld  have low p r i o r i t y  un less models i n d i -  

c a t e  behav io r  t h a t  i s  c r i t i c a l  t o  design.  

Coment  by L .  Mansur, ORNL: 

Synchronized ternpsrature, fllm and stress cycZes mu3 leiid to m e q e c t e 2  
effects i n  compkz ( z l logc  hecausc (>f the kriom great siw:;it%vii;! of ~ ~ L E C  

i n s t a b i l i t g  to teri. rc ture  und dose rate i m d  pos s ib lg  stress?). n ;)z.% 

metals, where onZlj p o i n i  defect k ine t ics  need be considered, the co, 
effect of t he  three t y p e s  of cycles might bi? anticipated f r w m  knolji 

of the separate effects. Ctg rt.corrunen&tiovi m u l d  he that the coripwm'in: 

effects of the thrwc t y p e s  of cycles rzceive  h i g h  pr4or i ty  for teehois, ;-  

i c a l  a l l o y s .  

I 

B. EFFECT OF FLOW PROCESSES ON FRACTURE, Chairman: W. G.  Wol fer ,  U. o f  

Wise. 

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

Re la t i onsh ips  between m i c r o s t r u c t u r a l  and f l o w  p r o p e r t i e s  a re  d i s -  

cussed i n  t h e  p rev ious  s e c t i o n .  Accord ing ly ,  we emphasize i n  t h i s  s e c t i o n  

t h e  connec t ion  between f l o w  and f r a c t u r e  p r o p e r t i e s .  The f o l l o w i n g  d iscus-  

s i o n  i s  d i v i d e d  i n t o  t h r e e  p a r t s :  

Models f o r  f r a c t u r e  toughness f o r  cont inuous deformat ions;  

Models f o r  f r a c t u r e  toughness o f  m a t e r i a l s  w i t h  f l o w  l o c a l i z a t i o n ;  and 

Models f o r  f a t i g u e  c rack  growth. 
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a. F rac tu re  Toughness f o r  Continuous Deformat ion 

Models which f a l l  i n t o  t h i s  category a re  based on t h e  assumption t h a t  

p l a s t i c  de fo rmat ion  ahead o f  t h e  crack t i p  i s  governed by t h e  same f l o w  

l a w  t h a t  i s  be ing measured on a macroscopic t e n s i l e  sample. 

o f  t h i s  assumption, t h e  p l a s t i c  de fo rmat ion  i s  c o n t i n u o u s l y  ( b u t  n o t  u n i -  

f o r m l y )  d i s t r i b u t e d  around the  crack t i p .  The f r a c t u r e  toughness can then  

be descr ibed  i n  terms o f  t h r e e  f l o w  parameters:  t h e  y i e l d  s t ress ,  t he  u n i -  

form o r  t h e  u l t i m a t e  s t r a i n ,  and the  s t r a i n - h a r d e n i n g  exponent. Fu r the r -  

more, t h e  f r a c t u r e  toughness depends a l s o  on a t  l e a s t  one m i c r o s t r u c t u r a l  

parameter, such as t h e  dimension o f  t h e  p l a s t i c  zone o r  t h e  spac ing between 

b r i t t l e  p r e c i p i t a t e  p a r t i c l e s .  

As a r e s u l t  

As an example o f  t h e  p r e d i c t i v e  c a p a b i l i t y  o f  two o f  these m d e l s ,  

F igu re  1 shows t h e  p r e d i c t e d  f r a c t u r e  toughness KIC f o r  HFIR i r r a d i a t e d  

model (HR) and t h e  K r a f f t  ( 3 )  model (K ) ,  g i v e  s u b s t a n t i a l l y  d i f f e r e n t  

values o f  KIC. A f a c t o r  o f  two appears t o  be t h e  t y p i c a l  u n c e r t a i n t y  f o r  

these types o f  models, and i t  o r i g i n a t e s  f rom the  i l l - d e f i n e d  m i c r o s t r u c -  
t u r a l  parameter con ta ined  i n  t h e  model. 

s t a i n l e s s  s t e e l  ( l ) .  The two models chosen ( 2 y 3 )  , the  Hahn-Rosenf ie ld ( 2 )  

A b e t t e r  d e f i n i t i o n  o f  t h e  r e l e v a n t  m i c r o s t r u c t u r a l  parameters as w e l l  

as a c a l i b r a t i o n  of  t h e  models w i t h  KIC da ta  f rom i r r a d i a t e d  samples 

appears t o  be t h e  most f r u i t f u l  way t o  improve the  p r e d i c t i v e  c a p a b i l i t y  
o f  p resen t  models f o r  f r a c t u r e  toughness. 

The HR and K models app ly  t o  d u c t i l e  f a i l u r e .  Wi th  rega rd  t o  b r i t t l e  

f r a c t u r e  o f  bcc m a t e r i a l s  below t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tempera- 

t u r e  (DBTT), t h e  model developed by R i t c h i e ,  Knot t ,  and Rice (RKR) ( 4 )  

appears t o  be t h e  most promis ing.  It r e l a t e s  KIC t o  t he  y i e l d  s t ress ,  t h e  
s t r a i n  hardening exponent, and two m i c r o s t r u c t u r a l  parameters. The l a t t e r  

a r e  t he  c leavage s t r e s s  and a l e n g t h  sca le  which i s  thought  t o  be the  

average d i s t a n c e  between b r i t t l e  g r a i n  boundary phases i n  f e r r i t i c  s t e e l s .  

I n  a p p l y i n g  t h e  RKR model t o  nuc lea r  p ressure  vessel  s t e e l s ,  i t  i s  u s u a l l y  
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assumed t h a t  t h e  two m i c r o s t r u c t u r a l  parameters a re  n o t  a f f e c t e d  by the  

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

s t e e l s ,  i t  may n o t  h o l d  a t  h i g h  i r r a d i a t i o n  doses and i n c r e a s i n g  gas p ro-  

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

A1 though t h i s  assumption seems t o  work f o r  p ressure  vessel  

b. F rac tu re  Toughness f o r  Loca l i zed  Flow 

H i g h - s t r e n g t h  m a t e r i a l s  and i r r a d i a t e d  meta ls  o f t e n  e x h i b i t  l o c a l i z e d  

p l a s t i c  f l ow .  

1 i t t l e  resemblance t o  t h e  mic roscop ic  shear i n  t he  l o c a l i z e d  de fo rmat ion  

channels.  S ince l o c a l i z e d  f l o w  occurs a l s o  a t  crack t i p s ,  t he  s t r e s s  con- 

c e n t r a t i o n  i s  no l onge r  r e l a t e d  t o  the macroscopic f l o w  p r o p e r t i e s  as 

assumed i n  t he  HR, K o r  s i m i l a r  models. 

The macroscopica l ly-measured f l o w  p r o p e r t i e s  then bear  

The unders tand ing  o f  bo th  t he  l o c a l i z e d  f l o w  phenomenon and i t s  e f f e c t  

on f r a c t u r e  toughness i s  i n  an embryonic s t a t e .  I t s  importance, however, 

t o  f l o w  and f r a c t u r e  o f  i r r a d i a t e d  m a t e r i a l s  demands a s t r o n g  research 

e f f o r t .  The f o l l o w i n g  d i scuss ion  summarizes b r i e f l y  what i s  known about 

t h i s  f l o w  l o c a l i z a t i o n .  

1 )  Cond i t ions  f o r  Flow L o c a l i z a t i o n  

Flow l o c a l i z a t i o n  i s  thought  t o  occur  when the  r a t e  o f  wo rk- so f t en ing  

exceeds the  r a t e  o f  work-hardening. Q u a n t i t a t i v e  models r e q u i r e  t he  

knowledge o f  t he  s p e c i f i c  causes f o r  work-hardening and work- so f ten ing .  
As a t y p i c a l  example, cons ider  t he  model o f  Mori and Mura ( 5 )  devel -  

oped f o r  d ispers ion- hardened a l l o y s .  Work-hardening i s  produced by 

t h e  back- s t ress  o f  t h e  nondeforming i n c l u s i o n s ,  whereas wo rk- so f t en ing  

i s  due t o  t h e  a n n i h i l a t i o n  o f  shear d i s l o c a t i o n  loops a f t e r  they con- 

t r i b u t e d  a c r i t i c a l  va lue  o f  shear t o  t h e  de fo rmat ion  i n  t he  channel. 

Depending on t h e  va lue  o f  t h i s  c r i t i c a l  shear parameter, as w e l l  as 

t h e  d e n s i t y  o f  loops and i n c l u s i o n s ,  t he  p l a s t i c  f l o w  d i s t r i b u t i o n  

can change f rom homogeneous t o  l o c a l i z e d  and back t o  homogeneous as 

t h e  macroscopic s t r a i n  increases.  

