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FOREWORD 

This r e p o r t  i s  t he  s i x t h  i n  a series of Quar t e r ly  Technical  Progress  
Reports  on ” A l l o y  DeveZopment f o r  Irradiation Performance” (ADIP) , which 
i s  one element of t he  Fusion Reactor  Materials Program, conducted i n  
suppor t  of t he  Magnetic Fusion Energy Program of the  U.S. Department of 
Energy. Other elements of t he  Ma te r i a l s  Program a r e :  

Damage Analysis and Fundamental Studies (DAFS) 

- Plasma-Materials Interaction (PMII - Special-Purpose Materials (SPM) 

The ADIP program element i s  a n a t i o n a l  e f f o r t  composed of c o n t r i-  
bu t ions  from a number of Nat iona l  Labora to r i e s  and o the r  government 
l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organized 
by t he  Materials and Rad ia t ion  E f f e c t s  Branch, Of f i ce  of Fusion Energy, 
DOE,  and a Task Group on A l l o y  Development f o r  Irradiation Performance, 
which ope ra t e s  under the ausp ices  of t h a t  Bvanch. The purpose of t h i s  
series of r e p o r t s  i s  t o  provide a working t e c h n i c a l  record  of t h a t  e f f o r t  
f o r  t he  use of the  program p a r t i c i p a n t s ,  f o r  the  fu s ion  energy program 
i n  g e n e r a l ,  and f o r  the  Department of Energy. 

This  r e p o r t  is organized along t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a 
Program Plan of t he  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments 
may be followed r e a d i l y  r e l z t i v e  t o  t h a t  Program Plan. Thus, t he  work 
of a given l a b o r a t o r y  may appear throughout t he  r e p o r t .  Chapters  1, 2 ,  
7 ,  and 8 review a c t i v i t i e s  on a n a l y s i s  and e v a l u a t i o n ,  test  methods 
development, s t a t u s  of i r r a d i a t i o n  experiments ,  and co r ros ion  t e s t i n g  
and hydrogen permeation s t u d i e s ,  r e spec t ive ly .  These a c t i v i t i e s  relate  
t o  each of t he  a l l o y  development paths.  Chapters  3 ,  4 ,  5, and 6 p re sen t  
t h e  ongoing work on each a l l o y  development path. The Table of Contents 
i s  annota ted  f o r  the  convenience of t he  reader .  

This r e p o r t  has been compiled and e d i t e d  under the  guidance of the  
Chairman of t he  Task Group on A l l o y  Development f o r  Irradiation Performance, 
E. E. Bloom, Oak Ridge Nat iona l  Laboratory,  and h i s  e f f o r t s ,  those  of the  
suppor t ing  s t a f f  of ORNL and the  many persons who made t e c h n i c a l  c o n t r i-  
bu t ions  a r e  g r a t e f u l l y  acknowledged. T. C. Reuther ,  Materials and Radia t ion  
E f f e c t s  Branch, is the  Department of Energy Counterpart  t o  t he  Task Group 
Chairman and has r e s p o n s i b i l i t y  f o r  the  ADIP Program wi th in  DOE. 

Klaus M. Zwilsky, Chief ,  
Materials and Rad ia t ion  E f f e c t s  Branch 
O f f i c e  of Fusion Energy 
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Elevated temperature fa t igue crack growth dnta ?as 
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tension specimens. 
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thermal ea ture  cross section of tantalum [about 
2.0 x 
but also the displacement rate i n  the experimental capsule 
as  a resul t  of localized reduction i n  the number of 
f i s s i o n s .  
partly o f f s e t  by increasing the  f u e l  loading i n  adjacent 
core pieces. 

The technique produced reliable 

2 . 2  S t a t u s  of an In-Reactor Fa t igue  Crack Propagat ion 

2.3 Neutronic Design of S p e c t r a l  T a i l o r i n g  Experiments 

m2 ( 2 0  bi? reduces not only the thermal f l u  

This reduction i n  displacement rate can be 
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contain specimens a t  300 and 40O0C, and the second w i l l .  
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fabricated f o r  a bench t e s t  of the experiment, and a 
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ment l e ce l s  of 7 t o  1 5  dpa and helium contents of 250 t o  
860 a t .  ppm. 
t e s t s  were performed with s t ra in  mnges of 0.40 t o  2.0%. 
The specimens were irradiated and tested ut 430%' and 
tes ted  i n  a vacuum a t  a pressure below Pa. The 
f a t i gue  l i f e  was reduced by fac tors  of 3 t o  10.  We are 
studying fracture  surfuces and will subsequently report 
the  resu l t s .  

FuZty reversed s t ra in  controlled fa t igue 
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1. ANALYSIS AND EVALUATION STUDIES 

The des igns  f o r  power-producing fus ion  r e a c t o r s  are i n  a very 

embryonic and r a p i d l y  changing state.  Requirements f o r  materials 

performance are thus  not  well defined.  However, r ega rd l e s s  of the  

f i n a l  de s igns ,  t h e  environment w i l l  c l e a r l y  be extremely demanding 

on materials i n  r e g i o n s  of h igh  neutron f l ux .  One cannot i d e n t i f y  a 

c l a s s  of a l l o y s  on which t he  development e f f o r t s  should focus - t hus  

t h e  p a r a l l e l  pa ths  of t he  Alloy Development Program. The combination 

of r e a c t o r  des igns  t h a t  a r e  evolving and t h e  n e c e s s i t y  f o r  inc luding  

a l l o y s  wi th  widely d i f f e r e n t  phys i ca l ,  chemical ,  and mechanical prop- 

e r t i e s  i n  t he  program could lead  t o  an impossibly l a r g e  number of 

p o t e n t i a l  problems and p o s s i b l e  s o l u t i o n s .  Analysis  and eva lua t ion  

s t u d i e s  are an e s s e n t i a l  p a r t  of the  Alloy Development Program i n  

o rde r  t o  t r a n s l a t e  fu s ion  r e a c t o r  performance goa l s  i n t o  material 

p rope r ty  requirements  and t o  i d e n t i f y  c r u c i a l  and gene r i c  problems 

on which development a c t i v i t i e s  should be focused. As  the Alloy 

Development Program proceeds and a b e t t e r  understanding of the  behavior 

of materials i n  p o t e n t i a l  fu s ion  r e a c t o r  environments i s  a t t a i n e d ,  

t h e s e  s t u d i e s  w i l l  a l s o  i d e n t i f y  problems t h a t  w i l l  n e c e s s i t a t e  design 

s o l u t i o n s .  

1 
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1.1 ESTABLISHMENT OF A MATERIALS HANDBOOK FOR FUSION REACTOR SYSTEMS - 
J. W .  Davis (McDonnell Douglas) 

1.1.1 ADIP Task 

Task Number l . A . l  - Define M a t e r i a l  P roper ty  Requirements and Make 

S t r u c t u r a l  L i f e  P r e d i c t i o n s .  , 

1 . 1 . 2  Objec t ive  

To e s t a b l i s h  a m a t e r i a l s  d a t a  book f o r  use i n  t h e  des ign and a n a l y s i s  

of n e a r  t e r m  and conceptual  f u s i o n  r e a c t o r  systems. 

1 . 1 . 3  Summary 

The M a t e r i a l s  and Rad ia t ion  E f f e c t s  branch of t h e  O f f i c e  of Fusion 

Energy i s  i n  t he  p rocess  of developing a M a t e r i a l s  Handbook f o r  Fusion 

Reactor Systems (MHFS). The handbook w i l l  be  s i m i l a r  i n  format t o  t he  

Nuclear Systems M a t e r i a l s  Handbook developed f o r  t h e  b reeder  r e a c t o r  

program b u t  w i l l  c o n t a i n  m a t e r i a l s  and m a t e r i a l  p r o p e r t i e s  t h a t  a r e  

r e l e v a n t  t o  t h e  f u s i o n  program. The c o n t e n t s  of t he  MHFS w i l l  i n i t i a l l y  

be l i m i t e d  t o  t h e  f i r s t  w a l l  and b lanke t  s t r u c t u r a l  m a t e r i a l s ,  and w i l l  

be  made a v a i l a b l e  t o  those  involved i n  f u s i o n  des ign  and system s t u d i e s .  

Based on in format ion  rece ived  from key personnel  c u r r e n t l y  working on t h e  

ETF, INTOR,  and t h e  commercial tokamak p r o j e c t s ,  t he  s t r u c t u r a l  m a t e r i a l s  

of most i n t e r e s t  t o  them a r e  20% cold  worked 316 s t a i n l e s s  s t e e l ,  f e r r i t i c  

a l l o y s ,  and t i t a n i u m  a l l o y s .  There fore ,  f o r  t h e  near  term (next 6 months) 

e f f o r t s  w i l l  be  d i r e c t e d  t o  develop d a t a  s h e e t s  on t h e s e  a l l o y s  f o r  

i n c l u s i o n  i n  t h e  handbook. 

1 . 1 . 4  P rogress  and S t a t u s  

The des ign  and a n a l y s i s  of v a r i o u s  components i n  near  term and 

commercial f u s i o n  r e a c t o r  concepts  has  reached t h e  l e v e l  of s o p h i s t i c a t i o n  

t h a t  a c o n s i s t e n t  source  of m a t e r i a l s  d a t a  i s  needed, p a r t i c u l a r l y  wi th  

r e s p e c t  t o  r a d i a t i o n  damage. Recognizing t h i s  need,  t h e  M a t e r i a l s  and 

Rad ia t ion  E f f e c t s  Branch of t h e  O f f i c e  of Fusion Energy i s  e s t a b l i s h i n g  

a M a t e r i a l s  Handbook f o r  Fusion Reactor Systems (MHFS). This handbook 

w i l l  be  similar i n  format t o  t h e  Nuclear Systems Materials Handbook (NSMH) 
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but  w i l l  cover m a t e r i a l s  and d a t a  t h a t  may n o t  be  of i n t e r e s t  t o  t h e  

g e n e r a l  b reeder  r e a c t o r  community. 

d a t a  book w i l l  be  handled through R .  A .  Moen of  t h e  M a t e r i a l s  Appl ica t ions  

branch of t h e  Hanford Engineering Development l a b o r a t o r y  whi le  p r e p a r a t i o n  

of t h e  d a t a  s h e e t s  w i l l  be handled by a sub task  group of  A D I P .  

r e l a t i o n s h i p  of t h i s  sub task  group t o  ADIP and i n  t u r n  t o  t h e  NSMH 

committee i s  shown i n  F igure  1.1.1. 

t i o n  Subtask group t h e  committee f o r  t h e  MHFS w i l l  be  responsive  t o  no t  

only t he  f u s i o n  des ign  needs b u t  a l s o  t h e  improvements i n  m a t e r i a l s  proper-  

t ies o r  new d a t a  t h a t  i s  being developed through t h e  ADIP program. 

P u b l i c a t i o n  and d i s t r i b u t i o n  of t h i s  

The 

A s  p a r t  of t h e  Analys is  and Evalua- 

The success  and acceptance of t h e  MHFS by t h e  v a r i o u s  f u s i o n  p r o j e c t s  

i s  dependent no t  only  on t h e  q u a l i t y  o f  t h e  d a t a  but a l s o  upon t h e  dep th  

and unders tanding of m a t e r i a l  behavior  t h a t  went i n t o  t he  p r e p a r a t i o n  of  

the  d a t a  s h e e t s .  There fore ,  t h i s  handbook cannot be t he  product of any 

one i n d i v i d u a l  o r  any one o r g a n i z a t i o n  bu t  m u s t  r e f l e c t  t h e  c o n t r i b u t i o n s  

of a number of o r g a n i z a t i o n s .  Towards t h i s  end a committee f o r  t h e  MHFS 

was e s t a b l i s h e d  wi th  p a r t i c i p a n t s  from 7 d i f f e r e n t  l a b o r a t o r y  and indus- 

t r i a l  o r g a n i z a t i o n s .  

Each of t h e  members o f  t h i s  committee w i l l  be r e s p o n s i b l e  f o r  t he  

p r e p a r a t i o n  of p a r t  of t he  handbook. 

members of t h i s  committee a long w i t h  t h e i r  a r e a  of r e s p o n s i b i l i t y  and t h e  

o r g a n i z a t i o n  they a r e  from. 

F igure  1 . 1 . 2  shows t h e  t e n t a t i v e  

The a n a l y s i s  and Evaluat ion Subtask group w i l l  r e c e i v e  i n p u t s  through 

both t h e  ADIP o r g a n i z a t i o n  and recommendations o r  sugges t ions  fo r  d a t a  

needs from t h e  des ign p r o j e c t s  such a s  ETF and Commercial Tokamak. 

on t h e s e  i n p u t s  t he  Analys is  and Evaluat ion Subtask group w i l l  e s t a b l i s h  

d a t a  needs and p r i o r i t i e s ,  wi th  ADIP Task Group Approval. 

e s tab l i shment  of d a t a  p r i o r i t i e s ,  t h e  key i n d i v i d u a l s  of t h e  d a t a  book 

committee w i l l  be  asked t o  p repare  t h e  necessa ry  d a t a  s h e e t s .  That 

i n d i v i d u a l  h a s  t h e  o p t i o n  of p repar ing  t he  d a t a  s h e e t s  and suppor t ing  

documentation on h i s  own o r  t o  convene a smal l  working group t o  a s s i s t  i n  

t h e  p r e p a r a t i o n  of t h e  d a t a  s h e e t s .  

mi t t ed  t o  t h e  Chairman o f  t h e  MHFS Committee who w i l l  c o o r d i n a t e  t he  

review and approval  p rocess .  

review group c o n s i s t i n g  of a p p r o p r i a t e  members of t h e  MHFS Committee and 

Based 

With t h e  

The p r e p a r e d  d a t a  s h e e t s  w i l l  be  sub- 

The review w i l l  be accomplished through a 
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FIGURE 1.1.2 MATERIALS HANDBOOK FOR FUSION REACTOR 
SYSTEM DATA COMMITTEE MEMBERS 

Chairman - J .  W.  Dav is  

Members 

F. W.  W i f f e n  

D. L .  Smith 

3.  J .  Holmes 

S. M. Rosenwasser 

R. E. Gold 

J .  W .  Davis/R. E. Gold 

J .  J .  Holmes 

S. M. Rosenwasser 

J .  H.  DeVan 

D. L .  Smi th  

V .  A.  Maroni  

D. J .  Miche l  

O r g a n i z a t i o n  

ORNL 

ANL 

HEDL 

GA 

Westinghouse 

MDAC/Westi nghouse 

HEDL 

GA 

DRNL 

ANL 

ANL 

NRL 

Area o f  R e s p o n s i b i l i t y  

PATH A, i r r a d i a t e d  

PATH A, u n i r r a d i a t e d  

PATH 5, i r r a d i a t e d  

PATH B, u n i r r a d i a t e d  

PATH C, i r r a d i a t e d  

PATH C, u n i r r a d i a t e d  

PATH D ( f e r r i t i c )  i r r a d i a t e d  

PATH D ( f e r r i t i c )  u n i r r a d i a t e d  

C o m p a t i b i l i t y  - Coo lan t  

C o m p a t i b i l i t y  - Breeder  M a t e r i a l  

T r i t i u m  T r a n s p o r t  & R e t e n t i o n  

F r a c t u r e  Mechanics P r o p e r t i e s  



6 

people o u t s i d e  t h e  committee who may be d e s i g n e r s  o r  s t r u c t u r a l  a n a l y s t s  

i n  o r d e r  t o  achieve a balanced review. This  review group w i l l  a l s o  have a 

Chairman who w i l l  b e  a member of t h e  MHFS Committee and w i l l  be  respon- 

s i b l e  f o r  coord ina t ing  t h e  r e s u l t s  of t h e  reviewers  and make recommenda- 

t i o n s  on t h e  d i s p o s i t i o n  of  t h e  d a t a  s h e e t .  The Chairman of t h e  MHFS w i l l  

then review t h e s e  comments and t a k e  t h e  necessa ry  a c t i o n ,  e i t h e r  t o  r e t u r n  

t he  d a t a  s h e e t  t o  t he  p repare r  o r  forward i t  t o  HEDL f o r  p r i n t i n g  and 

d i s t r i b u t i o n  t o  t h e  handbook h o l d e r s .  

I n i t i a l l y  d a t a  i n  t h e  MHFS w i l l  be  l i m i t e d  t o  t h e  f i r s t  w a l l  and 

b lanke t  s t r u c t u r a l  m a t e r i a l s  and a s  t h e  d a t a  book develops expanded t o  

inc lude  c o o l a n t s  and breeding m a t e r i a l s .  The n e a r  term o b j e c t i v e s ,  i . e . ,  

6-8 months, i s  t o  have t h e  handbook c o n t a i n  u n i r r a d i a t e d  d a t a  s h e e t s  on 

20% cold  worked 316 s t a i n l e s s  s t e e l ,  f e r r i t i c  a l l o y s  (HT-9, and 9 Cr-lMo), 

and t i t a n i u m  a l l o y s  Ti-6A1-4V and Ti-6242s and i r r a d i a t e d  d a t a  s h e e t s  on 

20% c o l d  worked 316 s t a i n l e s s  s t e e l .  The i r r a d i a t e d  d a t a  s h e e t s  w i l l  

e s s e n t i a l l y  be  based on e x i s t i n g  d a t a  b u t  modified t o  account f o r  t r a n s-  

muted helium. I f  p o s s i b l e ,  t h e  e x i s t i n g  p r e d i c t i v e  equa t ions  f o r  s w e l l i n g  

and i r r a d i a t i o n  c reep  of 316 w i l l  b e  modified f o r  f u s i o n  use .  

During t h i s  q u a r t e r  t he  e f f o r t  h a s  been d i r e c t e d  towards e s t a b l i s h i n g  

t h e  MHFS Committee, determining t h e  t i t l e  of t he  book and i t s  c o l o r ,  

e s t a b l i s h i n g  a d i s t r i b u t i o n  l i s t  f o r  p o t e n t i a l  handbook u s e r s  and t o  d e t e r-  

mine a p r i o r i t y  f o r  i n c l u s i o n  of  m a t e r i a l s  i n  t h e  handbook. 

1.1.5 Conclusions and Fu ture  Work 

Based on d i s c u s s i o n s  w i t h  OFE and v a r i o u s  members of ADIP,  t h e  t i t l e  

of t h e  handbook w a s  s e l e c t e d  t o  be  M a t e r i a l s  Handbook f o r  Fusion Reactor  

Systems and w i l l  bear  t h e  documentation number DOE/TIC-10122. 

d a r k  blue  i n  c o l o r  and should be  a v a i l a b l e  sometime i n  October. 

I t  w i l l  be  

A t e n t a t i v e  l i s t  of r e c i p i e n t s  of t h e  handbook has been prepared and 

l e t t e r s  announcing t h e  format ion of  t he  book has  been d i s t r i b u t e d .  Those 

wishing t o  r e c e i v e  cop ies  of t h e  book and have n o t  received let ters 

i n d i c a t i n g  t h a t  they a r e  on t h e  d i s t r i b u t i o n  l i s t  should c o n t a c t  R .  A .  Moen 

a t  HEDL. The t e n t a t i v e  d i s t r i b u t i o n  i s  over 70 i n d i v i d u a l s  r e p r e s e n t i n g  

33 o r g a n i z a t i o n s  involved i n  f u s i o n  r e l a t e d  s t u d i e s .  
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Discuss ions  w i t h  key personnel  involved i n  t h e  ETF, INTOR,  and 

Commercial Tokamak s t u d i e s  have revea led  t h a t  t he  a l l o y s  they a r e  

c u r r e n t l y  i n t e r e s t e d  i n  a r e  316 s t a i n l e s s  s t e e l ,  f e r r i t i c  s t e e l s ,  and 

t i t a n i u m  a l l o y s .  Therefore  f o r  t h e  near  term (next 6 months) e f f o r t  w i l l  

b e  d i r e c t e d  toward p repar ing  d a t a  s h e e t s  on t h e s e  a l l o y s  in o r d e r  of 

p r i o r i t y  a s  they a r e  l i s t e d  above. 



a 

1 . 2  FERRITIC STAINLESS STEELS FOR FUSION APPLICATIONS - L.  D.  Thompson 

and S .  N .  Rosenwasser 

1 .2 .1  ADIP Task 

ALIIP Task I . A . l ,  Define m a t e r i a l  p roper ty  requirements and make 

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

1 . 2 . 2  Objec t ive  

The o b j e c t i v e  of t h i s  s t u d y  i s  t o  assess t h e  f e a s i b i l i t y  of incor-  

p o r a t i n g  ferromagnet ic  ( m a r t e n s i t i c )  s t e e l s  i n  f u s i o n  r e a c t o r  des igns  

and t o  e v a l u a t e  t he  advantages of t h i s  c l a s s  of m a t e r i a l  w i t h  r e s p e c t  t o  

f i r s t  w a l l l b l a n k e t  l i f e t i m e .  The p e r t i n e n t  exper ience  b a s e  i s  be ing  

eva lua ted ,  and t h e  i r r a d i a t e d  and u n i r r a d i a t e d  p roper ty  d a t a  needed f o r  

t he  a p p l i c a t i o n  of f e r r i t i c  s t a i n l e s s  s t e e l s  i n  fus ion  des igns  a r e  

be ing  def ined  as p a r t  o f  this t a s k .  

1 . 2 . 3  Summary 

The a p p l i c a t i o n s  base  and performance h i s t o r y  of 9-12 C r  s t e e l s  

p e r t i n e n t  t o  use i n  f u s i o n  r e a c t o r s  was assessed .  The most s i g n i f i c a n t  

long- term high temperature  usage has  been i n  European f o s s i l - f i r e d  

power p l a n t s ,  where performance of welded s t r u c t u r e s  has  been e x c e l l e n t .  

A d e t a i l e d  m e t a l l u r g i c a l  e v a l u a t i o n  by General Atomic Co./Sulzer Brothers  

of an FIT-9 superhea te r  tube  a f t e r  80,000 hours  of s e r v i c e  i n d i c a t e d  good 

thermal s t a b i l i t y ,  e x c e l l e n t  r e s i d u a l  mechanical p r o p e r t i e s ,  and reduced 

but s i g n i f i c a n t  impact toughness.  

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

were i d e n t i f i e d  as t h e  adequacy of f r a c t u r e  r e s i s t a n c e ;  performance i n  

t he  f u s i o n  i r r a d i a t i o n  environment,and t he  a c c e p t a b i l i t y  of f a b r i c a t i o n /  

welding c h a r a c t e r i s t i c s .  

cand ida te  a l l o y s ,  commercial HT-9 (12 C r - 1  Mo) and developmental 9 C r -  

1 Mo, i n d i c a t e d  s i g n i f i c a n t  need f o r  i r r a d i a t i o n  performance d a t a .  

The r e s u l t s  of a d a t a  base  assessment of 

1 .2 .4  P rogress  and S t a t u s  

The work dur ing  t h i s  r e p o r t i n g  p e r i o d  emphasized an assessment of 
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t h e  a p p l i c a t i o n  exper ience  and performance of 9-12 C r  s t e e l s ,  a d e t a i l e d  

m e t a l l u r g i c a l  e v a l u a t i o n  o f  an HT-9 superhea te r  tube a f t e r  80,000 hours 

s e r v i c e  i n  a German power p l a n t ,  and an i d e n t i f i c a t i o n  of major i s s u e s /  

d a t a  needs f o r  use  of m a r t e n s i t i c  s t e e l s  i n  f u s i o n  component des igns .  

The r e s u l t s  of t h i s  work a r e  d i scussed  below. 

1 . 2 . 4 . 1  Appl ica t ion  Experience 

The c l a s s  of 9- 12 C r  steels has  been used e x t e n s i v e l y  i n  power 

genera t ion  a p p l i c a t i o n s  throughout Europe f o r  over  25 y e a r s .  While most 

of t h e s e  a p p l i c a t i o n s  have been d i r e c t e d  towards s u p e r h e a t e r s ,  

r e h e a t e r s ,  and  evapora to rs  f o r  o i l -  and c o a l- f i r e d  power p l a n t s ,  much 

exper ience  and performance h i s t o r y  in format ion  p e r t i n e n t  t o  f u s i o n  

a p p l i c a t i o n  has  been generated.  In a d d i t i o n  t o  f o s s i l  power p l a n t  

a p p l i c a t i o n s ,  t h i s  c l a s s  of steels h a s  been employed i n  n u c l e a r  power 

p l a n t s .  

s u p e r h e a t e r s  and r e h e a t e r s  a r e  9 and 12 C r  steels.' 

F o r t  S t .  Vrain  HTGR employs s tandard  410 and 422 (12 Cr) s t a i n l e s s  s t e e l  

grades i n  t he  helium c i r c u l a t o r s  and compressors. '  

have included gas and steam t u r b i n e  components, a i r c r a f t  and m i s s i l e  

th in- wal l  p r e s s u r e  v e s s e l s ,  and petroleum i n d u s t r y  p r e s s u r e  v e s s e l  

l i n i n g s .  3 

I n  t he  Hinkley Po in t  "B" AGR r e a c t o r  i n  t he  United Kingdom, 

I n  t h e  U.S. ,  t h e  

Other a p p l i c a t i o n s  

Other proposed n u c l e a r  a p p l i c a t i o n s  f o r  9-12 C r  s t e e l s ,  p r e s e n t l y  

under c o n s i d e r a t i o n ,  inc lude  d u c t s ,  c ladd ing ,  and steam g e n e r a t o r s  f o r  

t h e  U . S .  LMFBR and GCFR, s team g e n e r a t o r s  f o r  t h e  Japanese FBR, d u c t s  

and steam genera to rs  f o r  t h e  French Super Phenix,  steam g e n e r a t o r s ,  

h e l i u m h e l i u m  h e a t  exchangers,  helium c i r c u l a t o r s ,  and steam p i p i n g  

f o r  t h e  U.S. HTGR, and steam genera to rs  f o r  t h e  U.S. LWR. 

ltro of t he  l a r g e s t  u s e r s  f o r  f o s s i l  p l a n t s  i n  Europe have been 

Su lze r  Bro thers  (Switzer land)  and t h e  United Kingdom C e n t r a l  E l e c t r i c i t y  

Generating Board (CEGB). T a b l e 1 . 2 . l i n d i c a t e s  t h e  performance and f a i l u r e  

h i s t o r i e s  f o r  t h e s e  two o r g a n i z a t i o n s ,  I n  t h e  U.K. ,  CEGB has 25 opera t-  

i n g  f o s s i l  power p l a n t s  wh ich  use  9 and 12 C r  stee1s.l 

temperatures  were as high as 85OoC, b u t  s u c c e s s f u l  long- term o p e r a t i o n  

temperatures  were l i m i t e d  t o  t h e  range of 60Oo-650"C maximum. 

Appl ica t ion  

A t  t h e  
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Table 1 . 2 . 1 .  Foreign Usage and Performance of 
9-12 C r  Steels i n  F o s s i l  Power P l a n t s  

L O C A T I O N  USAGE A L L O Y  

12 P L A N T S  

U S T R I A  

E L G I U M  96 TONS 

Z E C H O S L O V A K I A  

E R M A N Y  

N I T Z E R L A N O  

U R K E Y  > 250 TONS 

U G O S L A V I A  

12 CrMo 

9 CrMo 

12 CrMo IV ,  W) 

T E M P E R A T U R E  
PCI 

~~ 

450 - 660 

430 - 850 

610 

610 

S E R V I C E  
S T A T U S  
IKHrrl 

~ 

110 

45 
___ 

110 

130 

F A I L U R E  
HISTORY 

1 F A U L T Y  W E L O  

1 F A U L T Y  WELO R E P A I R  

F I R E S I D E  CORROSION 

O V E R H E A T I N G  ,I 650'C 

1 F A U L T Y  W E L D  REPAIR 

FIRESIDE C O R R O S I O N  

higher  temperatures ,  overhea t ing  c o n t r i b u t e d  t o  a s i g n i f i c a n t  amount o f  

c reep  damage wi th  correspondingly  s h o r t e r  r u p t u r e  l i v e s .  Of p a r t i c u l a r  

i n t e r e s t  i s  t he  r e l a t i v e l y  few weld f a i l u r e s .  Welding m u s t  be performed 

fol lowing a c a r e f u l  procedure i n v c l v i n g  pre-  and post-weld h e a t  t r e a t -  

ments. Only two f a i l u r e s  have been r e p o r t e d  which r e l a t e d  d i r e c t l y  t o  

welding. 

In t he  lower p a r t  of Table 1 . 2 . 1  t h e  c o u n t r i e s  and t o t a l  tonnages 

a r e  repor ted  f o r  S u l z e r  Brothers  f o s s i l  pover  plant^.^ 
o p e r a t i n g  performance wi th  on ly  l i m i t e d  f a i l u r e s  has  been observed.  

Again, e x c e l l e n t  

1.2.4.2 M e t a l l u r g i c a l  Performance Eva lua t ion  of HT-9 

In o r d e r  t o  q u a n t i f y  t he  long- term high- temperature s e r v i c e  per-  

formance of cand ida te  m a r t e n s i t i c  s t a i n l e s s  s t e e l  f o r  f u s i o n  a p p l i c a t i o n ,  

General Atomic, i n  con junc t ion  w i t h  S u l z e r ,  eva lua ted  t h e  behav ior  of 

HT-9 (DINX20CrMoVW121) superhea te r  tub ing  from a welded b o i l e r  i n  t he  

Reut l ingen,  Germany c o a l- f i r e d  power p l a n t .  Tubes were removed from 

s e r v i c e  a f t e r  80,000 hours a t  temperatures  n e a r  600°C. 

720 normal o p e r a t i n g  s ta r t s / shu tdowns  (50 from room tempera tu re ) ,  t h e  

tube had a l s o  exper ienced s i x  o f f  nominal thermal shocks r e l a t e d  t o  

In a d d i t i o n  t o  
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power f a i l u r e s  a t  t h e  p l a n t .  The tubes  were sub jec ted  t o  r e l a t i v e l y  low 

s t r e s s e s  of approximately 20-50 m a .  

The i n t e r r u p t e d  s e r v i c e  e v a l u a t i o n  inc luded  s t r e s s- r u p t u r e ,  t e n s i l e  

i n  t he  temperature  range of 23°-6000C, Charpy V-notch impact toughness,  

and m i c r o s t r u c t u r a l  e v a l u a t i o n .  The p r o p e r t i e s  of unexposed tub ing  were 

determined s imul taneously  f o r  comparison. 

F igure  1 . 2 . 1  shows the  curves ob ta ined  i n  t h e  s t r e s s- r u p t u r e  t e s t s  

w i t h  s t r e s s  p l o t t e d  a s  a f u n c t i o n  of t he  Larson-Miller pa ramete r s?  

L O G  
STRESS, 
a (MPa) 

400 

100 
80 

60 

40 

2o t 
10 ? 

15 16 17 18 19 20 21 22 

LARSON-MILLER PARAMETER, P = T (20 + LOG t )  1103 

Fig.  1 .2 .1 .  E f f e c t  of 80,000 hour ,  600°C Serv ice  Exposure on HT-9 
Stress-Rupture P r o p e r t i e s  

Overaging o f  c a r b i d e s  a f t e r  80,000 hours  of i n- s e r v i c e  exposure decreased 

s t r e s s- r u p t u r e  l i f e t i m e s ,  p a r t i c u l a r l y  a t  t he  h igher  stress l e v e l s .  A s  

i n d i c a t e d  by Fig .  1 . 2 . 1 ,  the  r e s i d u a l  c reep  p r o p e r t i e s  were q u i t e  good 



compared t o  p r o p e r t i e s  be fore  s e r v i c e .  It should a l s o  be mentioned t h a t  

t o t a l  creep s t r a i n s  d i d  no t  change s i g n i f i c a n t l y .  Figure  2 shows t he  

700 

600 

500 

(MPd 4oo 
STRESS, 

300 

200 

100 

0 

ULTIMATE TENSILE - BEFORE SERVICE -- - AFTER SERVICE - STRENGTH 

- 

- 
0.2% YIELD STRENGTH - ---_ -- --- r 

~ 

~ 

- ELONGATION 

- 
- 10 

I I 0 ~ ~ 1- --_L- -I I 

r o o m  and e levated- temperature  t e n s i l e  p r o p e r t i e s  determined and, aga in ,  

s t r e n g t h  p r o p e r t i e s  were only  s l i g h t l y  reduced after  long- term s e r v i c e  

and the  t e n s i l e  d u c t i l i t i e s  remained q u i t e  c l o s e  t o  p re- serv ice  values  

over t h e  e n t i r e  t e s t  temperature  range.  Figure  1 . 2 . 3  shows t h e  impact 

toughness values  obta ined a t  22' afid - 4 5 " C ,  f o r  half-width specimens. 

Impact toughness decreased,  however, s u b s t a n t i a l  toughness remained 

even a t  -45°C. This  a l l o y  (HT-9) undergoes a t r a n s i t i o n  i n  impact 

f r a c t u r e  behavior  from d u c t i l e  t o  b r i t t l e  wi th  decreas ing  temperature ,  

and fo l lowing  t he  s e r v i c e  exposure,  t he  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  

temperature  (DBTT) s h i f t e d  t o  a somewhat h igher  temperature ,  a l though 

t he  p r e c i s e  DBTT w a s  n o t  determined i n  t h e s e  tests. 

Transmission e l e c t r o n  microscopy was employed t o  s tudy  t he  micro- 

s t r u c t u r a l  changes o c c u r r i n g  wi th  t he  s e r v i c e  exposure.  Overa l l  

s t r u c t u r a l  s t a b i l i t y  appeared t o  be  e x c e l l e n t  wi th  t he  most prominent 

f e a t u r e  noted a s  t h e  enhanced p r e c i p i t a t i o n  of M C c a r b i d e s  a t  23 6 
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Fig.  1.2.3.  E f f e c t  of 80,000 hour ,  600°C Serv ice  Exposure 
on HT-9 Impact P r o p e r t i e s  

m a r t e n s i t e  i n t e r l a t h  boundar ies .  

phase w a s  a l s o  noted b u t  w a s  n o t  found t o  be  morphological ly  d e t r i m e n t a l  

t o  t h e  mechanical p r o p e r t i e s .  

was most l i k e l y  a s s o c i a t e d  w i t h  t he  ca rb ide  p r e c i p i t a t i o n .  Thus, t h e  

e f f e c t s  of  a long- term s e r v i c e  exposure d i d  not  l e a d  t o  dramat ic  reduc- 

t i o n s  i n  mechanical p r o p e r t i e s ,  c o n s i s t e n t  w i t h  t h e  o v e r a l l  good thermal 

s t a b i l i t y  of HT-9. 