25 



I n  cont ras t  t o  the microstructural modelling of localized flow, Rice 
( 6 )  has recent ly developed a phenomenological approach. 
forms of cons t i tu t ive  deformation laws which lead t o  flow loca l iza t ion  
when cer ta in  empirical parameters assume c r i t i c a l  values. A micro- 
s t ruc tura l  in te rpre ta t ion  of these parameters i s  possible ,  though not 
necessary, in terms of d is loca t ion  cross s l i p ,  duc t i l e  hole growth, 
e t c .  

Experimental observations of flow loca l iza t ion  in  i r rad ia ted  materials 
have been made in  a few materials j 7 ) .  Presumably, th i s  phenomenon i s  
not r e s t r i c t ed  t o  a few pecul iar  cases, b u t  i s  of ra ther  general 
nature.  Presently,  the observations f a l l  i n to  two groups. F i r s t ,  
flow loca l iza t ion  i s  seen in  mater ials  i r rad ia ted  t o  low doses and a t  
low temperatures, and i s  connected w i t h  the sweeping-up of small 
defect  c lu s t e r s  by gl ide  dis locat ions.  

Second, materials i r rad ia ted  t o  h i g h  doses and a t  temperatures where 
swelling occurs exh ib i t  the so-called channel deformation indicated by 

seared voids. I t  i s  not c l ea r  a t  the present time whether the voids 
a r e  instrumental o r  only conspicuous indicators  i n  the flow loca l iza-  
t ion  process. Observations of flow loca l iza t ion  in  porous mater ials  
would ind ica te ,  however, t h a t  radiation-induced voids do play a s ig-  
n i f i can t  ro l e  in  channel deformation. 

Accordingly, invest igat ions of the  conditions f o r  flow loca l iza t ion  in  
i r rad ia ted  mater ials  i s  s t rongly recommended because of i t s  impact on 
the  d u c t i l i t y  and the  f r ac tu re  behavior of f i r s t  wall candidate 
mater ials .  

2 )  

Although i t  i s  well known from experiments on high-strength mater ials  
t h a t  flow loca l iza t ion  and low d u c t i l i t y  are  re la ted ,  only circum- 
s t a n t i a l  evidence e x i s t s  t h a t  o ther  f r ac tu re  propert ies ,  such as 
f rac ture  toughness and fa t igue  crack growth, are  s imi la r ly  degraded. 

He derived 

Relation Between Flow Localization and Crack Propagation 
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High s t r e n g t h  a l l o y s  have t h e  p r o p e n s i t y  f o r  f l o w  l o c a l i z a t i o n ,  low 

d u c t i l i t y  and f r a c t u r e  toughness. Furthermore, f l o w  l o c a l i z a t i o n  

c l e a r l y  favors  f a t i g u e  c r a c k  i n i t i a t i o n  and growth i n  Stage I. 

r i a l s  which acqu i r ed  t h e i r  s t r e n g t h  by  r a d i a t i o n  damage a r e  expected 

t o  f o l l o w  t h i s  t rend.  

Smith, Cook, and Rau ( 8 )  have r e c e n t l y  developed a m r e  mechan is t i c  

b a s i s  f o r  these observed t rends .  

t o  t h e  y i e l d  s t r e n g t h  and a c r i t i c a l  decohesion s t r a i n  f o r  t h e  f l o w  

channel .  Un fo r t una te l y ,  t h i s  c r i t i c a l  decohesion s t r a i n  l a c k s  any 

q u a n t i t a t i v e  b a s i s  i n  terms o f  o t h e r  measurable q u a n t i t i e s ,  and t h e i r  

model can, t h e r e f o r e ,  supply  o n l y  q u a l i t a t i v e  answers a t  t h e  p resen t  

t ime.  

I n  t h e  observed de fo rmat ion  channels o f  i r r a d i a t e d  s t a i n l e s s  s t e e l s ,  

i t  i s  p o s s i b l e  t o  measure t h e  accumulated shear f r om  t h e  shape o f  t h e  

sheared vo ids .  Assuming t h a t  t h e  c r i t i c a l  decohesion shear i s  a t  

l e a s t  as l a r g e  as t h i s  measured shear, a lower  es t ima te  o f  t h e  f r a c -  

t u r e  toughness can be made w i t h  a m o d i f i e d  model o f  t h e  o r i g i n a l  one 

by Smi  t h  e t  a1 . (*).  

t u r e  toughness o f  h i g h l y  i r r a d i a t e d  304 SS d u c t  m a t e r i a l  i s  no lower  

t h a n  27 MPa hi. 

It appears then, t h a t  t h e  f r a c t u r e  toughness o f  t h i s  m a t e r i a l  i s  
s t i l l  s a t i s f a c t o r y  even though t h e  d u c t i l i t y ,  as measured i n  a t e n s i l e  

t e s t ,  i s  p r a c t i c a l l y  zero.  

c. 

Stage I11 o f  f a t i g u e  c rack  growth i s  determined by t h e  v a l u e  o f  t h e  

Mate- 

They r e l a t e  t h e  f r a c t u r e  toughness 

By t h i s  approach, i t  i s  es t ima ted  t h a t  t h e  f r a c -  

Re la t i onsh ips  Between F r a c t u r e  Toughness and Fa t igue  Crack Growth 

s t a t i c  f r a c t u r e  toughness KIC. 

embr i t t l emen t  w i l l  narrow t h e  s t r e s s  range f o r  Stage I 1  a lso .  Furthermore, 

based on e m p i r i c a l  c o r r e l a t i o n s  between f r a c t u r e  toughness and t h e  exponent 
m i n  t h e  Stage I 1  c r a c k  growth law 

A r e d u c t i o n  o f  t h e  l a t t e r  due t o  r a d i a t i o n  

da/dN = C ( A K ) ~ ,  
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t h e  exponent m inc reases  s h a r p l y  as KIC decreases; t h i s  c o r r e l a t i o n  i s  

shown i n  F igu re  2. 

Hence, t h e  f o l l o w i n g  q u a l i t a t i v e  connect ions a r e  expected a l s o  f o r  

rad ia t ion- hardened  m a t e r i a l s :  w i t h  i n c r e a s i n g  r a d i a t i o n  damage KIC drops, 

as a r e s u l t ,  a l l  s tages o f  f a t i g u e  crack growth r o v e  t o  lower  ranges o f  

.iK; f u r the rmore ,  t h e  s t r e s s  range f o r  Stage I 1  narrows, the reby  i n c r e a s i n g  

t h e  exponent m. 

2. Recommendations 

D u c t i l i t y ,  f r a c t u r e  toughness, and f a t i g u e  and creep c rack  growth have 

been i d e n t i f i e d  as c r u c i a l  mechanical p r o p e r t i e s  f o r  a f u s i o n  r e a c t o r  f i r s t  

w a l l .  

damage, he l ium and hydrogen embr i t t l ement ,  and temperature excurs ions.  
Even i f  these p r o p e r t i e s  c o u l d  be measured i n  a v a i l a b l e  i r r a d i a t i o n  f a c i l -  

i t i e s  and w i t h  s tandard t e s t  procedures, t h e r e  would remain ques t ions  as  

t o  

A l l  these p r o p e r t i e s  a r e  s u b j e c t  t o  changes because o f  r a d i a t i o n  

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

and t h e i r  a p p l i c a b i l i t y  and re levance  t o  the complex s t r e s s  and 

temperature h i s t o r y  i n  a f u s i o n  r e a c t o r  f i r s t  w a l l .  

I n  o r d e r  t o  ensure a t i m e l y  r e s o l u t i o n  o f  these quest ions,  t h e  f o l l o w i n g  

recommendations a r e  made. 

t h e  o b j e c t i v e s  o f  o t h e r  tasks  o r  subtasks i n  t h e  f u s i o n  m a t e r i a l s  program, 
and t h e r e f o r e  they  may n o t  be germane o n l y  t o  t h e  Fundamental Mechanical  

Behav ior  Subtask o f  t h e  DAFS program. Never the less,  these recommendations 

a r e  made f rom t h e  v i ewpo in t  o f  t h e  general  o b j e c t i v e  o f  t h e  DAFS t a s k  and, 

i n  p a r t i c u l a r ,  t h e  Fundamental Mechancial Behav ior  Subtask, namely t o  g a i n  

a b a s i c  unders tanding o f  t h e  m a t e r i a l  i ssues  and the  m a t e r i a l s  performance 

i n  t h e  f i r s t  w a l l  and b l a n k e t  s t r u c t u r e  o f  a f u t u r e  magnet ic f u s i o n  r e a c t o r .  