Some p r e c i p i t a t i o n  of a Fe2Mo l a v e s  

The decrease  in impact toughness p r o p e r t i e s  

1 . 2 . 4 . 3  Key I s s u e s  and Major Data Requirements 

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

less steels f o r  f u s i o n  a p p l i c a t i o n s  were i d e n t i f i e d  as the f r a c t u r e  

r e s i s t a n c e  ( t h e  change i n  f r a c t u r e  toughness w i t h  d e c r e a s i n g  t empera tu re ) ,  

the  e f f e c t  of s imulated f u s i o n  i r r a d i a t i o n  on t h e  mechanical p r o p e r t i e s ,  

and t h e  w e l d a b i l i t y  and f a b r i c a b i l i t y  p e r t i n e n t  t o  t h e  c o n s t r u c t i o n  and 
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maintenance of fusion reactor components. If these issues are resolved 

it is possible that martensitic stainless steels could be selected for 

the construction of some components in the Engineering Test Facility 

(ETF) . 
An assessment of the data base which exists for HT-9 and the develop- 

mental Combustion Engineering/ORNL 9 Cr-1 Mo alloy was completed. 
Table 1.2.2 shows the properties of interest and the status of reported 

properties. It is obvious that a comprehensive testing program, with 

emphasis on fracture related properties, irradiation performance, and 

fabrication feasibility issues will be required to fully assess the 

potential of martensitic steels for ETE' and subsequent fusion devices. 

Table 1.2.2. Current Data Base for HT-9 and Modified 9 Cr-1 Mo 

PROPERTY 

TENSILE 

STRESS-R UPTURE 

CREEP 

VOID SWELLING 

CREEP-FATIGUE 

FATIGUE CRACK GROWTH 

FRACTURE TOUGHNESS 

IMPACT TOUGHNESS 

WELD PROPERTIES 

COOLANT COMPATlBlLlTl  

PHYSICAL PROPERTIES 

MAGNETIC PROPERTIES 

HT- 
JNIRRADIATED 

0 

0 

9 

0 

0 

0 

0 

9 

0 

0 

9 

R RAD I ATE [ 

9 

0 
0 

9 

0 

0 

0 

9 

0 
0 

0 
0 

MOOlFlEO 
JNIRRAOIATE[ 

0 

9 

0 

9 

0 

0 

9 

0 

0 

0 

9 

. - 1  Mo 
RRAOIATE[  

0 

0 
0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 NONE REPORTEO 9 INSUFFICIENT FOR ETF 
DESIGN 

0 SUFFlCl ENT FOR ETF 
DESIGN 
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2. TEST MATRICES AND TEST METHODS DEVELOPMENT 

An important p a r t  of the a l l o y  development e f f o r t  is the  d e f i n i t i o n  

of test  matrices and development of test  methods. The a l l o y  development 

s t r a t e g y  w i l l  proceed through s t a g e s  r e q u i r i n g  tests  of gene ra l ly  in-  

c r e a s i n g  d i f f i c u l t y  and complexity. 

1. Scoping tests  w i l l  be used t o  make r e l a t i v e  judgments between 

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

Such tes ts ,  which w i l l  be used where l a r g e  numbers of v a r i a b l e s  are 

involved,  must be r ap id ,  s imple,  and dec i s ive .  

2. Developmental tests w i l l  h e  used f o r  op t imiza t ion  of the  P r i m e  

Candidate Alloys. They w i l l  he broader and more ex t ens ive  than the  

scoping tests. In- reac tor  t e s t i n g  w i l l  he an important  p a r t  of t h i s  

work. 

3. Engineering proper ty  tests  w i l l  be devised t o  provide the broad 

d a t a  base needed f o r  r e a c t o r  design.  

17 
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2 . 1  ELEVATED TEMPERATURE FATIGUE CRACK GROWTH TESTING U S I N G  MINIATURE 

SPECIMEN TECHNOLOGY - D. A .  Mervyn (Hanford Engineering Development 

Laboratory) .  

2 . 1 . 1  A D I P  Task 

Task I . A . 2 ,  d e f i n e  t e s t  matr ices  and t e s t  procedures .  

2.1.2 Object ive  

An e l e c t r i c a l  p o t e n t i a l  technique of measuring c rack  growth has  been 

adapted t o  h igh temperature  f a t i g u e  t e s t i n g  on m i n i a t u r e  center- cracked-  

t e n s i o n  specimens i n  an e f f o r t  t o  develop t h e  technology r e q u i r e d  t o  char-  

a c t e r i z e  t h e  p o s t - i r r a d i a t i o n  f a t i g u e  c rack  growth behavior  of f u s i o n  

f i r s t  w a l l  m a t e r i a l s .  

2.1.3 Summary 

Elevated temperature  f a t i g u e  c rack  growth d a t a  has  been generated 

us ing an e l e c t r i c a l  p o t e n t i a l  technique of monitoring c rack  ex tens ion  i n  

m i n i a t u r e  center- cracked- tension specimens. The t echn ique  produced 

r e l i a b l e  a c c u r a t e  r e s u l t s  a t  316 and 260°C when compared wi th  d a t a  gener-  

a t e d  from convent ional  compact t e n s i o n  specimens. 

2.1.4 Progress  and S t a t u s  

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

Current  magnetic f u s i o n  r e a c t o r  des ign concepts  r e q u i r e  t h a t  t h e  

f a t i g u e  behavior  of cand ida te  f i r s t  w a l l  m a t e r i a l s  be c h a r a c t e r i z e d .  

Fa t igue  c rack  growth may, i n  f a c t ,  be t h e  des ign  l i m i t i n g  f a c t o r  i n  t h e s e  

c y c l i c  r e a c t o r  concepts g iven t h e  i n e v i t a b l e  presence of c r a c k- l i k e  f l aws  

i n  f a b r i c a t e d  s h e e t  s t r u c t u r e s .  

developed t o  provide  t h e  l a r g e  d a t a  base  necessa ry  t o  c h a r a c t e r i z e  i r r a -  

d i a t i o n  e f f e c t s  on t h e  f a t i g u e  c rack  growth behavior .  

Min ia tu re  specimen technology has been 

This technology i s  based on a m i n i a t u r e  weldable  center- cracked-  

t e n s i o n  (CCT) specimen and an e l e c t r i c a l  p o t e n t i a l  technique of measuring 

c rack  l eng th .  The t echn ique ,  test set up d e s c r i p t i o n  and ambient tempera- 

t u r e  c a l i b r a t i o n  d a t a  w e r e  r e p o r t e d  p rev ious ly .  2 
Minia ture  specimen 
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fatigue crack growth data, obtained visually,has been compared to conven- 
3 tional data, Figure 2.1.1. The miniature specimen, Type 3, produced the 

same results as ten conventional specimen geometries. This report des- 

cribes further testing which was conducted to confirm the validity of 

using the electrical potential technique at elevated temperatures. 

2.1.4.2 Experimental Technique 

Testing was performed in air at 26O0C and 316°C and was compared to 
1 results obtained from a conventional compact tension (CT) specimen. Type 

316 SS specimens were employed for both the 260 and 316OC tests. To elim- 

inate the effect of thermal emf's on the measured potentials, 0 . 1 3 m  (0.005 

inch), 316 SS wire probes were spot welded to the specimens. These probes 

were joined to larger 0 . 7 6 m  (0.030 inch) 316 SS wire leading out of the 

furnace to a junction box, Figure 2.1.2. The specimens were cycled using a 

MTS feedback - controlled test machine using load as the control parameter. 
The 260°C specimen was cycled at 300 lbs. maximum load and the 316°C speci- 

men at 350 lbs. maximum load. Both tests were conducted at a load ratio 

(R) of 0.05 and frequency of 15 Hz. 

was employed for the tests. 

A resistance heating clamshell furnace 

2.1.4.3 Results 

Crack length measurements were made at temperature using the elec- 
trical potential method at a constant current of 5 and 10 amps. These 
measurements were confirmed by daily visual measurements at room tempera- 

ture using a traveling microscope. 

The experimental technique utilized in this investigation consists Of 

measuring two potential drops across the crack, Figure 2.1.2. Potential probes 
are placed so that one voltage, V2, is extremely sensitive to small crack 

extension. 

current and resistivity. By calculating a ratio of these voltages, VlfV2, 

potential drops due to time dependent phase and structural changes as well 

as long term current fluctuations are eliminated. Simultaneous measurement 
of two potential drops eliminates time consuming theoretical and individual 

specimen calibrations required in previous experiments. 

Another voltage, V1, is measured to account for changes in 

4 ,5 ,6  
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Figure 2.1.1. Fatigue Crack Growth Rate for Various Specimen Geometries 
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Still, questions do arise when using electrical potential measurements 

at elevated temperatures. Other investigators have found that thermal 

emf's which fluctuate with slight temperature changes can interfere with 

crack growth measurements. In this investigation, the effect of thermal 
emf's was reduced by using probes of similar composition as the specimen. 

The sensitivity of the electrical potential measurements in a relationship 

to the thermal emf's was examined by measuring Vl/V2 at 5 and 10 amps at 

26OoC and 25"C,  and by taking open circuit voltage measurements of the 

system to monitor fluctuations in thermal emf's. This was done to deter- 

mine whether the accuracy of the potential measurements was a function of 

the applied current and whether increasing the input current would allow 

measurements to be made in materials where thermal emf's could not be 

eliminated. It was postulated that by increasing the current and, hence, 

the magnitude of the potential drop, thermal emf's would become a smaller 
proportion of the potential measurements. 

7 

Figure 2.1.3 shows the effect of current on the potential drop measure- 
ments. For 316 SS, current values in the range of 5 to 10 amps had no 

effect on the sensitivity of the measurements. 

to be less than .3% of the measured potentials at both 5 and 10 amps. 

Resistance heating of the specimen was observed at input currents greater 

than 10 amps. 

Thermal emf's were found 

The ultimate test of testing technique is the generation of consis- 

tent data, Figure 2.1.4 shows the results of the test at 260°C on 316 CW SS.  

Both optical and electrical potential crack growth rate measurements are 

shown. Over the da/dN versus AK region investigated, both measurements 
gave the same results. An additional test was performed at 316°C to allow 

data generated using the potential technique and miniature specimens to 

be compared with results from conventional testing, using visual measure- 

ment and large CT specimens, Figure 2.1.5. 

tween the two techniques. Data from both tests linearly extends into 

the region of interest to reactor first wall design, the low da/dN versus 

AK region. 

Good agreement was obtained be- 
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2.1.5 Conclusion 

The electrical potenital technique of measuring crack growth rates 

in miniature CCT specimens has been adapted to elevated temperature testing. 

The accuracy of the data has been confirmed by comparison to conventional 

techniques. 

2.1.6. Future Work 

Baseline data on non-irradiated candidate alloys can now be gener- 

ated. Fatigue crack growth testing of these alloys will be initiated 

using the miniature specimen technology. 
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2.2 STATUS OF AN IN-REACTOR FATIGUE CRACK PROPAGATION EXPERIMENT - 
A. M. Ermi (Hanford Engineering Development Laboratory)  

2.2.1 ADIP Task 

Task I.B.l, Fa t igue  Crack Growth i n  A u s t e n i t i c  Al loys  (Path A). 

2.2.2 Objec t ives  

An appa ra tus  i s  being developed t o  perform in- reac to r  f a t i g u e  c r ack  

propagat ion  tests  on t h e  Pa th  A Reference Alloy. E f f e c t s  of dynamic i r r a d-  

i a t i o n  on c r ack  growth behavior  w i l l  be  eva lua ted  by comparing t h e  r e s u l t s  

w i t h  those  o f  u n i r r a d i a t e d  and p o s t i r r a d i a t e d  t e s t s .  

2 .2.3 Summary 

The des ign  of an in- reac to r  f a t i g u e  nachine capable  of performing 

t e n s i o n / t e n s i c n  cyc l ing  on a cha in  of  center- cracked- tension specimens i n  

t h e  ORR i s  nea r ing  completion. A t e n t a t i v e  test  ma t r ix  has  been e s t a b l i s h e d  

us ing  t h e  Pa th  A Reference Alloy,  20% co ld  work 316 s t a i n l e s s  s tee l .  

2.2.4 P rog res s  and S t a t u s  

2 .2 .4 .1  In t roduc t ion  

The f a t i g u e  c rack  propagat ion  (FCP) behavior  of cand ida t e  f i r s t  w a l l  

f u s i o n  r e a c t o r  materials must be w e 1 1  understood s i n c e  c r ack  growth may be 

a l i m i t i n g  c r i t e r i o n  governing f u s i o n  r e a c t o r  1- i fe t imes.  To d a t e ,  all 
s t u d i e s  of i r r a d i a t i o n  e f f e c t s  on FCP have been performed on materials  

i r r a d i a t e d  i n  t h e  uns t r e s sed  cond i t i on ,  then t e s t e d  ou t  of r e a c t o r .  No 

dynamic i r r a d i a t i o n  FCP d a t a  e x i s t s .  

Experiments on p o s t i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s tee ls ,  us ing  
1 e i t h e r  t h e  thermal  Advanced Test  Reactor  

EBR-11, have produced mixed r e s u l t s .  In g e n e r a l ,  when t h e  i r r a d i a t i o n  

and tes t  tempera ture  a r e  n e a r l y  t h e  same, e f f e c t s  of i r r a d i a t i o n  are 

minimal. However, none of t h e s e  s t u d i e s  have i n v e s t i g a t e d  t h e  e f f e c t s  of 

i r r a d i a t i o n  a t  ve ry  s m a l l  c r ack  growth r a t e s ,  where m i c r o s t r u c t u r e  has  

been observed t o  have l a r g e  i n f l u e n c e s  on FCP. 

o r  t h e  f a s t  r e a c t o r ,  t h e  
1-7 

8 

9 
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Further interest in a dynamic irradiation FCP experiment was 

prompted by results of in-reactor versus postirradiated creep tests on 

austenitic stainless steels. loall 
found in those specimens which were stressed during dynamic irradiation 

was attributed to vast differences in crack growth characteristics. 

The enhanced creep rupture lives 

2 . 2 . 4 . 2  In-Reactor Fatigue Machine 

A pneumatically actuated fatigue machine which will perform elevated 

temperature FCP tests in the O M  (Experiment MFE-5) is in its final stages 
of design. 

Fig. 2.2.1. 

cally for in-reactor testing,'* are linked together forming a specimen 

chain. The bottom of the chain is connected to a rigid specimen support 

tube, while the top is connected to a bellows. Sodium surrounds the speci- 

mens in the core region, while helium at a constant pressure fills the 

chamber above the sodium. 

helium, the bellows expands and contracts, providing a cyclic load to the 

specimen chain. The chamber pressure and the bellows pressure extremes 

and flow rates are adjustable to provide the desired load range and wave- 

form. 

A schematic illustrating the basic concepts is shown in 

Miniature center-cracked-tension (CCT) specimens, developed specifi- 

When the pressure in the bellows is cycled with 

The load will be monitored by two strain gauges welded to each side 

of the necked portion of the connecting rod. 
about three feet above the top of the reactor core.) The information 
from these gauges will be used to make necessary adjustments to the 

pressures and flow rates. 

(This section is actually 

Irradiation temperature will be controlled by flowing a mixture of 

ry 
tlY 

rlat temperature prorue aesplte uncertalntles m tne gamma neacmg profile 
and any time-dependent shifts which may occur in the profile during the 

reactor cycle. 

will continuously monitor the temperature. 

Thermocouples at each specimen and near the strain gauges 
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Fig. 2.2.1 Schematic of the In-Reactor Fatigue Machine. 
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2.2.4 .3  Test Matrix 

The experiment will be conducted at 425OC in sodium at a frequency 

of 1 cycle/min. 
specific details are discussed below. 

The complete test matrix is listed in Table 2.2.1, while 

Irradiation will occur in the ORR, taking advantage of the mixed 

spectrum and the thermal neutron-nickel two-step reaction, resulting in a 

He/dpa ratio similar to that expected in a fusion reactor. 

Table 2.2.1 In-Reactor Fatigue Crack 

Propagation Experiment Test Matrix 

Material : 

Test Reactor: 

Temperature: 

Environment: 

Frequency: 

Waveform: 

Stress Ratio: 

Stress Intensity: 

Duration of Test: 

20% cold worked 316 Path A Reference Alloy 
ORR, experimental location C-7 

425°C 

Sodium 

1 cycle/minute 

Sawtooth 

Min. Load/Max. Load, R=0.05 

Load and crack length combinations yielding 

AK values corresponding to crack growth 

rates -10-6 to 10-~ mm/cycle 

in/cycle); initial crack lengths and core 

positions of the eight specimens TBD. 
Up to six months. 

to 

The specimen chain will consist of eight specimens, precracked to 

five different crack lengths; one crack length will be duplicated and 

another triplicated. 

that one minute hold times do not effect crack growth in air at 425"C, 

and that growth rates in sodium at 425OC are approximately the same as that 

in air at room temperature. Consequently, the initial crack lengths 

for the in-reactor experiment will be based primarily on room temperature 

Previous FCP data on stainless steels has indicated 
4 

13 
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experiments in air on unirradiated specimen chains. These tests will be 

conducted on both conventional test machines and a prototypic fatigue 

machine. 