These recommendations may o v e r l a p  w i t h  some o f  
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a .  Perform Fracture Toughness Experiments on Specimens of Highly 
I r rad ia ted  Duct Material (High P r i o r i t y )  

This material i s  ava i lab le  and i s  known to  exhib i t  channel deforma- 
The purpose of these experiments i s  t o  c l a r i f y  the re la t ionship  t i on .  

between channel deformation, lack of d u c t i l i t y  as indicated by the absence 
of a macroscopic f r ac tu re  s t r a i n ,  and f r ac tu re  toughness. 
experiments were t o  r e s u l t  i n  an invalid f r ac tu re  toughness t e s t  because 
of the small specimen s i z e ,  i t  would indica te  a s a t i s f ac to ry  toughness in  
s p i t e  of the  d u c t i l i t y  loss.  
t a n t  data f o r  the f r ac tu re  res i s tance  of extremely radiation-hardened 
mater ials .  

I f  these 

Conversely, a valid t e s t  would provide impor- 

b. Perform Fatigue Crack Growth Experiments on Specimens of Highly 
Irradiated Duct Material ( H i g h  P r i o r i M  

These experiments w i l l  have t o  be performed anyway i n  conjunction w i t h  

the f r ac tu re  toughness experiments. 
of channel deformation in fa t igue  crack i n i t i a t i o n  and growth. 

Their purpose i s  t o  ident i fy  the ro le  

c .  I n i t i a t e  Theoretical and Basic Experimental Studies t o  I d e n t i 3  
the  Microstructural Causes and Conditions f o r  Channel Deformation 
( H i g h  P r i o r i t y )  

H V E M  s tud ies  a r e  recommended as the experimental tool t o  explore the  
mechanism of flow loca l iza t ion  and i t s  e f f e c t  on crack propagation. 

d .  Evaluate Ductile and B r i t t l e  Fracture Models (Medium P r i o r i t y )  

Models fo r  duc t i l e  and cleavage f r ac tu re  toughness should be refined 
t o  provide a more r e l i a b l e  basis f o r  r e l a t ing  t e n s i l e  propert ies  t o  f r ac-  
t u r e  propert ies .  Close col laborat ion w i t h  the ADIP experimental program i s  
recommended . 

e. Develop a Standard Lifetime Analysis Code For The First Wall Of 
a Magnetic Fusion Reactor (Low P r i o r i t y )  

The purpose of t h i s  task i s  manifold: develop appropriate correla-  
t ions  fo r  the mechanical propert ies  and t h e i r  in te r re la t ionships  which a re  
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compatible w i t h  fusion reactor  design requirements; ident i fy  i n  a timely 
manner c r i t i c a l  needs i n  the development of a data base f o r  mechanical 
proper t ies ;  develop mechanical design c r i t e r i a  f o r  fusion reac tor  s t ruc-  
tura l  mater ials ;  and provide a tool f o r  fusion reac tor  design which incor- 
porates the  r e s u l t s  and contr ibut ions of the fusion mater ials  development 
programs. T h i s  task i s  not only central  t o  the e f f o r t s  of the mechanical 
propert ies  work i n  DAFS; b u t  i t  es tab l i shes  strong l inks t o  o ther  fusion 
mater ials  and design groups, in pa r t i cu la r  the Analysis and Evaluation 
group of A D I P ,  and the Correlation Methodology subgroup of DAFS. 

The development of the Lifetime Analysis Code wil l  a t  the same time 
ensure a c loser  in te rac t ion  among various groups i n  the fusion mater ials  
program. 
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Comnents by J .  A. Sp i t znage l ,  Westinghouse R&D Center:  

1. Therc is m mention of the possibiZCty chat f l o w  locaZization can 

occur on ci scale too sniaLZ to be de5ected in the TEM. 

is l i k c l b  that  deformation channeZs occu~' i n  pressure vesse l  s t e e l s ,  
:Jet they have never been seen because the de fec ts  responsible fo? the 

harJdeninl; m e  (for the most pur t )  beneath the resolu t ion  l i m i t  si the 

TH4. 

t e n s i l e  d u c t i l i t y  but m visuaZ evidence of channel fracture? 

makes sense to proceed mper imen ta l l y  w i t k  the 304 SS and 3i6 SS ,-~te- 

r i a l  known t o  exizibit channel fornution !.o evaluate effects on ;?ic- 

Lure toughness and &/&, but  the "node l i r .g  arid mschanisrnsl' prd;ior. 

should get medium to L a ,  pliority. 

I-f a strong appoach is taken to assess& "steudJ-statr?" cffccts &en 
&/a, e tc . ,  may be more dependent on trans-ien!. cffects ( p k s  

&mp, etc .  ), ue Tun the ~ i s k  of ur;pem<rg m i v e .  ,pcrhaz;:; we s iZo~12 

s t a t e  tha t  we ore assess i~~j  a "simplera" pseudo-steady s t a t e  and m t  

the t r a n s i m t  e-ffects. 

For e z q l e ,  it 
. .  

How would o w  moceecl w i t h  (I Yer'c29rit:ic uZZoy that  cxh ib i t s  zero 
. T t  

2. 

KIP 

C. T I M E  DEPENDENT FRACTURE, Chairman: G. Lucas, U.C.S.B.  

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

The b a s i c  mechanisms and t h e  a n t i c i p a t e d  e f f e c t s  o f  h i g h  energy 

neu t r on  i r r a d i a t i o n  and a f u s i o n  r e a c t o r  environment on t h e  o p e r a t i o n  o f  

these  mechanisms were cons idered f o r  a number o f  t ime-dependent f a i l u r e  

modes. 

environment i n t e r a c t i o n  and s t r e s s  c o r r o s i o n  c rack ing .  

d i s cuss i ons  w i t h  t h e  members o f  t h e  general  subtask group and w i t h  con- 

s u l t a n t s  t o  t h e  work ing group on t i m e  dependent f r a c t u r e ,  a near- te rm 

research  p l a n  was d r a f t e d  and p r i o r i t i e s  were ass igned t o  t h e  proposed 

t o p i c s .  

These i n c l u d e d  creep r u p t u r e ,  f a t i g u e ,  c reep- fa t igue ,  f a t i g u e -  

As a r e s u l t  o f  
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2 .  Recommendations 

a. Evaluate the Need fo r  Near-Threshold Crack Propagation Evaluation 
f o r  Fusion Design (High P r io r i t y )  

His tor ica l ly ,  design against  f a i l u r e  induced by cyc l ic  loading 
( f a t i gue )  has been largely based on the c lass ica l  S-N curve, from which 
allowable applied s t r e s se s  ( S )  may be chosen f o r  a given l i f e ,  or number of 
cycles t o  f a i l u r e  ( N ) .  
which sa fe ty  i s  a prime consideration,  of the defect- tolerant  approach. I n  
t h i s  approach, pre-existing cracks or  defects must be assumed t o  e x i s t ,  
and component l i f e  i s  then limited by the time required t o  propagate the 
defects  t o  a c r i t i c a l  crack s ize .  

However, recently there  has been increasing use , in  

Consequently, there  has been considerable research in recent years t o  
character ize  crack growth ra tes  da/dN as  a function of an  extensive array 
of t e s t  condit ions,  including a l te rna t ing  s t r e s s  in tens i ty  A K ,  s t r e s s  
r a t i o  R ,  temperature, environment, and metallurgical conditions. Unfor- 
tunately ,  much of these data have been generated in  the intermediate and 
high crack growth r a t e  regimes 
respect ively ,  where data are more ea s i l y  obtained, b u t  crack growth ra tes  
may be too high t o  be of technological importance, expecially fo r  th in  
s t ruc tures .  

mmlcycle) - Stages I1 and  111, 

Techniques have been developed recently t o  ascer ta in  small crack 
growth  r a t e s  - mm/cycle); and as a r e s u l t ,  a number o f  important d i s -  

coveries have been made in  t h i s  low crack growth rate regime, of ten 
referred t o  as Stage I .  For instance,  f o r  a given s e t  of material and t e s t  
conditions a threshold value of A K ,  A K ~ ,  ex i s t s  below which crack propaga- 
t ion  i s  undetectable. As the applied a l te rna t ing  s t r e s s  in tens i ty  
approaches t h i s  value of nKo, the functional dependence of da/dN on A K  
deviates s ign i f i can t ly  from the Paris law da/dN = C ( A K ) ~ ;  i . e . ,  the Paris 
law can grea t ly  overpredict  crack growth r a t e s  in Stage I .  
the  value of AK, i s  sens i t ive  t o  both microstructure and t e s t  condit ions,  

Furthermore, 

33 



such as R and t h e  n a t u r e  o f  t h e  environment.  For example, i n  most t e s t s  

u s i n g  compact t e n s i o n  specimens ( l o n g  i n i t i a l  c rack  s i z e ,  smal l  a p p l i e d  
s t r e s s  AU), &KO decreases as t h e  m a t e r i a l  s t r e n g t h  o r  R increases.  

ever ,  t o  be c o n s i s t e n t  w i t h  t h e  known behav io r  of m a t e r i a l s  under h i g h  

c y c l e  f a t i g u e  c o n d i t i o n s ,  i t  i s  a n t i c i p a t e d  t h a t  f o r  smal l  su r face  c racks  

o r  d e f e c t s  ( sma l l  i n i t i a l  c rack s i z e ,  h i g h  no) t h a t  A K o  w i l l  i n c r e a s e  as 

m a t e r i a l  s t r e n g t h  o r  R increases.  Also,  t h e r e  a r e  s t r o n g  i n d i c a t i o n s  t h a t  

environment p l a y s  a s i g n i f i c a n t  r o l e  i n  i n f l u e n c i n g  t h e  magnitude o f  A K o  

and da/dN i n  Stage I ;  g e n e r a l l y ,  environments which promote s t a t i c  s t r e s s  

c o r r o s i o n  c r a c k i n g  aggravate c rack  growth i n  Stage I .  Hence, o f  p a r t i c u l a r  

impor tance f o r  near- term f u s i o n  dev ice  cons i de ra t i ons  a r e  t h e  env i ronmenta l  

e f f e c t s  o f  hydrogen i s o t o p e s  i n  f e r r i t i c  s t e e l s  and aqueous environments 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 .  

How- 

To date,  emphasis i n  t h e  f u s i o n  m a t e r i a l s  program has been p laced  on 
c h a r a c t e r i z i n g  c rack  growth r a t e s  i n  t h e  i n t e r m e d i a t e  r a t e  regime, and t h e  

MFE-3 and MFE-5 exper iments a r e  underway t o  address ques t ions  o f  i r r a d i a -  

t i o n  e f f e c t s  on f a t i g u e  c rack  growth i n  t h i s  regime. However, o f  equal i f  

n o t  g r e a t e r  importance may be t h e  c h a r a c t e r i z a t i o n  o f  Stage I behav io r  f o r  

t h e  m a t e r i a l s  and c o n d i t i o n s  o f  re levance.  I n  v iew o f  t h e  r e l a t i v e l y  l a r g e  

number o f  a n t i c i p a t e d  s t r e s s  c y c l e s  ( > l o  ) ,  t he  th inness  o f  t h e  f i r s t  w a l l  

s t r u c t u r e s ,  t h e  environment,  and t h e  a n t i c i p a t e d  a s - f a b r i c a t e d  s u r f a c e  con- 

d i t i o n s  o f  t h e  s t r u c t u r a l  components i n  f u s i o n  devices,  t h e  most impo r t an t  
f a t i g u e  des ign  c o n s i d e r a t i o n  may be i n i t i a t i o n / p r o p a g a t i o n  o f  s u r f a c e  

c racks  under near- th resho ld  c rack  p ropaga t ion  c o n d i t i o n s .  
a P a r i s  law e x t r a p o l a t e d  down t o  Stage I may l e a d  t o  o v e r l y  conse rva t i ve  

designs.  

5 

And t h e  use o f  

Consequently, i n  v iew o f  t h e  p o t e n t i a l  importance o f  Stage I c r a c k  

growth behav io r  t o  t h e  des ign  o f  f u s i o n  systems, p a r t i c u l a r l y  near- te rm 
des igns,  and t h e  r e l a t i v e  s c a r c i t y  o f  i n f o r m a t i o n  on t h i s  f a i l u r e  mode as 

i t  p e r t a i n s  t o  f u s i o n  systems, t h e  f o l l o w i n g  research  program i s  recom- 

mended i n  a d d i t i o n  t o  t h e  c u r r e n t  research  i n  t h i s  area as t h e  h i g h e s t  

p r i o r i t y  i t e m  i n  t h e  area o f  t ime-dependent f a i l u r e :  
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As soon as p o s s i b l e ,  a combined t o p i c a l  report/recomnended research 

program shou ld  be prepared t o  address t h e  i s s u e  o f  n e a r - t h r e s h o l d  

c rack  growth as  i t  p e r t a i n s  t o  f u s i o n  dev ice  design,  both  f o r  t h e  near 

and l o n g  term. I n  t h e  t o p i c a l  r e p o r t  s e c t i o n ,  emphasis shou ld  be 

p laced  on a s c e r t a i n i n g  t h e  importance o f  Stage I crack  growth i n  
f u s i o n  r e a c t o r  s t r u c t u r e s  and i d e n t i f y i n g  p rev ious  r e l e v a n t  research.  

The q u e s t i o n  o f  d i f f e r e n c e s  i n  l o n g  and s h o r t  c rack  growth dependence 

on t e s t  and m a t e r i a l  c o n d i t i o n s  shou ld  be addressed. Env i ron-  

mental e f f e c t s  on  Stage I c rack  growth shou ld  be addressed as w e l l ;  

s p e c i f i c a l l y ,  t h e  e f f e c t s  o f  H on f e r r i t i c  s t e e l s  and aqueous env i ron-  

ments on 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 r e p o r t  shou ld  be researched 

and w r i t t e n  w i t h  t h e  a i d  o f  knowledgeable c o n s u l t a n t s  (e.g.,  R. 
R i t c h i e ,  M.I .T.  and L. James, HEDL);  and t h e  a n a l y s i s  o f  t h e  re levance  

o f  Stage I crack  growth t o  f u s i o n  d e v i c e  des ign  shou ld  be per formed 

w i t h  a comprehensive s t r u c t u r a l  a n a l y s i s  technique,  such as t h e  

WISECRACK code developed by W .  Wol fer ,  U. o f  Wisconsin. 

Based on the  r e s u l t s  o f  the  t o p i c a l  r e p o r t ,  a d e t a i l e d  research p ro-  

gram (@ a general  program p l a n )  shou ld  be d r a f t e d .  Necessary gaps 

i n  e x i s t i n g  da ta  and unders tand ing shou ld  be f i l l e d  by s p e c i f i c  t e s t s  

conducted w i t h i n  t h e  c o n t e x t  o f  the  ADIP  program. 

F o l l o w i n g  t h e  d r a f t ,  t h e  combined r e p o r t  shou ld  be c i r c u l a t e d  w i t h i n  

DAFS and A D I P  f o r  comnent and review. F o l l o w i n g  r e v i s i o n ,  the  
f i n a l  r e p o r t  should be issued and t h e  research program p l a n  imple-  

mented e x p e d i t i o u s l y .  

1 )  Comment by A. S. Argon, M.I .T.  

The current emphasis i n  fracture and fracture mechanics i s  on the 
accidental presence of cracks as pre- exist ing mamfacturing de fec ts  i n  

s tructures and i s  then based on considerations of h m  such cracks may 

grm under e x t e r n 2  s t imul i  such as the k v e l  o f  cyclic and mean 

s t res ses ,  env iroment ,  temperature, e t c .  This i s  norma2ly a sound 
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strategy.  
b:, many others,  that  as manufacturing techniques and methods of non- 

destruct ive evaluation improve, stmctures w i l l  contain few i f  an:i 

sxch large cracks t ha t  obey the laboratory meusurcments desi,?ned yc:r 
t h e i r  growth by fracture mechanics techwiques. 
!.arts w i l l  be governed by more inherzent pocesses  o f  crack fornation, 

and large f rac t ions  of the use fu l  l i f e  of a part will be spent i r r  
sur fuce  f r a p c n t a t i o n  and the growth of short cracks which obey onl;) 
minimal l y  the fractLlre mechanics laws. !?his more t radi t ional  and 
sound area o f  fracture research that  had taken a hack seat  upon the 

advent in 1964 o f  fracture mechanics basc?d on large cracks is nolj 

h e h t e d l y  returning q a i n  t o  promimnce. 

advances made i n  the development and s t u d y  of crack formation in 
c y c l i c  de foma t ima  and i n  bhe p e s e n c e  of cor.rosior. as w e l l  as  C I Z  

the deveiopment and growth  of short crack8 u n t i l  they become iarz 

enough to grow by fracture mechanics. 

considered f a i  l e d  when they contain on& short crw?ka. 
large turbine generator shaf t s  i n  thermal power s ta t ions  are con- 

sidered f a i l e d  when they have creeks only as long as 0 .25  to 0.37; 

inches - j u s t  when theg become uorthy o f  s tud3 by fracture mechan-ies 

experts.  There have been important recent developments in t h i s  urea 

both i n  Japan and i n  some quarters i n  the U . S . . ~ .  on thc s tudy  01 sh 

cracks. 
Asilomar, California, on t h i s  subject alune. Thus, in view o f  t h i s ,  

I f e e l  i t  is essent ia l  that t h i s  area be included i n  the research 

plans f o r  the fus ion  reactors where I bel ieve these considerations 

will appear prominently, fur ther  accentuated by the special circm- 

stances o f  the fusion envirownent. 

On the other had, it has been recognized by some, ar.: s : m  

Then the l i v e s  cf 

There have been important 

Tr! f a c t ,  marig s tructures $re 

For ercm:.le, 

An international  conference was held l a s t  January i n  

2 )  Comment by I-Wei Chen, M.I .T.  