In addition to room temperature tests in air, experiments at other 
temperatures and in other enviornments will be carried out. Since sodium 

will not be used in any of these experiments, the crack lengths for each 

specimen in the chains can be continuously monitored using an electrical 

potential method,14 as opposed to the in-reactor test in which only the 

initial and final crack lengths will be measured. 

The duration of the experiment will be determined by the specimen 

with the largest precrack, the test terminating after a predetermined 

number of cycles, or after gross yielding or complete separation of a 

specimen, whichever is first. At this time, the final crack lengths will 

be measured and the results compared with those of an ex-reactor test con- 

ducted at HEDL. The HEDL test will be run on the prototype under the 
identical test conditions, including the sodium enviornment. It will 

parallel the ORR experiment, trailing it by a few days. This will allow 

for communication between the labs to assure that the HEDL test duplicates 

the ORR test in every way. The end result is that one-to-one comparisons 

between dynamically irradiated and unirradiated specimens anywhere in the 

chain can be made. 

Plans also include placement of miniature CCT specimen inserts at 

positions along the chain of the in-reactor experiment. These inserts 

will later be welded to the CCT grips, and postirradiated tests performed 

under conditions similar to the in-reactor and ex-reactor experiments. 

2.2.5 Future Work 

Fabrication of a prototypic fatigue machine to be tested at HEDL is 
underway. The prototype will be used in the establishment of the data base 

and serve as a design basis for the final in-reactor fatigue machine. 

Specimen chains will also be tested on conventional MTS machines to 

complement the data base. 
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2.3 NEUTRONIC DESIGN OF SPECTRAL TAILORING EXPERIMENTS - T. A. Gabr ie l ,  
R. A. L i l l i e ,  and B. L. Bishop (ORNL) 

2.3.1 D I P  Task 

ADIP Task I . A . 2 ,  Define T e s t  Matr ices  and Test  Procedures.  

2.3.2 Objec t ive  

The helium and displacement r a t e s  expected near or a t  the f i r s t  

w a l l  i n  f u s i o n  r e a c t o r s  f o r  s t a i n l e s s  s t e e l  and nickel- base  a l l o y s  

can be reproduced i n  f i s s i o n  r e a c t o r s  by varying the  thermal- to- fast  

neutron f l u x  r a t i o .  The helium production w i l l  be dominated by t he  

thermal f l u x  and the  f a s t  f l u x  w i l l  determine the  displacement r a t e .  

The o b j e c t i v e  of t h i s  work i s  t o  determine the  amount of v a r i a t i o n  

necessa ry  and t o  des ign core p ieces  f o r  the  Oak Ridge Research Reactor 

(ORR) t h a t  w i l l  produce the  needed changes. 

2.3.3 Summary 

We have c a l c u l a t e d  the e f f e c t  of a tanta lum core  p iece  i n  the ORR 
on t he  thermal neutron f l u x  and displacement r a t e  i n  an enclosed 

exper imenta l  capsule .  The l a r g e  thermal cap ture  c ro s s  s e c t i o n  of 

tanta lum [about 2.0 X 

f l u x  but a l s o  the  displacement r a t e  i n  the  experimental  capsule  a s  a 

r e s u l t  of l o c a l i z e d  reduc t ion  i n  the number of f i s s i o n s .  This reduc t ion  

i n  displacement r a t e  can be p a r t l y  o f f s e t  by i n c r e a s i n g  t he  f u e l  loading 

i n  ad jacen t  core  p ieces .  

m2 (20 b ) ]  reduces not only the  thermal 

2.3.4 Progress  and S t a t u s  

We have made four  VENTURE c a l c u l a t i o n s  t o  determine the  e f f e c t  of 

a tanta lum core  piece  on the thermal neutron f l u x  and displacement r a t e  

i n  an enclosed exper imental  capsule .  The ORR core  c o n f i g u r a t i o n  used 

i n  the  f i r s t  t h r ee  c a l c u l a t i o n s  is  shown i n  F ig .  2.3.1. The tanta lum 

core  p iece  and experimental  capsu le  a r e  l o c a t e d  i n  the  C-3 p o s i t i o n .  

The molar composition of the  core  piece  surrounding the  experimental  

capsu le  for  t h r ee  of the  c a l c u l a t i o n s  i s  a s  fo l lows :  ( 1 )  98% A l ,  

2% H20; ( 2 )  50% Ta,  48% A l ,  2% H20; and (3 )  98% Ta, 0% A l ,  2 %  H20. 
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Fig.  2.3.1. The ORR Core Conf igura t ion  Used i n  t he  Neutronic 
Ca lcu la t ions .  The c a l c u l a t i o n s  were f o r  the  C-3 l a t t i c e  pos i t i on .  

The r e s u l t s  of t he se  c a l c u l a t i o n s  are shown i n  Fig. 2.3.2. A s  can 

be seen t he  thermal  neutron f l u x  is reduced s u b s t a n t i a l l y .  

ment r a t e  i s  a l s o  reduced,  but  only by about 40%. Since the  tantalum 

co re  p iece  is  t o  be used dur ing  t he  la ter  phases of t he  i r r a d i a t i o n  

experiment ,  we  d e s i r e  t h a t  the  thermal f l u x  be reduced while  t he  

displacement  r a t e  i s  e i t h e r  increased  or a t  least  he ld  t o  a very moderate 

decrease.  To compensate f o r  t h i s  r educ t ion  i n  t he  displacement ra te ,  

t h e  t h i r d  c a l c u l a t i o n  (98% T a )  was repea ted  with a d d i t i o n a l  f u e l  added 

t o  t he  core  p i eces  around C-3: 55 g t o  B-3, 30 g t o  B- 4,  75 g t o  C-4, 

and 85 g t o  D-3. This  a d d i t i o n a l  f u e l  r e s u l t e d  i n  about a 10% f u r t h e r  

decrease i n  t he  thermal  f l u x  but  a l s o  y ie lded  a s u b s t a n t i a l  i nc rease  

of about 20% i n  t he  displacement  rate. 

The d isp lace-  

One r e a c t i o n  t h a t  has not  been cons idered  i n  our c a l c u l a t i o n s  d e a l s  

This i so tope  i s  produced i n  l a r g e  concen- wi th  t he  product ion  of 182Ta. 

t r a t i o n s  dur ing  i r r a d i a t i o n  and has a r a t h e r  l a r g e  thermal cap tu re  
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cross section [-8.0 x 

production of this element on the thermal flux and displacement rate 

will be investigated in the future. 

m2 (-8 X l o3  b)]. The effect of the 

2.3.5 Conclusions 

We have reduced the thermal neutron flux in an ORR experimental 
capsule substantially by use of a tantalum core piece. However, 

to retain a high displacement rate, a large fuel loading must be main- 

tained around the experimental position. 
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2.4 DESIGN OF IRRADIATION EXPERIMENTS I N  ORR USING SPECTRAL TAILORING 
AND REENCAPSULATION - K. Thoms and M. L. Grossbeck (ORNL) 

2.4.1 ADIP Task 

ADIP Task I.A.2, Define T e s t  Matrices and Test Procedures. 

2.4.2 Ob jec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  produce the  thermal  and mechanical 

des ign  of experiments  f o r  material i r r a d i a t i o n  i n  the  ORR core.  The 

ORR-MFE-4 experiments  w i l l  opera te  wi th  s p e c t r a l  t a i l o r i n g  t o  cont ro l  

t h e  f a s t  and thermal  f l u x e s  and thus t h e  displacement  and helium 

product ion  rates. The capsules  are a l s o  designed f o r  both d ischarg ing  

specimens and r e load ing  wi th  i r r a d i a t e d  specimens s e v e r a l  times during 

t h e  experiment l i f e t i m e .  

2.4.3 Summary 

We have designed and drawn the  two experiments ORR-MFE-4A and 

ORR-MFE-4B. The f i r s t  experiment w i l l  con ta in  specimens a t  300 and 

400"C, and t he  second w i l l  con ta in  specimens a t  500 and 600°C. 

are being f a b r i c a t e d  f o r  a bench test  of t he  experiment ,  and a g a m a  

h e a t  measuring experiment i s  awai t ing  i r r a d i a t i o n .  

P a r t s  

2.4.4 Progress  and S t a t u s  

We w i l l  ope ra t e  two m a t e r i a l s  i r r a d i a t i o n  experiments  concur ren t ly  

i n  t he  ORR, i r r a d i a t i n g  material specimens a t  fou r  d i f f e r e n t  test  

tempera tures .  The f i r s t  experiment ,  ORR-MFE-4A, w i l l  be placed i n  t he  

E- 3 c o r e  p o s i t i o n  and w i l l  i r r a d i a t e  specimens a t  300 and 400°C. The 

second experiment ,  ORR-MFE-4B, w i l l  be placed i n  t he  E-7 c o r e  p o s i t i o n  

and w i l l  i r r a d i a t e  specimens a t  500 and 600°C. A l l  d e t a i l  drawings f o r  

t h i s  series of experiments  have been completed and are p r e s e n t l y  being 

reviewed. 

P a r t s  are p r e s e n t l y  being f a b r i c a t e d  t o  b u i l d  a bench test  of t he  

in- core s e c t i o n  of the proposed design. The two purposes of t h i s  tes t  
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are t o  work out  t he  complicated f a b r i c a t i o n  and assembly requirements  

of t h i s  p o r t i o n  of t he  experiments and t o  determine t he  temperature 

c o n t r o l  c a p a b i l i t i e s  of the  experiment design. 

We assembled a gamma hea t  measuring device.  However, a s  a r e s u l t  

of t h e  ORR ope ra t ing  schedule ,  we w i l l  not  be a b l e  t o  make gamma hea t  

measurements u n t i l  t he  week of Ju ly  1C-15 when the  r e a c t o r  w i l l  be 

shut  down f o r  major maintenance and exper imenta l  work. A t  t h a t  t i m e  

we w i l l  measure gamma hea t ing  rates i n  the  f i r s t  two core  p iece  des igns  

i n  t he  E-3 co re  pos i t i on .  The E-7 c o r e  p o s i t i o n  cannot be measured a t  

t h i s  time because ORK-MFE-2 i s  i n  t h a t  pos i t i on .  We f e e l  t h a t  E-3 and 

E-7, being symmetrical about the  r e a c t o r  c e n t e r l i n e ,  w i l l  have 

approximately t he  same gamma h e a t i n g  rates. 





3. PATH A ALLOY DEVELOPMENT - AUSTENITIC STAINLESS STEELS 

Path A Alloys are those a l l o y s  g e n e r a l l y  known a s  a u s t e n i t i c  s t a i n -  

less s teels .  The most common U.S. d e s i g n a t i o n s  are A I S 1  t ypes  304, 316, 

321, and 3 4 7 .  Primary cons ide ra t ions  f o r  s e l e c t i n g  t h i s  class of a l l o y s  

f o r  f u r t h e r  development a r e  : 

1. s ta te- of- the- ar t  product ion and f a b r i c a t i o n  technology; 

2. e x t e n s i v e  d a t a  on t he  e f f e c t s  of neutron i r r a d i a t i o n  on p r o p e r t i e s ,  

which show the  p o t e n t i a l  of t he se  a l l o y s  f o r  MFK a p p l i c a t i o n s ;  

3 .  c o m p a t i b i l i t y  wi th  proposed coo lan t s  and breeding f l u i d s ;  

4 .  evidence t h a t  f o r  MFR c o n d i t i o n s  (He, dpa, tempera tures)  t h e  proper- 

t i e s  are s e n s i t i v e  t o  composition and mic ros t ruc tu re  - thus  showing 

p o t e n t i a l  f o r  f u r t h e r  development. 

The s t r a t e g y  f o r  development of these  a l l o y s  has t w o  r e l a t e d  ob jec t ives :  

1. t o  determine f o r  a r e f e rence  a l l o y  t he  e f f e c t s  of i r r a d i a t i o n  on 

t hose  p r o p e r t i e s  most important t o  fu s ion  r e a c t o r  des ign;  

2. t o  develop a path A a l l o y  t h a t  i s  optimized f o r  fu s ion  r e a c t o r  

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

The f i r s t  o b j e c t i v e  w i l l  provide d da t a  base f o r  near- term redc to r  design 

and,  most impor tan t ,  guidance as t o  which p r o p e r t i e s  l i m i t  performance of 

t h i s  type a l l o y .  Work on t he  r e f e rence  a l l o y  w i l l  provide d i r e c t i o n  f o r  

t h e  a c t u a l  a l l o y  development e f f o r t s  of t he  second ob jec t ive .  Type 316 

s t a i n l e s s  s tee l  i n  the  20%-cold-worked cond i t i on  appears  t o  be the  bes t  

choice  as a r e f e rence  a l l oy .  I t  is  the  p re sen t  r e f e rence  cladding and 

duc t  a l l o y  i n  the  breeder  r e a c t o r  programs, and the re  a r e  ex t ens ive  da ta  

on t he  u n i r r a d i a t e d  mechanical p r o p e r t i e s ,  e f t e c t s  of hea t  t reatment  on 

p r o p e r t i e s ,  s t r u c t u r e ,  and phase s t a b i l i t y ,  and the  e f f e c t s  of f a s t  neutron 

i r r a d i a t i o n  on prope r t i e s .  The p re sen t  technology of a u s t e n i t i c  s t a i n l e s s  

s t ee l s ,  i nc lud ing  understanding of t he  phys i ca l  and mechanical p r o p e r t i e s  

and i r r a d i a t i o n  response ,  is such t h a t  a l l o y  development e f f o r t s  can move 

t o  opt imiza t ion  f o r  use i n  fu s ion  r e a c t o r  a p p l i c a t i o n s .  A P r i m e  Candidate 

Alloy (PCA) (Fe-16% Ni--14% Cr-2% M e 2 %  Mn-0.5% S i 4 . 2 %  T i 4 . 0 5 %  C )  h a s  been 

s e l e c t e d  by t he  ADIP t a s k  group. E f f o r t s  w i l l  now focus on optimizing t he  

composi t ion and mic ros t ruc tu re  of t he  PCA l e a d i n g  toward the  s e l e c t i o n  of 

OPT-A1 (Program Plan des igna t ion  of f i r s t  optimized path A a l l o y ) .  

41 
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3.1 LOW-CYCLE FATIGUE BEHAVIOR OF ZO%-COLD-WORKED TYPE 316 STAINLESS 
STEEL AFTER IRRADIATION I Y  THE HFIR - M. L. Grossbeck and 
K. C. Liu (ORNL) 

3.1.1 A D I P  Task 

ADIP Task I.B.5, S t r e s s- S t ra in  Cont ro l led  Fa t igue  of A u s t e n i t i c  

Alloys.  

3.1.2 Ob jec t ive  

This  s tudy  e v a l u a t e s  the  e f f e c t s  of s imultaneous displacement damage 

and helium product ion dur ing  i r r a d i a t i o n  on the  low-cycle f a t i g u e  l i f e  

of 20%-cold-worked type 316 s t a i n l e s s  s teel .  

3.1.3 Summary 

Specimens of 20%-colduorked type 316 s t a i n l e s s  s tee l  w e r e  i r r a d i a t e d  

i n  the  High F l u x  I so tope  Reactor ( H F I R )  t o  f l uences  of 0.85 t o  

1.9 x loz6  n/m2, r e s u l t i n g  i n  displacement  l e v e l s  of 7 t o  15 dpa and 

helium con ten t s  of 250 t o  860 a t .  ppm. F u l l y  reversed  s t r a i n  c o n t r o l l e d  

f a t i g u e  tests were performed with s t r a i n  ranges of 0.40 t o  2.0%. The 

specimens were i r r a d i a t e d  and t e s t e d  a t  430OC and t e s t e d  i n  a vacuum a t  

a p re s su re  below Pa. The f a t i g u e  l i f e  was reduced by f a c t o r s  of 

3 t o  10. We a r e  s tudying  f r a c t u r e  s u r f a c e s  and w i l l  subsequently r e p o r t  

t h e  r e s u l t s .  

3.1.4 P rog res s  and S t a t u s  

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

S ince  a tokamak r e a c t o r  ope ra t e s  i n  a c y c l i c  mode, thermal stresses 

w i l l  r e s u l t  i n  f a t i g u e  i n  s t r u c t u r a l  components, e s p e c i a l l y  i n  the f i r s t  

w a l l  and b lanket .  There has been l i m i t e d  work on f a t i g u e  i n  i r r a d i a t e d  

a l l o y s 1  but none on i r r a d i a t e d  m a t e r i a l s  con ta in ing  i r r ad i a t ion- induced  

helium. To provide scoping da t a  and t o  s tudy  the  e f f e c t s  of i r r a d i a t i o n  

on f a t i g u e  behavior ,  we s t ud i ed  20%-cold-worked type 316 s t a i n l e s s  s t e e l  

from the  WE r e f e r e n c e  hea t .  