The emphasis i n  t h i s  sec t ion  is placed on the growth rate  of surface 

cracks under near-threshoZd crack propagation conditions. It is, 
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however, not clear that design of the f i r s t  wall materials  can be 

based on the de fec t  tolerant  approach i n  which pre-existing cracks 

below a cer ta in  s i z e  are assumed t o  e x i s t  i n  adopting the method of 
fracture mechanics where the near-threshold fa t igue  correlat ion i s  
introduced. A s  exemplified i n  our own experience i n  FCE analysis,  any 
micron-size surface crack shouZd remain e s sen t ia l l y  dormant wader 

rather substant ial  loading conditions when i t s  growth i s  assessed 
using extrapolat ion of Paris law,which i s  thought t o  be too conserva- 

t i v e  for r e a l i s t i c  applicat ions by the report .  

such short cracks cannot be handled competently by fracture mechanics 

modeling which i s  based on the continuous notion of deformation. 

sidering the  thinness of f i r s t  w a l l  s tructures and the h o s t i l e  envi- 

romen t ,  we bel ieve tha t  the &sign engineers w i l l  not to l e ra te  any 

f law i n  these s tructures which are of s u f f i c i e n t  s i z e  f o r  a fracture 
mechanics treatment. For t h i s  reason, the  recornended a t t en t ion  t o  

even the near-threshold fat igue crack growth may s t i l l  be i rre levant .  

Instead, more emphasis should be placed on the crack i n i t i a t i o n  on the 

surface o f  t h i n  sect ions under various environment rmd Zoading 

conditions. 

The point  here i s  tha t  

Con- 

3) Comment by 0. K. Harling, M.I .T.  

The enviroment  of the f i r s t  wall of CTRs i s  an unusually complex one, 

f o r  which we m s t  have a b e t t e r  understanding i f  we are t o  design and 
construct long-lived fus ion  power reactors.  Important environmental 

parameters which can be expected t o  a f f e c t ,  mostly adverseLy, the 

f i r s t  w a l l  performance include:  

a)  high f a s t  neutron f l u x e s  (dpa's and transmutations),  

b )  Intense f l u x e s  of heavy hydrogen species  %10 /cm -see, some with 

adequate energy (several  hundred t o  severaL thousand ev )  t o  pene- 

t r a t e  i n t o  the near surface region of the  f i r s t  wall.  Also Lower 

i n t e n s i t y  f l u x e s  of He w i l l  be present.  

17 2 
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c )  Il igh energy a l p h  par t i c l e  fluxes (MeV umye i  which can result 

from escape o f  alphas from confinement during the f i r s t  orb i t  if 
there is rz co l l i s ion .  

tem-dependent; however, f l uxes  of 10 a/cm -see are possible .  

These helium ions w i l l  dras t ica l ly  modifg the first f e w  micr9n.s 

by ldtt-icc &age and im, lantut ion .  The implanted layer  w i l l  

hnve vas t  changes in mechanicul p r c p e r t i e s  and w i l l  devclo!? 

eztreme l y  h.i,-h s t resses .  hlicrocracks, bubbles and cnhnnced tr/z.s- 

Tntensi t ies  of such alpha f l u x e s  are syz- 
12 2 

n e  of the microphenomenn which are k n o m  t o  occur. 

31 The first wall,, which is modified i'ue to :he radiat ion fl-ais 

c i t ed  in a, i;, and e, w i l l  be subjected, i n  some designs, to 

themaLlg-:ndut:ed high cycZic s t resses  which combine w i t h  more 

constant cooiurit stresses. ,%actou startup an2 shuido~m/lr liwL 

Lntrcducd adiiitiorLuL stresses ,an,?, in ;om cuscs,  CY 
:imper.tg chanses, e .  g., the DB?T in Jkvr-iLic a l loys .  i' 

.- . 

r ~ n - a w n y  und o ther  off-normal o p m t i n : !  conditions w i l l  ,<>ccul' TL? 

w i L l ,  i n  some cases, produce ve?rz$ h i : ~ i i  stresses. 

&cause of tkc cor;pLexity of the s i tuu t ion ,  ~ J E  huve f e l t  tho 
desi(gned scopiw; i+vnts would tx usajitZ. :"Pi 
vide the imtericzi scieuitists and the dcsinn c!n<gineers wi th  mc1rdc ii? 

i n g  concerning the m u i t i p l c  simultaneous envirorumnt:zl parwwters  

o p r a t e  at or new' t h e  first wall surface. 

b. Prov ide  L i a i s o n  Wi th  Other  Task Groups on S t ress  Cor ros ion  Crack- 

i n g  and Cor ros ion  Fat igue (H igh  P r i o r i t y )  

Whi le chemica l ly- induced f a i l u r e  modes such as s t a t i c  s t r e s s  c o r r o -  

s i o n  c r a c k i n g  (SCC) a r e  g e n e r a l l y  i m p o r t a n t  i n  des ign  cons ide ra t i ons ,  i t  i s  

d i f f i c u l t  t o  t r e a t  them g e n e r i c a l l y .  

modes a r e  sys tem- spec i f i c ;  t h e  n a t u r e  o f  t h e  f a i l u r e  and t h e  mechanisms 

va ry  w i d e l y  among t h e  many,possi b l e  m a t e r i a l / s e r v i c e  envi ronment  combina- 

t i o n s .  Consequently, i t  i s  n o t  a fundamental problem which can be 

addressed by OAFS i n  a general  way. 

That  i s ,  S C C  and s i m i l a r  f a i l u r e  
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However, i t  - i s  i m p o r t a n t  t h a t  DAFS be v i g i l a n t  w i t h  r e s p e c t  t o  the  

t rea tmen t  o f  envi ronmental  e f f e c t s  i n  t h e  m a t e r i a l s  s e l e c t i o n  and t h e  

des ign  c o n s i d e r a t i o n s  o f  planned f u s i o n  dev ices .  For i ns tance ,  f o r  ETF i t  

i s  i m p o r t a n t  t h a t  I G S C C  be a des ign c o n s i d e r a t i o n  f o r  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  c o n t a c t  w i t h  water; t h a t  H e f f e c t s  be cons idered f o r  f e r r i t i c  

s t e e l  components; t h a t  an adequate da ta  base e x i s t s  i n  t h e  l i t e r a t u r e  t o  

suppor t  these c o n s i d e r a t i o n s ,  o r  t h a t  needed t e s t s  a re  per formed i f  data  

a r e  l a c k i n g ;  t h a t  p o t e n t i a l  e f f e c t s  o f  r a d i a t i o n  f i e l d s  o r  v a r i a b l e  mag- 

n e t i c  f i e l d s  on e lec t rochemica l  c o r r o s i o n  mechanisms a r e  considered.  I t  i s  

n o t  n e c e s s a r i l y  t h e  t a s k  o f  DAFS t o  make these cons ide ra t i ons ,  o n l y  t o  

ensure t h a t  t h e  c o n s i d e r a t i o n s  - a r e  made and t o  a s s i s t  where necessary. 

Consequently, i t  i s  recomended as a h i g h  p r i o r i t y  t h a t  a person 
o r  group o f  persons w i t h i n  DAFS be i d e n t i f i e d  as l i a i s o n  between DAFS 

and the  o t h e r  components o f  t h e  f u s i o n  program t o  ensure t h a t  

chemica l ly- induced f r a c t u r e  c o n s i d e r a t i o n s  a r e  made when and where 

necessary and t o  ensure t h a t  ass i s tance  i s  p rov ided  when necessary i n  

t h e  accumulat ion o f  da ta  and the  unders tand ing o f  problems o f  t h i s  

na tu re .  

l i a i s o n  i s  R. Jones, BNWL, as he i s  bo th  an a c t i v e  p a r t i c i p a n t  o f  DAFS 

and he i s  i n t i m a t e l y  f a m i l i a r  w i t h  c h e m i c a l l y - a s s i s t e d  f a i l u r e  through 

h i s  c u r r e n t  research a t  B a t t e l l e ,  PNL. 

c. Develop Models f o r  Creep-Rupture (Medium P r i o r i t y )  

Whi le  creep r u p t u r e  i s  a p r imary  des ign c o n s i d e r a t i o n  f o r  h i g h  temper- 

Moreover, 

The b e s t  cand idate  t o  serve as the  l e a d  person i n  t h i s  

a t u r e  dev ices ,  i t  i s  g e n e r a l l y  n o t  a l i f e  l i m i t i n g  f a i l u r e  mode. 

FED i s  n o t  c u r r e n t l y  planned t o  opera te  a t  h i g h  temperature,  so creep rup-  

t u r e  i s  an even l e s s  l i k e l y  f a i l u r e  mode f o r  s t r u c t u r a l  components i n  t h i s  

f a c i l i t y .  Consequently, w h i l e  creep r u p t u r e  i s  u l t i m a t e l y  impor tan t  as a 

c o n s i d e r a t i o n  i n  t h e  des ign  o f  f u s i o n  machines, t h e r e  i s  l e s s  urgency t o  

address t h i s  problem i n  the  near te rm than t h e r e  i s  f o r  o t h e r  f a i l u r e  

modes. 
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For t h e  l o n g  term, A D I P  w i l l  b e n e f i t  f rom DAFS e f f o r t s  t o  deve lop p r e -  

d i c t i v e  methodology. Whi le  a cons i de rab le  body o f  t h e o r y  and d a t a  has been 

accumulated on t h e  s u b j e c t  o f  creep r u p t u r e ,  a cons iderab le  number o f  

u n c e r t a i n t i e s  e x i s t  as w e l l .  Consequently, a s imp le  f i t  t o  t h e  d a t a  cannot 

be used as a p r e d i c t i v e  methodology. Ins tead ,  a methodology i s  r e q u i r e d  

which i s  f i rm ly  r o o t e d  i n  p h y s i c a l  unders tanding and c a l i b r a t e d  a g a i n s t  t h e  

b e s t  a v a i l a b l e  data,  i . e . ,  a c a l i b r a t e d  c o r r e l a t i o n  model ( C C M ) .  The 

development and use fu lness  o f  CCMs f o r  creep r u p t u r e  thus  r e q u i r e  a reason- 

a b l e  unders tanding o f  t h e  mechanism o f  creep r u p t u r e .  

The impo r t an t  mechanisms l e a d i n g  t o  creep r u p t u r e  have been i d e n t i f i e d  

as wedge-cracking a t  g r a i n  boundary j u n c t i o n s  and c a v i t a t i o n  a long  g r a i n  

boundar ies.  Whi le  i t  i s  c u r r e n t l y  a n t i c i p a t e d  t h a t  t h e  c a v i t a t i o n  mecha- 

nism w i l l  be o f  more t e c h n o l o g i c a l  s i g n i f i c a n c e  i n  f u s i o n  s t r u c t u r a l  mate- 
r i a l s  because o f  t h e  h i g h  He i n v e n t o r i e s ,  i n  v iew o f  exper ience i n  t h e  

breeder  r e a c t o r  m a t e r i a l s  creep r u p t u r e  program, wedge c r a c k i n g  cannot be 

discounted.  

p l e x ,  i n t e r a c t i v e  way which i s  s e n s i t i v e  t o  m a t e r i a l  m i c r o s t r u c t u r e  and 

mic rochemis t ry  bo th  near and away f rom t h e  g r a i n  boundar ies and t o  t e s t  

c o n d i t i o n s  such as s t r e s s  s t a t e  as  w e l l  as s t r e s s  and temperature.  For 

i n s t a n c e ,  i t  i s  c u r r e n t l y  b e l i e v e d  t h a t  w h i l e  g r a i n  boundary c a v i t i e s  grow 

p redominan t l y  by s t r e s s - a s s i s t e d  vacancy d i f f u s i o n ,  t h e  a c t u a l  r a t e  o f  cav- 

i t y  growth (and hence creep r u p t u r e  t imes)  may be c o n t r o l l e d  by t h e  r a t e  a t  

which l o c a l i z e d  s t resses  ( b u i l t  up by v i r t u e  o f  inhomogeneous vacancy pro-  

d u c t i o n )  a r e  r e l i e v e d ;  and t h i s  s t r e s s  r e l a x a t i o n  r a t e  may i n  t u r n  be con- 

t r o l l e d  by 1 )  t h e  r a t e  o f  de fo rmat ion  around ad jacen t  g r a i n  boundary pre-  

c i p i t a t e s ,  2 )  t h e  r a t e  o f  s l i d i n g  on g r a i n  boundar ies ad j acen t  t o  t h e  

c a v i t a t e d  boundary, o r  3)  t h e  r a t e  o f  m a t r i x  de fo rmat ion  i n  r e g i o n s  removed 

by severa l  g r a i n  d iameters  f rom t h e  c a v i t a t e d  g r a i n  boundary. 

quence o f  these i n t e r a c t i v e  c h a r a c t e r i s t i c s ,  i t  does __ n o t  seem f e a s i b l e  t h a t  

p h y s i c a l  unders tanding o f  t h e  creep r u p t u r e  mechanisms can be s i g n i f i c a n t l y  

advanced by separate  e f f e c t s  s t u d i e s .  Ins tead ,  d e t a i l e d  m i c r o s t r u c t u r a l  

e v o l u t i o n  analyses on a c t u a l  eng ineer ing  a l l o y s  sub jec ted  t o  creep r u p t u r e  
c o n d i t i o n s  a r e  r e q u i r e d .  

I t now appears t h a t  these mechanisms proceed i n  a v e r y  com- 

As a conse- 
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This i s  true of determirling high etiprgy neutron i r r ad i a t i on  e f f cc t s  Oi: 

creep rupture as  well. 
impact on creep rupture;  namely, matrix hardening, irradia'ion c r w p ,  !xces: 
point defect  populations, microchemical changes a t  the grain bwirrlartes, 
and the creat ion of a s ign i f ican t  He inventory. However, thesc ?ffe:ts 
will  a l so  be highly in te rac t ive ,  precluding separate e f f ec t s  s tudies  of 
neutron i r r ad i a t i on  creep rupture as well. 

Several i r rad ia t io t l  e f f e c t <  may t: Ptiticipatcd t o  

I n  view of the long-term need t o  develop cal ibrated corre1,ition models 
f o r  creep rupture in  engineering a l loys ,  and the need t o  advanc-. our under- 
standing of creep rupture p r x e s s e s  in developing these C C ' k ,  Lhc f o l l w i n g  
para l le l  p a t h  approacit i s  vcommended. This should have sonlewhat reduced 
p r io r i t y  fu r  the near term, b u t  high p r io r i t y  f o r  the long term. 

1 )  The continued development of cal ibrated correla t ion models f o r  
creep rupture should be pursued. 
s ta te- of- the- ar t  understanding of creep rupture processes, and 
should be cal ibrated against  FBR and ADIP data as  i t  i s  produced. 

To support the CCM development, long-term plans should be formu- 
la ted  fo r  deta i led microstructural analysis  of creep rupture 
specimens removed and placed in to  archives both pr ior  t o  and 
a f t e r  creep rupture. Consequently, ADIP specimens should be 
flagged in the near term f o r  storage and ult imate use by OAFS in 
microstructural analyses. These should include unirradiated as 
well as i r rad ia ted  specimens. If  specimens cannot be sacr i f iced  
f o r  ea r ly  (pre- rupture) removal and s torage,  then DAFS-sponsored 
creep rupture t e s t s  should be planned t o  meet t h i s  need. 

I n  addit ion t o  studying creep rupture with the current specimen 
design (pressurized tubes) ,  an analysis  should be made of a l t e r -  
nate specimen designs t o  invest igate  s t r e s s - s t a t e  e f f ec t s  on 
creep rupture.  For instance,  the current  pressurized tube design 
may accommodate s t r e s s - s t a t e  e f f ec t s  s tudies  i f  near-end behavior 

These CCMs should ince-porate 

2 )  
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as opposed t o  tube mid- plane behav io r  i s  i n v e s t i g a t e d ;  however, 

a l t e r n a t e  des igns such as square tubes, e c c e n t r i c  tubes, s l i t  

tubes,  e tc . ,  may o f f e r  advantages o r  a d d i t i o n a l  neededinforma- 

t i o n  over  t h e  c u r r e n t  p ressu r i zed  tube design.  I f  such a need 

f o r  a d d i t i o n a l  designs i s  warranted, p lans  should  be fo rmu la ted  

t o  implement a l t e r n a t e  des igns i n  t h e  A D I P  program. 

As a f i n a l ,  b u t  lower  p r : J r i t y  c o n s i d e r a t i o n  i n  t h e  area o f  creep 

r u p t u r e ,  t h e  concept o f  creep c rack  growth (as  opposed t o  "break-  

away" c a v i t a t i o n  o r  wedge c r a c k i n g  i n  t h e  b u l k  o f  t h e  m a t e r i a l )  

as a f a i l u r e  mode should  be k e p t  i n  mind. There i s  a cons ider-  

a b l e  l i t e r a t u r e  developed t o  desc r i be  t ime-dependent f a i l u r e  by  

t h e  growth o f  a p r e e x i s t i n g  f l a w  under h i g h  temperature,  s t a t i c  

l o a d  c o n d i t i o n s .  However, i t  i s  premature t o  devote cons i de rab le  
resources t o  i n v e s t i g a t e  t h i s  f a i l u r e  mode f o r  f u s i o n  systems as 

1 )  t h e r e  i s  a l r eady  cons i de rab le  fundamental research  underway, 

supported by o t h e r  programs, and 2)  i t  i s  n o t  c l e a r  t h a t  t h i s  i s  

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

f o r  f u s i o n  systems. On t h e  o t h e r  hand, i t  i s  t o o  e a r l y  t o  d i s -  

coun t  t h i s  f a i l u r e  mechanism e n t i r e l y .  