43 

3.1.4.2 Experimental Procedure 

Hourglass specimens with minimum gage d iameters  of 3.18 mm 

(0.125 in . )  were i r r a d i a t e d  i n  t he  HFIR i n  p e r i p h e r a l  t a r g e t  p o s i t i o n s ,  

p rovid ing  both a h igh  rate of displacement damage and r a p i d  helium 

product ion  from i n t e r a c t i o n  of thermal  neut rons  wi th  n i cke l .  A helium 

gas  gap c o n t r o l l e d  t he  temperature.  The experiment was monitored by 
i n c l u s i o n  of l o w m e l t i n g  a l l o y s ,  as descr ibed  previous ly .  2 

Tests were performed on a se rvo  hydrau l i c  t e s t i n g  system equipped 

f o r  remote ~ p e r a t i o n . ~  Specimens were t e s t e d  i n  a vacuum a t  p re s su re s  

from t o  Pa. The gage s e c t i o n  of t h e  specimen was maintained 

a t  430°C ?: 5"C, remaining cons t an t  w i t h i n  +1'C dur ing  t he  test .  S t r a i n  

was measured a t  t he  minimum c r o s s  s e c t i o n  wi th  a d i ame t r a l  extensometer 

w i t h  ceramic b lades  and a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t ransformer 

(LVDT). The d i ame t r a l  s i g n a l  i n  t u r n  was converted t o  an equ iva l en t  

a x i a l  s t r a i n  through a s r r a i n  computer f o r  machine c o n t r o l .  A f u l l y  

r eve r sed  ramp f u n c t i o n  providing a s t r a i n  rate of 4 X 10-3/s w a s  used. 

Specimens were cycled t o  complete s epa ra t ion .  We es t imated  c rack  

i n i t i a t i o n  from continuous stress p l o t s  by determining the  poin t  of load 

drop from cracking.  

Following f a i l u r e ,  f r a c t u r e  s u r f a c e s  a r e  s t u d i e d  wi th  a scanning 

e l e c t r o n  microscope (SEM). Resu l t s  of t h e  f r a c t u r e  s t u d i e s  are 

incomplete  but w i l l  be r epo r t ed  subsequently.  

3.1.4.3 Resu l t s  and Discussion 

R e s u l t s  of t he  f a t i g u e  tests  are t abu la t ed  i n  Table 3.1.1 and 

p l o t t e d  i n  Fig. 3.1.1. Comparison of d a t a  from i r r a d i a t e d  and 

u n i r r a d i a t e d  specimens r e v e a l s  a r educ t ion  i n  f a t i g u e  l i f e  by a f a c t o r  

of 3 t o  10, w i th  a somewhat broad s c a t t e r  band f o r  the  i r r a d i a t e d  data .  

This  is c o n s i s t e n t  wi th  t he  da t a  of Beeston and Brinkman,l who observed 

a r educ t ion  f a c t o r  of approximately 2 i n  f a t i g u e  l i f e  f o r  i r r a d i a t e d  

type  316 s t a i n l e s s  s teel .  Thei r  i r r a d i a t i o n s  i n  E B R - I 1  were t o  f l uences  

c l o s e  t o  our H F I R  exposures;  however, helium e f f e c t s  a r e  absent  or 

g r e a t l y  reduced f o r  t he  E B R - I 1  case .  
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Table 3.1.1. Results of Fatigue Tests on Unirradiated and 
Irradiated Specimens of 20%-Cold-Worked 

Type 316 Stainless Steel 

Ab? 1 . 2  
,464 1 . 2  
A 2 2  1.4 
22 1.4 
,in 1 . 1  
.I 5 I . ' I  
A i l  I . v  
n 7 1.9 

4411 

4411 
5311 
j l l l  
hhl1 
8611 
Rhll  
8 10 

44r1 

1.11 2.5511 
1 . 5  2, h 0 2  
1.L 8,LYI 
1 . 2  1 4 , 2 5 0  
I .  0 ? n , 4 i o  
1 . 9  11,1131 
1 . 0  211,401, 
11.71 ,.!.4!4 

11.10 3.616 

2 . 0  4 R J  

(1. 5(1 2h.175 
I . o  4 ,2111 

2 , 1 2 0  91 
2 . 5 1 0  97 
b.9211 R 3  
14.150 9 '4 

1 7,1011 611 
I 0 , l l h l l  9 1  
10,1111 9 '> 

1.2411 311 

L . J 5 0  6 5  
1,7611 1 9  
1 . 1 ~  5 3  

80 

0 UNIRRADIATED. TESTED IN  AIR 
1CONWAY.STENTZ ANDEERLING OATAI 1 4 x  1026 nlm2 

0 UNIRRAOIATED 
0 8 5 x  n/mz ) 1 6 X 1 0 2 6 n l m 2  
250 "om He 

4 { 530 ppm He 

A 1660 ppm He 

0.2 1 I 1 I 1 1 

102 103 1 o4 1 os 
CYCLESTO FAILURE 

Fig. 3.1.1. Fatigue Life of 20%-Cold-Worked Type 316 Stainless Steel 
Irradiated at 430'C in the HFIR and Tested at 43OOC. Source of data on 
unirradiated specimens tested in air: V. B. Conway, R. H. Stentz, and 
J. T. Berling, Fatigue, Tensile and Relaxation Behavior of Sta in less  
SteeZs, TID-26135 (1975) p .  39. 
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R e s u l t s  of f a t i g u e  tests performed by Conway, S t e n t z ,  and Ber l ing4 

i n  a i r  on u n i r r a d i a t e d  annealed type 316 s t a i n l e s s  s t e e l  a r e  a l s o  p l o t t e d  

i n  Fig. 3.1.1. A s l i g h t l y  s h o r t e r  f a t i g u e  l i f e  is  observed when compared 

wi th  t he  vacuum da ta  from t h e  p resen t  study.  Our l i m i t e d  amount of a i r  

environment da ta  from tests us ing  the  same min ia tu re  specimens a s  f o r  

t he  i r r a d i a t i o n s  shows r a t h e r  good agreement wi th  the  Conway e t  a l .  

da ta .  Although d i f f e r e n c e s  i n  composit ion,  m i c r o s t r u c t u r e ,  and specimen 

s i z e  a r e  important ,  we b e l i e v e  the  d i f f e r e n c e  i n  t e s t  environment t o  be 

t h e  major reason f o r  t he  var iance i n  d a t a  shown i n  F ig .  3.1.1. 

3 

To e v a l u a t e  the  e f f e c t s  of i r r a d i a t i o n  on f a t i g u e  l i f e ,  the  cyc les  

t o  f a i l u r e  were p l o t t e d  a s  a f u n c t i o n  of f l u e n c e  i n  Fig. 3.1.2. The 

reason f o r  the  l a r g e  s c a t t e r  band f o r  t he  i r r a d i a t e d  da ta  i n  F ig .  3.1.1 

now becomes ev iden t :  a well- defined f luence  dependence, a s  a func t ion  

of s t r a i n ,  becomes evident .  

n 

Fig. 3.1.2. Cycles t o  F a i l u r e  as a Function of Fluence,  Displace-  
ment Ra te ,  and Helium Content f o r  I r r a d i a t e d ,  2O%-Cold-Worked Type 316 
S t a i n l e s s  S t e e l  Tested i n  Vacuum a t  Spec i f i ed  S t r a i n  Ranges. 
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For  2% s t r a i n  range f a t i g u e  l i f e  decreases  monotonical ly,  r e s u l t i n g  

i n  a l i n e a r  p l o t .  S ince  d u c t i l i t y  i s  t h e  major f a c t o r  determining 

f a t i g u e  l i f e  a t  h igh  s t r a i n s ,  i r r a d i a t i o n  hardening would be expected t o  

account  f o r  the  g r e a t e r  r educ t ion  i n  l i f e  of t he  i r r a d i a t e d  material 

compared wi th  t h a t  of u n i r r a d i a t e d  mater ia l .  However, a l though 

d u c t i l i t y  dec reases  i n i t i a l l y ,  i t  appears  t o  l e v e l  off a t  a f luence  of 

1 . 6  X l o z 6  n/m2.5 

more complex i n t e r a c t i o n .  Higher f l uence  da t a  are r equ i r ed  t o  determine 

i f  the  r educ t ion  i n  l i f e  cont inues.  

Therefore ,  cont inued r educ t ion  must r e s u l t  from a 

A t  a s t r a i n  range of 0.5%, f a t i g u e  l i f e  passes  through a minimum 

wi th  i n c r e a s i n g  f luence .  A p o s s i b l e  exp lana t ion  i s  t h a t  f a t i g u e  l i f e  

i n i t i a l l y  drops as a r e s u l t  of i r r a d i a t i o n  hardening and embr i t t lement .  

However, once helium bubbles' are formed, they impede d i s l o c a t i o n  motion 

a t  these  stress l e v e l s ,  r e s u l t i n g  i n  a slower progress ion  of f a t i g u e  

damage. Since c a v i t i e s  con ta in ing  helium grow w i t h  i nc reas ing  f l uence ,  

they  w i l l  l o s e  t h e i r  e f f e c t i v e n e s s  a t  h igher  f l uence  l e v e l s  because they 

w i l l  he  less e f f e c t i v e  o b s t a c l e s  t o  d i s l o c a t i o n  motion. The t rend  of 

i n c r e a s i n g  f a t i g u e  l i f e  wi th  i nc reas ing  f luence  exh ib i t ed  by t he  0.5% 

curve  i n  Fig. 3 . 1 . 2  would then not be expected t o  cont inue.  

The behavior of t he  material cycled a t  1% t o t a l  s t r a i n  range i s  

in t e rmed ia t e  between the  o the r  two curves  and w i l l  not  be discussed.  

From Table 3.1.1 t h e  f r a c t i o n  of the  specimen's  l i f e  before  c r ack  

i n i t i a t i o n  i s  l a r g e r  f o r  u n i r r a d i a t e d  material than f o r  i r r a d i a t e d  

material. Fo r  u n i r r a d i a t e d  specimens 84% of the c y c l i c  l i f e  is spent  

be fo re  c r ack  i n i t i a t i o n  i n  c o n t r a s t  t o  67% spen t  f o r  i r r a d i a t e d  

specimens. We f e e l  t h a t  t h i s  r e s u l t  is s u f f i c i e n t l y  l a r g e  t o  be 

s i g n i f i c a n t .  The r e s u l t  i s  not  unexpected s i n c e  t he  e f f e c t  of d i s-  

l o c a t i o n  p inning  is most s i g n i f i c a n t  i n  mic ros t ruc tu re  development 

l e a d i n g  t o  c r ack  i n i t i a t i o n .  

3.1.4.4 Conclusions 

The e f f e c t s  of helium and the i n c r e a s e  i n  c y c l i c  l i f e  wi th  

i n c r e a s i n g  f luence  w i l l  be b e t t e r  understood when f rac tography and 

t r ansmis s ion  e l e c t r o n  microscopy s t u d i e s  a r e  complete. In the i n t e r i m  
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we can only assume that fatigue life is reduced by a factor of 3 to 10 

by irradiation to a fluence of 1.9 x 10" n/m2 as shown in Fig. 3.1.1. 

When more data become available, an equation relating fatigue life, 

strain range, and fluence will be developed. 

1. 

2. 

3. 

4. 

5 .  

6. 
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3.2 MICROSTRUCTURAL DESIGN FOR FUSION FIRST-WALL APPLICATIONS AND 
RECOMMENDATIONS FOR THERMAL-MECHANICAL PREIRRADIATION TREATMENTS - 
P. J. Maziasz (ORNL) 

3.2.1 ADIP Tasks 
ADIP Task I.A.4, Fabrication Analysis; and I.C.l, Microstructural 

Stability. 

3.2.2 Objective 

The objective of this work is to design preirradiation microstruc- 

tures that will improve the properties of the Prime Candidate Alloy (PCA) 

during irradiation. We will use information on irradiation response 

of austenitic alloys fron previous work to determine optimum microstruc- 

tures and to seek thermal-mechanical treatments that will produce these 

microstructures. 

3.2.3 Summary 

Previous work [including High Flux Isotope Reactor (HFIK) tests] on 

the effects of helium in metals indicates that the chances of maintaining 

good mechanical response in a fusion reactor depend on keeping helium 

away from the grain boundaries and trapping it intragranularly. Swelling 

from helium bubble formation is inevitable, but the finest helium distri- 

bution will minimize swelling. We propose a matrix of desirable preirra- 

diation microstructures for the PCA based upon responses of type 316 

stainless steel or type 316 modified with titanium to HFIR irradiation. 

Desirable microstructures result from a combination of grain boundary 

precipitation, cold work, and distribution of titanium-rich MC. We also 

discuss thermal-mechanical treatments to produce these microstructures. 

Further work includes completing the fabrication procedures on which 

microstructural homogeneity and control intimately depend. 

3.2.4 Introduction 

Considerable data exist on the mechanical properties, microstruc- 

tures, and swelling of solution-annealed (1 h at 1050°C) and ZO%-cold-worked 

types 316 and 316 modified-with-titanium ( 0 . 2 3  wt % Ti) austenitic stainless 



49 

steel after irradiation in the HFIR at temperatures of 280 to 800°C.1-9 
No true fusion environments currently exist, and all simulation environ- 

ments have both advantages and drawbacks. Use of HFIR irradiation is 

the only way to reach fusion-level helium production with simultaneous 

displacement damage. Even though the He/dpa ratio is higher i n  the HFIR 

than expected in fusion, various compositions of steel and their corre- 

sponding microstructures can be compared after HFIR irradiation to provide 

correlations between the resulting microstructure and the swelling and 

mechanical properties of the steel. These correlations give infor- 

mation on properties that provides a basis for preirradiation microstruc- 

tural design f o r  optimal helium accommodation. 

Experimental observations of the effects of helium on the properties 

and microstructures of metals correlate quite well with theoretical 

calculations and concepts. l5316 

initial distribution of helium exhibit the following characteristics: 

1. the cavities formed are equilibrium helium bubbles, nearly always 

Cavities formed by thermally aging an 

located at dislocations o r  grain boundaries; 

2. grain boundary cavities are larger than matrix cavities, and a cavity 

denuded zone is adjacent to the grain boundary; 

3. cavities are never observed to shrink but only grow or coalesce; 

4 .  the number density and size distribution are relatively temperature 

insensitive. 

Cavities in HFIR irradiated type 316 stainless steel behave like 
bath bubbles and voids.3 

bubbles. Though they behave like bubbles with respect to grain boundaries 

and dislocations, their number density decreases and size increases with 

increasing temperature like voids. Cavities form at both higher (800°C) 

and lower (280'C) temperatures and increase in number for a given 

temperature and fluence than voids. In many cases void formation can 

be suppressed and swelling can be eliminated. However, helium bubbles 

always form, causing some swelling. 

The cavities are nearly always equilibrium 

After HFIR irradiation that produced 200 to 4000 at. ppm He,6-8 

the mechanical behavior of type 316 stainless steel is at best similar 
to that of high-temperature helium embrittlement after irradiation that 
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produces 1 to 10 at. ppm He.17,18 

is generally characterized by intragranular failure at low ductility. 

This behavior is attributed to helium weakening the grain boundaries and 

simultaneously strengthening the grains. After high fluence HFIR 

irradiation, grain boundary cavitation always coincides with intergranular 

failure at ductilities of 0 to 1.0% with equal total and uniform elonga- 

tion. The best mechanical results after H F I R  irradiation correlate 

microstructurally with: 

1. intragranular trapping of helium in small cavities at the interface 

High-temperature helium embrittlement 

of titanium-rich MC precipitate particles, 6 

2. intragranular trapping of helium in small cavities along dislocation 
lines, 3 

3. prevention of the formation of large grain boundary cavities by 

precipitation of N23Cg and/or eta phase at the grain b~undary.~-~ 
Combinations of these microstructural features resulted in ductilities 

as high as 4 to 6% and in some cases with little degradation of the 
unirradiated properties. This behavior is consistent with the following 

proposals for preventing helium embrittlernent in the microstructure: 

1. form blocky precipitate particles at the grain boundaries,17 and 

2. trap helium intragranularly and keep it from accumulating at the 

grain boundaries.18 

In most cases after H F I R  irradiation intragranular accommodation of 

helium, either in small cavities at dislocations or at titanium-rich NC 

particle interfaces, and elimination of large grain boundary cavities 

also gives the lowest swelling. With proper fabrication these micro- 

structural features can be combined19 to provide the basis for designing 

preirradiation microstructures that can control helium distribution more 

effectively than microstructures with "free" precipitation behavior (such 

as those of simple solution-annealed or cold-worked material). 

3.2.5 Microstructural Design 

Our criteria for selecting preirradiation microstructures are based 

on the following microstructural features that produce good mechanical 

behavior, as discussed above: 
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1. prevent grain boundary cavity formation; 

2. trap helium intragranularly; 

3. achieve the finest distribution of helium possible; 

4 .  prevent uncontrolled precipitation of Laves, M23C6, eta, gamma-prime, 

chi, or sigma  phase^;^>^ and 
5. prevent recrystallization of cold-worked structure. 