3) Consequently, i t  i s  recommended t h a t  t h e  e v o l v i n g  l i t e r a t u r e  on 

creep c rack  growth be t r acked  over  t h e  near  term. Moreover, 

based on t h e  CCM development f o r  creep r u p t u r e  and t h e  suppo r t i ng  

da ta  accumulated i n  t h e  near  term, a more en l i gh tened  d e c i s i o n  on 

address ing t h e  i s s u e  o f  creep c rack  growth should  be made. 

d. Eva lua te  t h e  Relevance o f  Creep-Fat igue I n t e r a c t i o n  i n  Fus ion 

Reactor F i r s t  Wal l  Design (Medium P r i o r i t y )  

Desp i t e  a h i s t o r y  o f  con t roversy ,  c reep- fa t i gue  i n t e r a c t i o n  now 

appears t o  be a r e a l  t ime-dependent f a i l u r e  mechanism d i s t i n c t  f r om  h i g h  

temperature env i ronment- fa t igue  i n t e r a c t i o n .  That  i s , f o r  a g i v e n  s e t  o f  

f a t i g u e  t e s t  c o n d i t i o n s  i n  a h i g h  vacuum, as t h e  f requency o f  l o a d i n g  i s  

decreased t h e  f a t i g u e  l i f e  may be decreased, p a r t i c u l a r l y  f o r  c e r t a i n  
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unbalanced l o a d  cyc les .  

envi ronment (such as a i r ) ,  b u t  i t  p e r s i s t s  i n  t h e  absence o f  an envi ronment 

a t  ve ry  low l o a d i n g  f requenc ies  o r  l o n g  h o l d  t imes.  

The problem may be aggravated by an ag ress i ve  

It i s  unc lea r ,  however, whether a c r e e p- f a t i g u e  i n t e r a c t i o n  w i l l  be o f  

importance i n  f u s i o n  systems design.  T y p i c a l l y ,  f o r  u n i r r a d i a t e d  a l l o y s ,  

c r e e p- f a t i g u e  becomes an i m p o r t a n t  c o n s i d e r a t i o n  f o r  component temperatures 

g r e a t e r  than  0.4 o f  the  abso lu te  m e l t i n g  temperature.  However, the  h i g h  He 

i n v e n t o r i e s  a n t i c i p a t e d  f o r  components c l o s e  t o  the  f u s i o n  r e a c t i o n  zone 

may lower  t h i s  " t r a n s i t i o n "  temperature cons iderab ly ,  p a r t i c u l a r l y  i f  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  i s  governed by g r a i n  boundary c a v i t y  growth. 

Again f o r  near- term a p p l i c a t i o n s ,  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  a 

research  t o p i c  o f  low p r i o r i t y .  However, f o r  l o n g  te rm cons ide ra t i ons ,  i t  

i s  i m p o r t a n t  t o  e s t a b l i s h  t h e  r e l a t i v e  importance o f  c r e e p- f a t i g u e  i n t e r -  

a c t i o n .  Consequently, i n  t h e  near term t h e  f o l l o w i n g  i s  recommended. 

A c r i t i c a l  t e s t ,  o r  s e r i e s  o f  t e s t s ,  should be planned and executed t o  

determine the  re levance  o f  c r e e p - f a t i g u e  i n t e r a c t i o n  as a t ime-  

dependent f a i l u r e  mechanism f o r  f u s i o n  r e a c t o r  components c o n t a i n i n g  a 

h i g h  i n v e n t o r y  o f  He i n  t h e  c o n s t i t u e n t  m a t e r i a l .  As a r e s u l t  o f  t h i s  

t e s t  ( o r  these t e s t s )  a recommendation f o r  f u t u r e  work should be 

prepared. 

0 .  RADIATION- INDUCED OR-ENHANCED EMBRITTLEMENT, Chairman: R. H. Jones, 
PNL - 

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

The scope o f  t h e  e m b r i t t l e m e n t  work ing  group was more r e s t r i c t e d  than 

t h e  others,as i t  was l i m i t e d  t o  low temperature (25°C t o  %300"C) d u c t i l i t y  

and f r a c t u r e  o f  316 SS, PCA and f e r r i t i c  a l l o y s .  T h i s  s u b j e c t  d i f f e r s  f rom 

h igh- tempera ture  f r a c t u r e  where time-dependent processes occu r  b u t  does 

o v e r l a p  w i t h  t h e  " E f f e c t  o f  Flow on Fracture", s i n c e  processes such as f l o w  
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l o c a l i z a t i o n  can a f f e c t  b o t h  low and h i g h  temperature d u c t i l i t y  and f r a c -  

t u r e .  I n  areas o f  obv ious over lap ,  i t  was l e f t  t o  t h e  group w i t h  t h e  

broader  scope t o  l i s t  t h e  recommended research.  

The main causes o f  embr i t t l emen t  which were cons idered by t h i s  group 

were: 

Rad ia t i on  hardening 

Gaseous t r ansmu ta t i on  products ,  He and H 

Rad ia t i on  o r  t h e r m a l l y  a c t i v a t e d  segrega t ion  

2.  Recommendations 

a. 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  

1 )  Eva luate  t h e  Role o f  Hel ium on D u c t i l i t y  a t  Low Temperatures 
(High P r i o r i t y )  

There i s  some evidence (Bloom and W i f f e n )  t h a t  he l i um  decreases t h e  

d u c t i l i t y  o f  annealed 316 SS w i t h o u t  a l t e r i n g  t h e  y i e l d  s t r e n g t h  a t  

temperatures o f  300°C t o  350°C. T h i s  t r e n d  seems t o  extend t o  lower  

t e m p e r a t u r e s b u t t h e r e  i s  n o d a t a  t o  s u b s t a n t i a t e  t h i s  a t  temperatures 

l e s s  than  300°C. The l a c k  o f  a s t r eng then ing  e f f e c t  f rom he l i um  a t  

l ower  temperaturesmay be exp la ined  i n  p a r t  by t h e  h i g h  hardening 

impar ted by d isp lacement  damage masking any hardening f r om  the  he l ium.  

Some o f  the  concerns r e g a r d i n g  t h e  e f f e c t  o f  he l i um  on d u c t i l i t y  a t  

temperatures l e s s  than  350°C i n c l u d e :  

i s  atomic he l ium a t  g r a i n  boundar ies c o n t r i b u t i n g  t o  t h e  
embr i t t 1 emen t ; 

i f  so, what i s  t h e  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 i um  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 embr i t t l ement ;  

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

i s  he l ium a f f e c t i n g  t h e  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 ,  i t s  d u c t i l i t y ?  
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Answers t o  these and o t h e r  ques t ions  about  t h e  r o l e  o f  he l i um i n  low 

tempera ture  d u c t i l i t y  i s  i m p o r t a n t  i n  t h e  development and s e l e c t i o n  o f  

a m a t e r i a l  f o r  FED a p p l i c a t i o n s .  

2 )  

The need f o r  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  i s  based p r i m a r i l y  on t h e  

l i m i t e d  i r r a d i a t i o n  volume a v a i l a b l e  f o r  t e s t i n g  m a t e r i a l s  i n  f u s i o n  

n e u t r o n  environments such as RTNS I 1  and FMIT. The a v a i l a b i l i t y  o f  a 
m a t e r i a l s  t e s t i n g  module i n  a f u s i o n  r e a c t o r  would reduce t h e  need 

f o r  these c o r r e l a t i o n s , b u t  t h e  p resen t  f u s i o n  r e a c t o r  development 

schedule i n d i c a t e s  t h a t  f u s i o n  neu t ron  sources such as RTNS I 1  and 

FMIT w i l l  con t inue  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  m a t e r i a l s  t e s t i n g .  

C o r r e l a t i o n s  between f r a c t u r e  and t e n s i l e  p r o p e r t i e s  a r e  the  h i g h e s t  

p r i o r i t y  because o f  the  d i f f i c u l t y  o f  i r r a d i a t i n g  f r a c t u r e  samples i n  

FMIT; however, i t  i s  recogn ized t h a t  t h i s  i s  a v e r y  d i f f i c u l t  c o r r e l a -  

t i o n  t o  make. Some progress  has been made a long these l i n e s  by G. R. 

Ddette, b u t  more exper imental  d a t a  i s  needed t o  v e r i f y  D d e t t e ' s  

approach,whi le o t h e r  c o r r e l a t i o n s  should a l s o  be examined. Other 

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  o f  i n t e r e s t  i n c l u d e  ha rdness- y ie ld  

s t r e n g t h ,  s t r e n g t h - d u c i l  i t y  and y i e l d  s t reng th- c reep  r a t e .  

E q u a l l y  i m p o r t a n t  t o  t h e  c o r r e l a t i o n  model i s  t h e  development o f  t h e  

a p p r o p r i a t e  samples t o  e x p e r i m e n t a l l y  v e r i f y  t h e  c o r r e l a t i o n s .  