Many of these effects are achieved to some degree in type 316 modified 

with titanium and result from the precipitation of titanium-rich MC 
particles, which may be the most powerful helium traps in austenitic 

stainless steel. The Path A PCA, which contains about 0.25 wt % Ti, 

behaves like type 316 modified with 0.23 wt % Ti.18 

the irradiated response of the Path A PCA will be like that of type 316 
modified with titanium, particularly with respect to MC precipitation. 

Consequently we have based several proposed microstructures and recom- 

mended thermal-mechanical treatments f o r  the PCA on data from type 316 

modified with titanium as a €irst order approximation. 

We have assumed that 

The suggested preirradiation microstructures are as follows: 

A .  simple microstructure with "free" precipitation resulting from: 

1. solution annealing, 

2. 5 to 10% cold working, or 

3. 20 to 25% cold working. 

B. microstructures with intragranular titanium-rich MC, no grain 
bounday precipitation, and an MC precipitate particle density of: 
1. 1 x 1020 particlesjm3, 

2. 
3. 1 x 1022 particleslm3. 

1 x 1021 particles/m3, or 

C. microstructures with intragranular titanium-rich MC, grain boundary 

M23C6 and/or eta phase, and an MC precipitate particle density of: 

I.  1 x 1020 particles/m3, 

2 .  

3. I x 1022 particles/m3. 

1 x 1021 particlesjm3, or 

D. microstructures with intragranular and grain boundary titanium-rich MC 

and an intragranular MC precipitate particle density of: 

1. 1 x 1020 particles/m3, 

2 .  

3 .  1 x 1022 particles/m3. 
1 x 1021 particles/m3, or 



52 

The simple preirradiation microstructures resulting from treatments A l ,  

A 2 ,  and A3 are included because these microstructures have very good 

properties at some temperatures after intermediate fluence irradiation. 7-9 

Furthermore, we are using them as a baseline for comparing the effects of 

other treatments. Solution-annealed type 316 modified-with-titanium 

stainless steel irradiated in the HFIR at 600°C contained a precipitate 

particle density of about 1 x l o z0  particles/m3. 
precipitate was completely denuded of cavities. The denuded zones at 

that density just overlap to protect the entire matrix. Therefore, 

1 x 10" particles/m3 is the minimum necessary precipitate density. 

presence of titanium-rich MC particles results in the accommodation of 

helium in small cavities at the particle interface. Thus making the MC 

distribution finer w i l l  provide more interface for a given precipitate 

particle volume fraction. The upper distribution limit appears to be 
1 to 2 Y 

irradiation' of 20%-cold-worked type 316 modified with titanium. 

precipitate particle density can prevent recrystallization by locking 

the dislocation structure but also increases unirradiated strength and 

decreases ductility. We have selected an intermediate precipitate particle 

density of 1 x 

accommodation and increase unirradiated ductility. Furthermore, cascade 

dissolution of small (about 3.0 nm or  less) precipitate particlesz1 may 

not allow the highest number density of fine precipitates to persist at 

all irradiation conditions. 

The region around each 

The 

particles/m3, which results from thermal agingz0 or H F I K  

This 

particles/m3 in an attempt to optimize helium 

Microstructures B, C,  and D vary in intragranular titanium-rich MC 

particle density and in the preirradiation condition of the grain boundary. 

The mechanical properties appear most sensitive to grain boundary 

condition. It appears desirable that the microstructure contain some 

distribution of a blocky, grain boundary phase such as M23C6 or eta phase 

(microstructure C) before irradiation. Grain boundary precipitation forms 

at some temperatures during HFIR irradiation. Therefore, comparison of 

microstructure B with that of C should show how the grain boundary 

component of the microstructure affects the accommodation of helium 

relative to a fixed matrix accomodation. Microstructure D replaces M23C6 
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and/or eta phase with titanium-rich MC particles. Irradiation of all 

the above the microstructures at various temperatures and fluences 

should indicate the advantages and feasibility of varying preirradiation 

microstructures for given alloy compositions. 

3.2.6 Thermal-Mechanical Treatments 

The recommended microstructures can be achieved by fabricating 

materials without precipitating titanium-rich MC particles inhomogene- 
ously. The methods for producing "simple" A microstructures from such 

material are straightforward. For B, C, and D microstructures, precipitate 
particle densities 1 and 3 should result from aging at temperatures 

between 650 and 750°C.20,22 

most sensitive to initial dislocation density if recrystallization does 

not occur. Intermediate precipitate density 2 should be achievable by 

either lightly cold working the material or going to a higher temperature 

than used for the solution-annealed material, A l .  Grain boundary 

precipitation of M23C6 and/or eta phase usually occurs with the MC 

precipitation in ZO%-cold-worked material at 650 to 750°C. 
investigating times and temperatures that achieve this. It is not clear 

if precipitation of grain boundary M23C6 and/or eta phase or MC occurs 

first, and separation of these two is essential in producing B and D 

microstructures. Determination of the time-temperature-precipitation 

(TTP) behavior of the Path A PCA for several cold-worked levels should 
help clarify which phase precipitates first. In producing B microstruc- 

tures, MC must precipitate before the grain boundary phases. The 

production of D microstructures will be the most difficult and probably 
will involve at least two thermal treatments. Grain boundary precipita- 

tion of MC-type carbides has occurred under several isolated conditions, 

but is not the usual precipitation behavior. The fabrication sequence can 

be manipulated to include a thermal treatment before the final step. 

Partial recrystallization may also locate MC-type precipitate particles 

at grain boundaries. Work is in progress to investigate these effects. 

The MC precipitate particle density seems 

We are now 
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3.2.7 Conclusions and Future Work 

1. A review of work on helium in metals indicates that the chances 

of maintaining good mechanical response in a fusion first wall depends on 

keeping helium away from the grain boundaries and trapping it intra- 

granularly. Swelling is inevitable with helium, but minimum swelling 

will be realized with the finest distribution of helium bubbles possible. 

2. We propose a matrix of desirable preirradiation microstructures 

for the PCA based upon microstructural features that best accommodate 

helium as demonstrated in various types 316 o r  316 modified-with-titanium 
stainless steel samples after HFIR irradiation. Desirable microstructures 

include various combinations of MC precipitation, dislocation density, 

and grain boundary precipitation that should give better properties than 

the "free" precipitation of simple preirradiation microstructures. 

Irradiation of these proposed microstructures will test the extent to 
which preirradiation microstructures can be used to control properties. 

3. We discuss the thermal-mechanical treatments to achieve the 
recommended microstructures. Achieving these microstructures depends 

intimately upon proper fabrication. In most cases the preirradiation 

microstructures are either "simple" microstructures or require one-step 

thermal aging treatments. However, the production of grain boundary 

titanium-rich MC may require several steps. 

Future work will include determining the TTP curves f o r  the Path A 

PCA in several microstructural conditions and beginning longer term aging 

to provide a baseline for comparison with reactor irradiated material. 
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4. PATH B ALLOY DEVELOPMENT - H I G H E R  STRENGTH Fe-Ni-Cr ALLOYS 

Pa th  B a l l o y s  a r e  t he  Fe-Ni-Cr ” supe ra l loys”  i n  which t e n s i l e ,  

c reep- rupture ,  and f a t i g u e  s t r e n g t h  l e v e l s  h igher  than a t t a i n a b l e  

i n  t he  a u s t e n i t i c  s t a i n l e s s  s teels  a r e  achieved by p r e c i p i t a t i o n  of one 

o r  more phases.  Many a l l o y s  i n  t h i s  c l a s s  e x h i b i t  low swel l ing  i n  fas t -  

r e a c t o r  i r r a d i a t i o n s .  The technology f o r  use of path B a l l o y s  i n  neutron 

r a d i a t i o n  environments is not  as advanced as f o r  path A a l l o y s .  A b a s i s  

t o  select  a s p e c i f i c  a l l o y  type f o r  f u r t h e r  development i s  lack ing .  

Accordingly,  t h e  ADIP t a s k  group has s e l e c t e d  f i v e  base r e sea rch  a l l o y s  

t h a t  are r e p r e s e n t a t i v e  of the  b a s i c  systems of path B a l l o y s  and deserve 

c o n s i d e r a t i o n  f o r  fu s ion  r e a c t o r  a p p l i c a t i o n s .  The systems under 

i n v e s t i g a t i o n  inc lude  y’ strengthened-molybdenum modif ied ,  -(’ s t rengthened-  

niobium-modified, y’y” s t rengthened ,  and a h igh rn i cke l  p r e c i p i t a t i o n -  

s t r eng thened  a l l o y  (-75% Ni) .  

Near-term a c t i v i t i e s  are focused on eva lua t ing  the  e f f e c t s  of a 

f u s i o n  r e a c t o r  neutron spectrum on key mechanical and phys ica l  p r o p e r t i e s .  

Damage c r e a t e d  by t he  fu s ion  r e a c t o r  neutron spectrum i s  approximated by 

f i s s i o n  r e a c t o r  i r r a d i a t i o n .  Data are p r e s e n t l y  being obtained on a 

l i m i t e d  number of commercial a l l o y s  on which scoping s t u d i e s  were i n i t i a t e d  

two t o  t h r e e  yea r s  ago. The emphasis w i l l  s h i f t  t o  base r e sea rch  a l l o y s  

a s  they become a v a i l a b l e .  For those  p r o p e r t i e s  t h a t  a r e  e i t h e r  inadequate 

or degraded t o  an unacceptable l e v e l ,  t he  i n f luence  of composition and 

mic ros t ruc tu re  on the  response w i l l  be examined. The r e sea rch  program 

w i l l  be o r i e n t e d  toward de terminat ion  of mechanisms r e spons ib l e  f o r  t he  

observed proper ty  changes and the  e f f e c t s  of m e t a l l u r g i c a l  v a r i a b l e s  on 

t h e  response.  The o b j e c t i v e  i s  t o  develop a b a s i s  f o r  s e l e c t i o n  of the 

p a t h  B prime candida te  a l l o y ( s ) .  
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5. PATH C ALLOY DEVELOPMENT - REACTIVE AND KEFRACTORY ALLOYS 

Two d i s t i n c t  and separate subgroups f a l l  under the  broad c l a s s i -  

f i c a t i o n  of path C a l l o y s .  These subgroups are convenient ly  c l a s s i f i e d  

as " r e a c t i v e  metal  a l l o y s "  and " r e f r a c t o r y  metal  a l l oys . "  Analyses 

of t h e  p r o p e r t i e s  r equ i r ed  f o r  performance of materials  i n  high- flux 

r eg ions  of f u s i o n  r e a c t o r s  and assessments  of t he  known and e x t r a p o l a t e d  

p r o p e r t i e s  have i d e n t i f i e d  t i t an ium a l l o y s  of t h e  r e a c t i v e  metal a l l o y s  

and vanadium and niobium a l l o y s  of t he  r e f r a c t o r y  metal a l l o y s  as having 

t h e  most promise f o r  fu s ion  r e a c t o r  a p p l i c a t i o n s .  Fo r  both t he  r e a c t i v e  

and r e f r a c t o r y  a l l o y s ,  there is  an extreme l a c k  of d a t a  that  are r e l e v a n t  

and necessary  f o r  s e l e c t i o n  of s p e c i f i c  a l l o y  types  f o r  development ( i . e . ,  

s o l i d  s o l u t i o n ,  p r e c i p i t a t i o n  s t r eng thened ,  s i n g l e  or mult iphase) .  I n  

t h e  case  of t i t an ium a l l o y s ,  t he  most c r i t i c a l  de f i c i ency  i s  t he  l ack  of 

d a t a  on t he  response of these  a l l o y s  t o  high- fluence neutron r a d i a t i o n .  

Fo r  vanadium and niobium a l l o y s ,  while  the  e f f e c t s  of r a d i a t i o n  on 

mechanical behavior a r e  not adequate ly  known, perhaps t he  most a larming 

d e f i c i e n c y  is  the  near  t o t a l  l a ck  of base- l ine  informat ion  on the  e f f e c t s  

of c y c l i c  ( f a t i g u e )  loading on mechanical performance. P r e c i s e l y  because 

of t he se  d e f i c i e n c i e s  i n  t he  d a t a  base and o v e r a l l  m e t a l l u r g i c a l  exper i-  

ence,  t he se  a l l o y s  a r e  s t i l l  i n  a "scoping s tudy"  phase of t h e i r  eva lua t ion  

a s  cand ida t e s  f o r  fu s ion  r e a c t o r  f i r s t- w a l l  materials. 

The A D I P  t a s k  group has s e l e c t e d  fou r  t i t an ium a l l o y s ,  t h r e e  vanadium 

a l l o y s ,  and two niobium a l l o y s  f o r  the scoping phase of the development 

program. Titanium a l l o y s  are g e n e r a l l y  c l a s s i f i e d  according t o  the 

r e l a t i v e  amounts of a (hcp)  and 5 (bcc)  phases t h a t  they conta in .  The 

t i t a n i u m  a l l o y s  s e l e c t e d  r ep re sen t  t he  t h r ee  a l l o y s  ( t y p e s  a p lus  B ,  
a r i c h ,  and R r i c h ) .  Vanadium and niobium a l l o y s  are not  i n  commercial 

u se  as are the  o the r  a l l o y  systems i n  t he  program. S e l e c t i o n  of t he  

scoping a l l o y s  was based p r imar i ly  on r e s u l t s  of prev ious  programs on 

vanadium c ladding  development f o r  LMFBRs and high- temperature a l l o y s  f o r  

space  power systems. The three vanadium a l l o y s  are V--20% T i ,  V-15% Cr- 

5% T i ,  and Vanstar 7. The b ina ry  has  r e l a t i v e l y  good f a b r i c a b i l i t y ,  

and appears  t o  be swel l ing  r e s i s t a n t  i n  f a s t- r e a c t o r  i r r a d i a t i o n s  but 
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is rather weak. The ternary V-15% Cr-5% Ti and precipitation-strengthened 

Vanstar 7 alloys are significantly stronger. The N b 1 %  Zr binary alloy 

is included as a reference material, since a significant amount of data 

exists for this alloy irradiated in fast reactors. The alloy -5% ?IC- 

1% Zr is much stronger than the binary and can be developed for applications 

near 800°C. 

Near-term activities on path C alloys will focus on obtaining data 

on the unirradiated mechanical properties, corrosion, and compatibility, 

and the effects of irradiation on physical and mechanical properties. 

Fission reactor irradiation with and without helium preinjection, high- 

energy neutron sources, and charged-particle irradiations will be used 

in the development of techniques to approximate the effects of the fusion 

reactor neutron spectrum (He/dpa production). The objective is to develop 

sufficient understanding of the behavior of path C alloy systems (Ti, V ,  

and Nb alloys) to allow selection of path C base research alloys. The 

effects of composition and microstructure on alloy performance will then 

be investigated in the base research alloys. 
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5.1 PREPARATION OF VANADIUM AND NIOBIUM PATH C SCOPING ALLOYS 

R. E. Gold, R. L. Ammon, and R. W. Buckman, Jr. (Westinghouse Electric 
Corporation) and T. K. Roche (Oak Ridge National Laboratory). 

5.1.1 ADIP Task 

I.D.1 Materials Stockpile for MFE Programs (Path C) 

5.1.2 Objective 

The purpose of this effort is to provide sufficient quantities 

of the vanadium and niobium Path C Scoping Alloys to permit initial 

evaluation of the potential these types of alloys might offer for fusion 

reactor applications. Final product forms, which are to be delivered 

to the Oak Ridge National Laboratory Fusion Materials Stockpile, 

include 2.5 nim (0.10 in.) plate, 1.5 mm (0.06 in.) and 0.76 mm (0.03 in.) 

sheet, and 6 . 4  mm (0.25 in.) diameter rod. 

5.1.3 Summarl 

Three vanadium alloy and two niobium alloy compositions are being 

prepared for consumable arc melting and processing to plate, sheet, 

and rod for the Fusion Materials Stockpile. These are the Path C 

(V, Nb) Scoping Alloys selected for initial evaluations as candidate 
fusion reactor structural materials. All melting and primary metal 
working operations have been completed. Extrusions to sheet bar and 

round bar were accomplished without difficulty; final rolling and 

swaging are underway. Delivery of various product forms will begin 

by approximately mid-August with final delivery of all materials t o  

the Fusion Materials Stockpile at Oak Ridge expected to be complete 

by mid-October. 

5.1.4 Progress and Status 

During the current reporting period all necessary round bar 

and sheet bar extrusions were carried o u t  for the three (3 )  vanadium- 

base and two (2) niobium-base alloys utilizing the facilities of the 
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Metals and Ceramics Division of the Oak Ridge National Laboratory. 

The alloy ingots were canned f o r  extrusion in stainless steel; the 

extrusion cans were then evacuated and sealed by electron beam welding. 

The resulting billets, each approximately 8.0 cm (3.5 in.) in diameter, 

were extruded to 2.54 cm (1 in.) diameter round bar or 5.1 cm ( 2  in.) 

wide x 1.9 cm (0.75 in.) thick sheet bar at extrusion ratios of 12.2:l 

and 6.4:1, respectively. All extrusions were carried out at 120OOC 

with no difficulty. Details of the extrusion products are summarized 

in Table 5.1.1. Following extrusion all materials were returned t o  

Westinghouse f o r  final fabrication of the sheet and rod products. 
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Table 5.1.1. Summary of Vanadium and Niobium Alloy Extrusion Operations 

Ident. No. 