Develop P roper t y- Proper t y  C o r r e l a t i o n s  (H igh P r i o r i t y )  

3 )  Develop Techniques f o r  Measuring Gra in  Boundary Hel ium and 

I m p u r i t i e s  (Medium P r i o r i t y )  

It i s  w e l l  recogn ized t h a t  g r a i n  boundary chemis t r y  p l a y s  a s i g n i f i -  

c a n t  r o l e  i n  bo th  t h e  low and h i g h  temperature f r a c t u r e  behav ior  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 .  However, methods f o r  e v a l u a t i n g  t h e  

q u a n t i t y  o f  he l ium and i m p u r i t i e s  a t  t h e  g r a i n  boundar ies o f  austen-  

i t i c  s t a i n l e s s  s t e e l s  a r e  n o t  w e l l  developed. The problem i s  t w o f o l d :  
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I n t e r g r a n u l a r  f r a c t u r e  must be accomplished a t  low temperatures 

i n  a su r f ace  chem is t r y  probe i n  o r d e r  t o  make meaningful  g r a i n  

boundary chemis t ry  measurements. 

Q u a n t i t a t i v e  measurements o f  t h e  elements p resen t  must be made. 

Slow bend o r  t e n s i l e  t e s t s  o f  hydrogen-charged, notched samples 

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  have been s u c c e s s f u l l y  f r a c t u r e d  

i n  an Auger E l e c t r o n  spect rometer .  It i s  recommended t h a t  such 

a c a p a b i l i t y  be developed f o r  e v a l u a t i n g  i r r a d i a t e d  f u s i o n  reac-  

t o r  m a t e r i a l s .  Sem i- quan t i t a t i ve  measurement o f  g r a i n  boundary 

i m p u r i t i e s  i s  w i t h i n  t h e  present- day c a p a b i l i t i e s  o f  s u r f a c e  

chem is t r y  p robes ,wh i le  s i m i l a r  c a p a b i l i t i e s  do n o t  e x i s t  f o r  

g r a i n  boundary hel ium. 

s u r e  t h e  he l ium r e l e a s e  on f r a c t u r e  may be adequate i f  v e r y  

l i t t l e  he l ium remains adsorbed on t h e  f r a c t u r e  su r face .  

W r i t e  a Summary Report  on Hydrogen Embr i t t l ement  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  (Low P r i o r i t y )  

Use o f  a r e s i d u a l  gas ana l yze r  t o  mea- 

Hydrogen embr i t t l ement  o f  a u s t e n i t i c  s t e e l s  has been observed b o t h  

when a m a r t e n s i t e  phase i s  p resen t  i n  t h e  s t e e l  and when no m a r t e n s i t e  

phase can be detected.  I n  t h e  l a t t e r  i ns tance ,  g r a i n  boundary phos- 

phorus was suspected as c o n t r i b u t i n g  t o  the  embr i t t l emen t ,wh i l e  i t  

was a l s o  suggested t h a t  hydrogen r a i s e s  t h e  Md o f  a u s t e n i t e ,  and 

t he re fo re  

a u s t e n i t e  t o  ma r t ens i t e  t r a n s f o r m a t i o n  w i t h  deformat ion.  I n  any 

event,  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 s  a con- 

t r o v e r s i a l  t o p i c  b u t  one which shou ld  be c l o s e l y  watched by t h e  f u s i o n  

m a t e r i a l s  community. It i s ,  t h e r e f o r e ,  recommended t h a t  t h e  l i t e r a -  

t u r e  on t h i s  s u b j e c t  be s c r u t i n i z e d  ( i n c l u d i n g  t h e  proceeding o f  t h e  

r e c e n t  T h i r d  I n t e r n a t i o n a l  Conference on t h e  e f f e c t  o f  Hydrogen on 

t h e  Behav ior  o f  M a t e r i a l s )  and a DAFS q u a r t e r l y  r e p o r t  be w r i t t e n  sum- 

m a r i z i n g  these r e s u l t s .  

c o u l d  c o n t r i b u t e  t o  t h e  embr i t t l emen t  by encourag ing t h e  
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b. Ferritic S tee l s  

1 )  Evaluate the Role of Trace Impurities on Embrittlement (High 

P r io r i t y )  

Embrittlement of f e r r i t i c  s t e e l s  by the segregation of t race  impur- 
i t i e s  t o  grain boundaries i s  a well- established phenomena. 

s t e e l s  of i n t e r e s t  t o  fusion reactor  designers,  phosphorus and possi- 
bly su l fu r  segregation are of most concern. 
embrittlement when as  l i t t l e  as 0.02 monolayers i s  present a t  the 
grain boundaries of a high-strength s t e e l .  The complex in te rp lay  
between the segregation k ine t ics  of these elements and the quanti ty 
of chromium, molybdenum and manganese in the a l l oy  adds t o  the uncer- 
t a in ty  of embrittlement predictions f o r  f e r r i t i c  s t e e l s  i n  fusion 
reactor  blanket and f i r s t  wall applications.  Some questions which 
should be addressed include: 

In the 

Both elements can cause 

Does i r rad ia t ion  s ign i f i can t ly  increase segregation of t race  
impurit ies? 

What i s  the re la t ionsh ip  between strength increase due t o  i r r a -  

di a t i  on- and segregation -induced embr i t t l  ement? 

Are the t race impurity l imi t s  f o r  C u ,  P ,  e t c . ,  established f o r  
pressure vessel s t e e l s  adequate f o r  fusion applications? 

2 )  Develop Property-Property Correlations (High P r i o r i t y )  

The ra t iona le  f o r  this e f f o r t  i s  the same f o r  aus t en i t i c  and f e r r i t i c  
s t e e l s .  

3 )  Evaluate Saturation in DBTT of Pressure Vessel Steel and Rele- 
vance t o  Fusion Materials (Medium Pr io r i t y )  

A duc t i l e  t o  b r i t t l e  t r ans i t i on  temperature s h i f t  of 108°C was 
observed by N R L  f o r  HT-9 i r r ad i a t ed  t o  lo2' n/cm a t  420"C,while 
s h i f t s  of 45 t o  90°C have been measured f o r  1 2  Cr s t e e l s  i r rad ia ted  
t o  6 x lo1' n/cm a t  300°C. 

pressure vessel steels suggest a sa turat ion in ADBTT with fluence. 

2 

2 Recent survei l lance capsule r e su l t s  fo r  
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It i s  recommended t h a t  t h e  s u r v e i l l a n c e  pressure vessel  da ta  be 

eva lua ted  f o r  i t s  re levance  f o r  f u s i o n  a p p l i c a t i o n s  and t h a t  t h e  

change i n  DBTT w i t h  f l u e n c e  be modeled o r  eva lua ted  f o r  f u s i o n  

a p p l i c a t i o n s .  

4 )  Eva luate  t h e  P o t e n t i a l  f o r  Hydrogen Embr i t t l ement  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 )  

I t  was f e l t  t h a t  t h e r e  was a need t o  " f l a g "  t h e  need t o  eva lua te  t h e  

hydrogen embr i t t l emen t  o r  i r r a d i a t e d  f e r r i t i c  s tee ls ,as  i t  i s  known 

t h e  i r r a d i a t i o n  w i l l  i nc rease  t h e  y i e l d  s t r e n g t h  and t h a t  hydrogen 

embr i t t l emen t  o f  f e r r i t i c  s t e e l s  r e q u i r e s  l e s s  hydrogen w i t h  i n c r e a s-  

i n g  y i e l d  s t r e n g t h .  A lso,segregat ion o f  t r a c e  i m p u r i t i e s  w i l l  enhance 

t h e  s e n s i t i v i t y  o f  a f e r r i t i c  s t e e l  t o  hydrogen. Recent Sandia a n a l -  

y s i s  suggests t h a t  hydrogen concen t ra t i ons  i n  f e r r i t i c  s t e e l s  w i l l  be 

l e s s  than 1 ppm,which i s  below the  c r i t i c a l  concen t ra t i on  f o r  hydro-  

gen embr i t t l emen t  i n  u n i r r a d i a t e d  h i gh- s t r eng th  s t e e l  8 .  However, two 

concerns s t i l l  e x i s t :  a )  what i s  t h e  c r i t i c a l  concen t ra t i on  f o r  i r r a -  

d i a t e d  s t e e l s  and b)  what i s  t h e  c r i t i c a l  c o n c e n t r a t i o n  t o  cause a 

sharp crack t o  propagate.  O r i a n i  and Josephic ( l )  and Gerber ich (2) 
have shown t h a t  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  depends on hydrogen 

pressure i n  t h e  fo ! low ing  way: 

KTH = C1 - C 2  i n  P . 
H2 

There fo re ,  KTH decreases w i t h  i n c r e a s i n g  hydrogen pressure.  

i n  t h e  s t r e n g t h  o f  a s t e e l  by i r r a d i a t i o n  would presumably reduce C1.  
Changes 
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