CAM-832 TOP 

CAM-832 BOT 

CAM-833 

CAM-834 

CAM-8 3 5A 

CAM- 835B 

CAM-836 TOP 

CAM-836 BOT 

CAM-837 

CAM-838 

CAM-839 TOP 

CAM-839 BOT 

CAM-840 

CAM-841 TOP 

CAM-841 BOT 

Extrusion Dimensions 
(in.) (a) Composition 

I 
V-20Ti 

V-20Ti 

V-20Ti 

V-15Cr-5Ti 

V-15Cr-5Ti 

V-15Cr-5Ti 

VANSTAR7 

VANSTAR7 

VANSTAR7 

Nb-1Zr 

Nb-1Zr 

Nb-1Zr 

Nb-5Mo-1Zr 

Nb-5Mo-1Zr 

Nb-5Mo-1Zr 

0.980" x 54" 

1.961" x 0.751" x 33" 

1.976" x 0.740" x 57" 

1.970" x 0.754" x 40" 

1.988" x 0.750" x 41" 
0.988'' x 45" 

0.984" x 50" 

1.965" x 0.747" x 25" 

1.970" x 0.750" x 55" 

1.950" x 0.746" x 55" 

1.915" x 0.749" x 36" 

1.024" x 49" 

2.001" x 0.797" x 51" 

1.978" x 0.793" x 27" 

1.008" x 49" 

___ 
No. of 
Pieces 

2 

2 

3 

2 

2 

2 

2 

1 

2 

2 

2 

2 

2 

1 

2 

Extrusion 
Form 

Round 

Sheet 

Sheet 

Sheet 

Sheet 

Round 

Round 

Sheet 

Sheet 

Sheet 

Sheet 

Round 

Sheet 

Sheet 

Round 

(a)Extrusion dimensions include as-extruded cladding (stainless steel) 
Extrusion ratios: round bar %12.2:1 Extrusion temperature: 1200°C 

sheet bar % 6.4:l for all 

Billets heated under argon cover gas for 4 hours prior to extrusion. 





6. PATH D ALLOY DEVELOPMENT - INNOVATIVE MATERIAL CONCEPTS 

Innova t ive  m a t e r i a l  concepts a r e  included a s  a pa th  i n  the a l l o y  

development program because the  fus ion  r e a c t o r  environment i s  extremely 

demanding on m a t e r i a l s  i n  t he  high- flux region and the  more convent ional  

m a t e r i a l s  and m e t a l l u r g i c a l  concepts may not be  adequate. Novel approaches 

t o  a l l o y  design,  nonconventional  m a t e r i a l  process ing t o  t a i l o r  p r o p e r t i e s ,  

o r  a l t e r n a t e  m a t e r i a l s  such a s  s t r u c t u r a l  ceramics and f i b e r  composites 

w i l l  be considered.  
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7. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY 

I r r a d i a t i o n  experiments a r e  p r e s e n t l y  being conducted i n  the  ORR and 

H F I R ,  which a r e  mixed-spectrum f i s s i o n  r e a c t o r s ,  and i n  the EBR-11, which 

i s  a fast- spectrum r e a c t o r .  Experiments are g e n e r a l l y  coopera t ive  between 

s e v e r a l  program p a r t i c i p a n t s .  Experiment p lans ,  t e s t  matrices, e t c . ,  a r e  

reviewed by the  Alloy Development f o r  I r r a d i a t i o n  Performance Task Group. 

The O f f i c e  of Fusion Energy (ETM) of t he  Department of Energy has 

ass igned  program r e s p o n s i b i l i t y  t o  ORNL f o r  the  es tab l i shment  and opera t ion  

of a c e n t r a l  inventory  of r esea rch  m a t e r i a l s  t o  be used i n  the Fusion 

Reactor M a t e r i a l s  r e s e a r c h  and development programs of the  DOE. The 

primary o b j e c t i v e  is t o  provide a common supply of m a t e r i a l s  f o r  use i n  

t he  n a t i o n a l l y  coordinated Fusion Reactor M a t e r i a l s  Program. 
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7.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE ( O m )  

The following charts show the irradiation experiment schedule, 

including experiments completed, in progress, and planned. Experiments 

are presently under way in the ORR and the HFIR, which are mixed-spectrum 

reactors, and the EBR-11, a fast reactor. 

EBR-I1 subassembly X 287 has been disassembled, and the 2300 
specimens are now being sorted. 

ORR-MFE-I1 has now been repaired and has been operating satisfac- 

torily in the ORR since May 3 ,  1979. A dosimetry experiment was 

performed during the repair and is now complete. 

HFIR-CTR-23 containing fatigue specimens of Nimonic PE-16 has been 

disassembled. Specimens are awaiting completion of high-cycle tests on 

type 316 stainless steel. 

The capsule design of ORR-MFE-4 has been completed. A prototype 
will be constructed to test the temperature control system out of 

reactor. The specimen racks are now being designed. 
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7.2 ETM RESEARCH MATERIALS INVENTORY - F. W. Wiffen, T. K. Roche (ORNL) 
and J. W. Davis (McDonnell Douglas) 

7.2.1 ADIP Task 

ADIP Task I . D . l ,  M a t e r i a l s  S t o c k p i l e  f o r  WE Programs. 

7.2.2 Purpose and Scope 

The O f f i c e  of Fusion Energy (ETM) of t he  Department of Energy has 

ass igned  program r e s p o n s i b i l i t y  t o  ORNL f o r  the  es tab l i shment  and 

o p e r a t i o n  of a c e n t r a l  inventory  of resea rch  m a t e r i a l s  to be used i n  

t h e  Fusion Reactor M a t e r i a l s  r e s e a r c h  and development programs of the  

DOE. The p r i m a r y  o b j e c t i v e  i s  t o  provide a common supply of m a t e r i a l s  

f o r  use  i n  the  n a t i o n a l l y  coordinated Fusion Reactor M a t e r i a l s  Program. 

This  w i l l  minimize unintended m a t e r i a l s  v a r i a b l e s  and provide f o r  

economy i n  procurement and f o r  c e n t r a l i z e d  recordkeeping.  I n i t i a l l y  

t h i s  inven tory  is t o  focus on m a t e r i a l s  r e l a t e d  t o  f i r s t - w a l l  and 

s t r u c t u r a l  a p p l i c a t i o n s  and r e l a t e d  r e s e a r c h ,  but va r ious  s p e c i a l -  

purpose m a t e r i a l s  may be added i n  the  fu tu r e .  It is recognized t h a t  

m a t e r i a l s  supplementary t o  t h i s  inven tory  w i l l  be in t roduced t o  the  

ETM programs from time t o  t ime, and records  of those  m a t e r i a l s  s h a l l  

be made a v a i l a b l e  t o  ORNL and incorpora ted  i n  the records  of t he  ETM 

Research Materials Inventory.  

The u s e  of m a t e r i a l s  from t h i s  inven tory  f o r  resea rch  t h a t  i s  

coord ina ted  with or  otherwise r e l a t e d  t e c h n i c a l l y  t o  the  Fusion Reactor 

M a t e r i a l s  Program of DOE but which is  not  an i n t e g r a l  o r  d i r e c t l y  

funded p a r t  of i t  i s  encouraged, wi th  the  unders tanding t h a t  the r e s u l t s  

of such r e s e a r c h  be made a v a i l a b l e  to t he  Fusion Reactor M a t e r i a l s  

Program. 

7.2.3 M a t e r i a l s  Requests  and Release  

M a t e r i a l s  r e q u e s t s  must provide a s ta tement  of t he  programmatic 

end use and agreement t h a t  c h a r a c t e r i z a t i o n  informat ion developed by 

t h e  user  s h a l l  be supp l ied  t o  the  inven tory  records .  Request f o r  

materials s h a l l  be d i r e c t e d  t o  ETM Research Materials Inventory  a t  ORNL 

(At ten t ion :  F. W. Wiffen). Materials w i l l  be r e l e a s e d  d i r e c t l y  i f :  
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( a )  The material i s  t o  be used f o r  programs funded by ETM, w i th  

g o a l s  c o n s i s t e n t  wi th  t he  approved M a t e r i a l s  Program Plans  of t he  

? l a t e r i a l s  and Rad ia t ion  E f f e c t s  Branch. 

(b )  The reques ted  amount of m a t e r i a l  i s  a v a i l a b l e ,  without  com- 

promising o the r  in tended  uses.  

M a t e r i a l s  r eques t s  t h a t  do not  s a t i s f y  both ( a )  and ( b )  w i l l  he  

d i scussed  w i t h  t he  s t a f f  of the  Materials and Rad ia t ion  E f f e c t s  Branch, 

Of f i ce  of Fusion h e r g y ,  f o r  agreement on ac t i on .  

7.2.4 Records 

Chemistry and materials p repa ra t ion  r eco rds  are maintained f o r  

a l l  inventory  ma te r i a l .  All materials supp l i ed  t o  program u s e r s  w i l l  

he accompanied by summary c h a r a c t e r i z a t i o n  information.  

1 .2 .5  Summary of Current  Inventory  (June 1979) 

7.2.5.1 Path A Alloys 

1. Reference a l l o y  - type 316 s t a i n l e s s  s t e e l .  Bar, p l a t e ,  rod ,  

and 0.180-in.-diam tubing  a r e  i n  s tock .  Kework w i l l  be 

scheduled a s  requi red .  

2.  P r i m e  Candidate  Alloy (PCA) ( F e 1 6  Ni-14 Cr-2 Mo-Mn, T i ,  S i ,  C ) .  

A l l  t h e  PCA has been d e l i v e r e d  t o  OKNL by t he  vendor, Teledyne 

Allvac.  Table 7.2.1 l i s t s  the product  forms i n  s tock.  

3. PCA Tube product ion  and remelt f o r  composition v a r i a t i o n  i s  

planned f o r  l a t e  FY 1979. 

7.2.5.2 Path B Alloys 

4 .  A r e f e r e n c e  hea t  of PE-16 i s  i n  s tock  a t  ORNL. P l a t e ,  rod ,  and 

0.180-in.-diam tubing  a r e  a v a i l a b l e .  

5. Base Research Alloys 

U g G E n T i  A 1  S i  

B-1 25 10  1 3 1 . 5  0.3 
B-2 40 12 3 1 . 5  1 .5  0.3 
B- 3 30 12  2 2  0 .5 0.3 
B-4 40 12 3 1.8 0 .3  0 .3  
B-6 75 1 5  1 2.5 1 . 5  0.3 

- - -  
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Two 140-kg (300- lb) h e a t s  of each a l l o y  were purchased from Teledyne 

Allvac.  This  material w a s  de l ive red  t o  ORNL i n  September 1978, and 

t h e  y i e l d  was approximately 180 kg (400 l b )  pe r  a l l oy .  

Secondary breakdown has begun. A s i n g l e  shee t  bar  and a rod have 

been ex t ruded  from each of t he  f i v e  a l l o y s ,  and t he  material is  

being used t o  determine thermomechanical t rea tment  t o  produce f i n a l  

product  form. 

Table 7.2.1 l is ts  the  a v a i l a b l e  primary product forms of t he  f i v e  

a l l o y s .  Chemical a n a l y s i s  and metal lography of each a l l o y  are given 

i n  Sec t .  4.2 of t h i s  r e p o r t .  

7.2.5.3 Pa th  C Alloys (Re f rac to ry  Alloys)  

6. Small amounts of s e v e r a l  niobium- and vanadium-base a l l o y s  are 

c u r r e n t l y  a v a i l a b l e  a t  ORNL. Quant i ty  and product  forms are 

1 i m i t e d  . 
7. An order  has  been placed f o r  t he  purchase of approximately 6 kg 

each  of f i v e  a l l o y s .  Only sheet and rod w i l l  be produced. 

Al loys :  N b l %  Z r  

N b 5 %  M w l %  Z r  

V-20% T i  

V-15% Cr-5% T i  

V-9% Cr-3.3% Fe-1.3% Zr-0.05% C (Vanstar  7 )  

De l ive ry  of material i s  expected i n  t he  l a t e  summer of 1979. 

7.2.5.4 P a t h  C Alloys (Reac t ive  Alloys)  

8. The titanium- base scoping a l l o y s  have t he  fo l lowing  composi t ions,  

w t  %: 

A 1  V Mo Z r  Sn C r  S i  - - - - - - - Alloy  

Ti-64 6 4  
Ti-6242s 6 2 4  2 0.09 
Ti-5621s 5 1 2 6  0.25 
~ i - 3 8 6 4 4  3 a 4 4 6 

A t  least 0.75 m2 (1200in.2) of each  of these a l l o y s  is  c u r r e n t l y  

a v a i l a b l e  i n  0.76-mm (0.030-in.) t h i ckness .  This  sheet i s  from 

t h e  same heat as material c u r r e n t l y  i n  r e a c t o r  experiments.  Larger 

s e c t i o n  s h e e t  of a l l o y  Ti-5621s i s  a l s o  ava i l ab l e .  
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Orders a r e  now being developed t o  purchase new s t o c k s  of these  

a l l o y s  i n  s e v e r a l  product forms. Del ivery  dates have not ye t  been 

determined. 

The t i tanium-base a l l o y s  a r e  s t o r e d  a t  McDonnell Douglas. However, 

inven tory  c o n t r o l  and m a t e r i a l s  r e l e a s e  a r e  handled by ORNL, and 

r e q u e s t s  should be addressed t o  ORNL. 





8. CORROSION TESTING AND HYDROGEN PERMEATION STUDIES 

Corros ion,  e r o s i o n ,  and mass t r a n s f e r  a r e  processes  t h a t  may degrade 

mechanical p r o p e r t i e s ,  a l t e r  heat  t r a n s f e r  c h a r a c t e r i s t i c s  of heat  t r a n s-  

p o r t  systems, and present  maintenance problems when r a d i o a c t i v e  n u c l i d e s  

a r e  involved. The importance of hydrogen permeation and the  behavior of 

hydrogen i n  the a l l o y  systems under development i s  c l e a r  from consid-  

e r a t i o n  of t r i t i u m  inven tory ,  containment,  e t c .  In the  e a r l y  s t a g e s  of 

t h e  development program, base- l ine  informat ion i s  requ i red  t o  de f ine  

compatible or noncompatible a l l o y  sys tems and coo lan t s .  A s  optimized 

a l l o y s  a r e  developed, more d e t a i l e d  da ta  on e f f e c t s  of adjus tments  i n  

a l l o y  composition or s t r u c t u r e  may be requ i red .  

c o m p a t i b i l i t y  da ta  w i l l  be r equ i red  on the  f i n a l  optimized a l l o y s .  

Extensive  engineer ing 

81 
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8.1 CORROSION IN STATIC LITHIUM: FURTHER TESTS ON CORROSION INHIBITION 
OF TYPE 316 STAINLESS STEEL AND THE CORROSION OF WELD SPECIMENS 
OF TYPE 316 STAINLESS STEEL AND PATH B-LIKE MATERIALS - 
P.  F. Tortorelli and J. H. &Van (ORNL) 

8.1.1 ADIP Task 

ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility 

Analyses. 

8.1.2 Objective 

The purpose of this program is to determine the chemical compati- 

bility of fusion reactor candidate materials with metallic lithium. 

Specimens are exposed to static lithium-containing selected solute 

additions to identify the kinetics and mechanisms that govern corrosion 

by lithium. Specific program objectives are: (1) to determine the 
effects of N, C, H, and 0 on apparent solubilities in lithium, ( 2 )  to 

determine the C and N partitioning coefficients between alloys and 
lithium, ( 3 )  to determine the effects of soluble (Ca, Al) and solid 

( Y ,  Zr, Ti) active metal additions on corrosion by lithium, and (4 )  to 

determine the tendencies for dissimilar-metal mass transfer. 

8.1.3 Summary 

Type 316 stainless steel was exposed to Li--2 wt % N-5 wt % A1 

between 500 and 700°C for 1000 h. While this amount of nitrogen 

normally enhances attack of type 316 stainless steel, the addition of 

aluminum prevented significant corrosion. We studied the corrosion 

resistance of unstressed welds of type 316 stainless steel and two 

Path B-like alloys (alloys 800 and 600) in lithium. In general, after 

1000 h at 500 and 600°C the welds of the three were as compatible with 

static as-purified lithium as their respective base alloys. 

8.1.4 Progress and Status 

Previous work1 has shown that the presence of a significant amount 

of nitrogen in static lithium at 500 to 70OoC resulted in severe corrosion 



of type 316 stainless steel relative to tests in as-purified lithium. 

We also have f o ~ n d ~ > ~  that additions of aluminum to static and flowing 

lithium effectively inhibited corrosion of type 316 stainless steel. 

Accordingly, we conducted experiments to determine if aluminum additions 

would reduce the corrosion of this steel by Li--2 wt % N. Type 316 

stainless steel coupons were exposed to static Li-2 wt % lG5 wt % A 1  at 

500, 600, and 700°C for 1000 h. The resulting weight changes are given 

in Table 8.1.1, which also contains data from earlier tests with 

Li--2 wt % N for comparison. The presence of aluminum with nitrogen in 

the lithium completely eliminated the large weight losses suffered by 

type 316 stainless steel when exposed to nitrogen alone in lithium. 

Specimens are now being examined metallographically to determine if the 

aluminum produced the same intermetallic layer on the stainless steel as 

observed in the absence of nitr~gen.~ 

possibility that the beneficial effect of aluminum could have occurred 

by direct reaction with the nitrogen rather than by formation of a 

protective intermetallic layer. However, chemical analysis of the 

post-test lithium, which showed both a decrease in the aluminum concen- 

tration of the lithium during test from 5.0 to about 3.5 wt % and higher 

nitrogen concentrations relative to tests in Li--2 wt % N, indicated that 
the surface layer reaction was dominant. 

We are a l s o  checking the 

Table 8.1.1. Weight Changes of Type 316 Stainless Steel Exposed 
to Static Li-2 wt % N and Li-2 w t  % N-5 wt% A 1  f o r  1000 h 

~ ~~ 

Weight Change, 
Temperature g/m2 

( "0  
~i-2 wt % N ~i-2 wt % ~5 wt %  AI^ 

500 -51.5 

600 -39.0 

700 -51.0 

+1.5, +1.5 

+3.4, +3.4 

+16.2, +9.5 

a Two tests were run at each temperature. 
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We have a l s o  begun an i n v e s t i g a t i o n  of t he  s u s c e p t i b i l i t y  of welds 

and weld- heat- affected zones of Fe-Cr-Ni a l l o y s  t o  a t t a c k  by s t a t i c  

l i t h ium.  In  t he  preceding q u a r t e r l y  p rog res s  ~ e p o r t , ~  w e  r epo r t ed  t h a t  

a l l o y  600 welds (w i th  82T f i l l e r  wire) were not  s e l e c t i v e l y  a t t acked  by 

l i t h i u m  between 500 and 7 0 O O C .  Subsequently,  tests  were performed t o  

q u a l i t a t i v e l y  s tudy  the inherent co r ros ion  r e s i s t a n c e  of uns t r e s sed  

welds of type 316 s t a i n l e s s  s tee l  and a l l o y s  800 and 600. These las t  

two a l l o y s  were t e s t e d  since they were r e a d i l y  a v a i l a b l e  and had 

composi t ions t h a t ,  f o r  our purposes,  were reasonably  c l o s e  t o  those of 

ADIP a l l o y s  B2 and B6. The weld co r ros ion  coupons were made by t ak ing  

25- by 19- by 1.2- samples,  c u t t i n g  them i n  ha l f  l engthwise ,  s e t t i n g  

t h e  ha lves  a t  90" t o  one ano the r ,  and then  welding each set of ha lves  

t o g e t h e r  along t h e i r  l eng ths .  These coupons were then sea l ed  i n  

type 316 s t a i n l e s s  s tee l  capsules  wi th  a s- pur i f i ed  l i t h i u m  and exposed 

f o r  1000 h a t  500, 600, and 700°C. The r e s u l t i n g  weight changes are 

l i s t e d  i n  Table 8.1.2. It is i n t e r e s t i n g  t o  note  t h a t  t he  a l l o y  800 

specimens s u f f e r e d  t he  g r e a t e s t  weight l o s s e s .  This  is c o n s i s t e n t  with 

t h e  meta l lographic  examinat ions t h a t  showed t h a t  t h i s  a l l o y  was a t t acked  

t o  a g r e a t e r  degree than a l l o y  600 and type 316 s t a i n l e s s  s teel  ( s ee  

Fig.  8.1.1-3). This  r e s u l t  i s  somewhat s u r p r i s i n g  s i n c e  the  a l l o y  wi th  

Table 8.1.2. Weight Changes of Weld Coupons Exposed' 
t o  S t a t i c  Li thium for  1000 h 

Weight Change, 
Temperature g/m2 

("C) 
316 S S b  Alloy 800' Alloy 600' 

500 -3.3, -3.0 -13.9, -12.7 -3.5, -1.8 

600 -3.0, -2.3 -49.5, 4 1 . 8  -3.2, -3.1 

700 - 2.5, -1.7 4 1 8 . 1 ,  -420.5 -19.3, -1.9 

a 
Two tests were run f o r  type  of material  a t  each 

Type 316 stainless steel  weld wire w a s  used .  

82T weld w i r e  ( 7 2 %  Ni-20% C r 3 %  M r ~ l %  Fe) w a s  

t empera ture .  
b 

e 
used.  



WELD AREA 

I 
a5 

r 

UNWELDED AREA r i I  

Fig. 8.1.1. Exposure for 1000 h to Static Lithium at 5OOOC. 
(a) Type 316 stainless steel. (b) Alloy 800. ( c )  Alloy 600. 
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(C) 

40 pm 

!. 
:ahless steel. (b) Alloy 800. ( c )  Alloy 600. 

Exposure for 1000 h to Static Lithium at 600'C. 
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content, alloy 600 (75% Ni) (alloy 800 has 32% Ni), 
to have a greater dissolution rate. In previous tests 
osion coupons, the corrosion of alloy 600 in static 
r than that of alloy 800. 
he metallographic examinations of the weld coupons 

tent of attack of the welds of all three alloys was 

ess than that of the unaffected base metal. The only 

ion was for the alloy 600 coupons exposed at 7OO0C, 
penetrations in the weld areas that were not observed 

e specimens away from these zones (Fig. 8.1.3). 

ion of aluminum to static lithium effectively inhibits 
ype 316 stainless steel, regardless of the amount of 

thium. 

type 316 stainless steel. alloy 800, and alloy 600 are 

static as-purified lithium as their respective base 

li and J. H. &Van, "Capsule Tests of Type 316 
1 in Nitrogen-Contaminated Lithium," ADIP Quart. PrOg. 
1978, WE/ET-0058/3, pp. 84-91. 

li and J. H. DeVan, "Capsule Tests of Iron-Base 

ium," ADIP Quart. Prog. Rep.  June 30, 1978, 

pp. 148-57. 

d J. R. DiStefano, "Capsule Tests of Iron-Base Alloys 

DIP Quart. Prog. Rep.  Mar. 31, 1978, DOE/ET-0058/1, 

li and J. H. &Van, "The Corrosion of Ni-Fe-Cr and 

Alloys in Static Lithium," ADIP &a&. Prog. Rep. 

M)E/ET-0058/5, pp. 141-47. 
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by a mass of chromium-rich c r y s t a l s .  Therefore ,  i t  seems t h a t  during 

o p e r a t i o n  of a l i t h i u m  loop the  i n i t i a l  chromium c r y s t a l l i t e s  can be 

dis lodged from var ious  s u r f a c e s  and can be c a r r i e d  t o  a po in t  i n  the  

c i r c u i t  where t h e y  can aggregate  and s e v e r e l y  r e s t r i c t  flow. 

8.2.5 Conclusions 

1. In l i th ium- type 316 s t a i n l e s s  steel c i r c u i t s ,  n e a r l y  pure  ne 

l i k e  chromium c r y s t a l s  a r e  i n i t i a l l y  formed i n  the  co lder  parts of t k  

loops .  These c r y s t a l s  can e v e n t u a l l y  form aggrega tes  t h a t  can severe 

restrict the  f low of l i th ium.  

2. A t  longer  opera t ing  times the  morphology and composition of 

m a s s  t r a n s f e r  d e p o s i t s  change. The d e p o s i t s  con ta in  s i g n i f i c a n t  am01 

of i r o n ,  n i c k e l ,  and chromium with  t he  last two elements i n  g r e a t e r  

r e l a t i v e  c o n c e n t r a t i o n s  than i n  normal type 316 s t a i n l e s s  steel. 

8.2.6 References 
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S t a i n l e s s  S t e e l  Thermal-Convection Systems," A D P  &art. Prog. RC 
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3. P. F. To r ' l o r e l l i  and J. H. DeVan, "Thermal-Gradient Mass Transfer 

Li th ium- Stainless  S t e e l  Systems," paper p resen ted  a t  F i r s t  Topica 

Meeting on Fusion Reactor M a t e r i a l s ,  Miami Beach, Fla.,  Jan. 1975 
( t o  be publ ished i n  the  Journai! of NucZear MateriaZs). 
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8 .3  HYDROGEN DISSOLUTION AND PERMEATION CHARACTERISTICS OF TITANIUM- 
BASE ALLOYS - E .  H .  Van Deventer,  and V. A. Maroni 
(Argonne Nat iona l  Labora to ry) .  

8 . 3 . 1  ADIP Task 

I . A . 4 .  Hydrogen D i s s o l u t i o n  and Permeation E f f e c t s .  The r e s u l t s  

p resen ted  i n  t h i s  s e c t i o n  c o n t r i b u t e  t o  Subtask I . A . 4 . ,  Mi les tones  1.A.b. 

and 1.A.c. 

8.3.2 O b j e c t i v e  

The o b j e c t i v e  of t h e  work r e p o r t e d  i n  t h i s  s e c t i o n  i s  t o  p rov ide  

base- l ine  hydrogen d i s s o l u t i o n  and permeation d a t a  f o r  t h e  group of 

t i tanium- base  a l l o y s  c u r r e n t l y  under examination a s  p a r t  of t h e  ADIP Path  

C a l l o y  development a c t i v i t i e s .  The hydrogen d i s s o l u t i o n ,  outgass ing and 

permeation c h a r a c t e r i s t i c s  of t h i s  family  of m a t e r i a l s  is  v i t a l  t o  an 

unders tanding of t h e i r  performance as f i r s t - w a l l  and b lanke t  s t r u c t u r a l  

m a t e r i a l s  f o r  f u s i o n  dev ices .  A f u r t h e r  o b j e c t i v e  of t h i s  work i s  t o  

begin examining methods f o r  overcoming any s e r i o u s  hydrogen i s o t o p e  up- 

t a k e  and migra t ion  problems a s s o c i a t e d  w i t h  t h e  r a t h e r  s t r o n g  hydride- 

forming n a t u r e  of t i t a n i u m  and i t s  a l l o y s .  

8 .3 .3  Summary 

The hydrogen permeation c h a r a c t e r i s t i c s  of an  anodized sample of 

Ti-6A1-4V were measured from 450 t o  665"c f o r  hydrogen d r i v i n g  p r e s s u r e s  

i n  t h e  range from 0 . 2  t o  1 7  Pa. The permeab i l i ty  of t h e  anodized sample 

w a s  found t o  be about t h e  same as t h a t  of t h e  i o n- n i t r i d e  coated sample of 

Ti-6A1-4V s t u d i e d  p rev ious ly ,  and about an o r d e r  of magnitude lower than 

tha t  of pure  Ti-6A1-4V. 

f o r  pure  Ti-6Al-4V, ion- ni t r ide- coated Ti -6Al-4V,  and anodized Ti-6A1-4V 

wherein t h e  p reexponen t ia l  term and t h e  a c t i v a t i o n  energy were v a r i e d  

independent ly  f o r  each sample bu t  a common r e f i n e d  v a l u e  f o r  t he  p r e s s u r e  

exponent w a s  sought .  It is clear from t h e  r e s u l t s  of this a n a l y s i s  t h a t  

t h e  c o a t i n g  procedures caused a measurable b u t  f a r  less than  d e s i r a b l e  

r e d u c t i o n  i n  t h e  pe rmeabi l i ty  of Ti -6Al-4V.  The optimized p r e s s u r e  ex- 

p m e n t ,  0.64, sugges t s  t h a t  t h e  normally-assumed bu lk- di f fus ion- l imi ted  

A l e a s t- s q u a r e s  a n a l y s i s  w a s  conducted on d a t a  
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permeation mechanism i s  being a f f e c t e d  or perhaps t o t a l l y  superseded by 

ano ther  mechanism invo lv ing  t h e  s u r f a c e s  of t h e  a l l o y .  

8 .3 .4  Progress  and S t a t u s  

The hydrogen permeation c h a r a c t e r i s t i c s  of a s a m p l e  of Ti-6A1-4V 

t h a t  had been anodized on both  s u r f a c e s  (by McDonnell Douglas A s t r o n a u t i c s  

C o . )  were measured from 450 t o  665°C f o r  hydrogen d r i v i n g  p r e s s u r e s  i n  

t h e  range from 0 .2  t o  1 7  Pa. The permeab i l i ty  of t h e  anodized sample 

(based on 25 d a t a  p o i n t s )  was found t o  be  about t h e  same as t h a t  of t h e  

i o n- n i t r i d e  coated sample of Ti -6Al-4V s t u d i e d  previously ' ,  and about an 

o r d e r  of magnitude lower than  t h a t  of pure  Ti-6A1-4V. The p e r m e a b i l i t i e s  

of a l l  of t h e  Ti- base a l l o y s  (coated and uncoated) ,  s t u d i e d  over  t he  p a s t  

year ,  have ranged from being s e v e r a l  hundred t o  being s e v e r a l  thousand 

t i m e s  g r e a t e r  than t h o s e  of 300- ser ies  s t a i n l e s s  s t e e l s .  

A d e t a i l e d  mathematical  s tudy of a l l  of  t h e  d a t a  obta ined f o r  the 

v a r i o u s  m o d i f i c a t i o n s  of Ti-6A1-4V i n v e s t i g a t e d  t o  d a t e  has  been i n i t i a t e d  

and i s  beginning t o  produce r e s u l t s .  A l e a s t- s q u a r e s  a n a l y s i s  was 

conducted on d a t a  f o r  pure  Ti-6A1-4V, ion- ni t r ide- coa ted  Ti-6A1-4V (one 

s u r f a c e ) ,  and anodized Ti-6A1-4V (bo th  s u r f a c e s )  wherein t h e  preexponent ia l  

term and t he  a c t i v a t i o n  energy were v a r i e d  independent ly  f o r  each sample 

b u t  a common r e f i n e d  v a l u e  f o r  t h e  p r e s s u r e  exponent was sought .  

r e s u l t s  of t h i s  a n a l y s i s  a r e  p resen ted  i n  F ig .  8.3.1.  

r e p r e s e n t  t h e  o v e r a l l  u n c e r t a i n t i e s  i n  bo th  t h e  raw d a t a  and t h e  

mathematical  refinement procedure.  

wi th  an  u n c e r t a i n t y  of less than ?lo%. Accordingly,  t h e  r e s u l t s  i n  

F i g .  8.3.1 a r e  p l o t t e d  a g a i n s t  a ( p r e s s u r e ) 0 . 6 4  f a c t o r  which must be  kept  

i n  mind when e x t r a p o l a t i n g  t h e s e  r e s u l t s  t o  o t h e r  p r e s s u r e s .  

The 

The shaded a r e a s  

The common p r e s s u r e  exponent was 0.64 

I t  i s  c l e a r  from t h e  r e s u l t s  i n  F ig .  8 . 3 . 1  t h a t  t h e  c o a t i n g  

procedures  caused a measurable bu t  f a r  less than d e s i r a b l e  reduc t ion  i n  

t h e  pe rmeab i l i ty  of Ti-6A1-4V. The optimized p r e s s u r e  exponent, being 

s i g n i f i c a n t l y  g r e a t e r  than 0 .5 ,  sugges t s  t h a t  t h e  nonually-assumed bulk- 

d i f f u s i o n- l i m i t e d  permeation mechanism i s  being a f f e c t e d  or perhaps 

t o t a l l y  superseded by ano ther  mechanism which undoubtedly i s  t a k i n g  p l a c e  

a t  t h e  s u r f a c e s  of t h e  a l l o y .  It i s  a f a c t  t h a t  t h e  product of t h e  

hydrogen s o l u b i l i t y  parameter and t h e  t r u e  bulk d i f f u s i o n  parameter f o r  
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Ti-6A1-4V a t  temperatures  i n  t h e  range shown i n  F i g .  8 . 3 . 1  y i e l d s  a 

pe rmeab i l i ty  s i g n i f i c a n t l y  higher  than t h e  r e s u l t s  shown i n  F ig .  8.3.1.  

Furthermore,  t h e  tendency of c a l c u l a t e d  permeation v a l u e s  based on t h e  

( s o l u b i l i t y  x d i f f u s i o n )  product is t o  i n c r e a s e  wi th  decreas ing  tempera- 

t u r e ,  p r i m a r i l y  because t h e  decreas ing  d i f f u s i o n  parameter i s  more than 

o f f s e t  by t h e  i n c r e a s i n g  s o l u b i l i t y  parameter a t  p rogress ing ly  lower 

temperatures .  The permeation mechanism t h a t  has been observed f o r  t h e s e  

titanium-based m a t e r i a l s  i s  c e r t a i n l y  n o t  c l a s s i c a l  and r e q u i r e s  more 

s t u d y .  

permeation s tudy  t o  determine t h e  b a s e l i n e  c h a r a c t e r i s t i c s  of t h e  unal loyed 

m a t e r i a l .  

A sample of h igh p u r i t y  t i t a n i u m  meta l  i s  being read ied  f o r  

8 .3 .5  Conclusions 

S e e  s e c t i o n  8.3.3. 

8.3 .6  References  

1. E. H. Van Deventer,  E.  Ve leck i s ,  and V .  A. Maroni, Hydrogen 
Dissolution and Permeation Characteristics of Titanium-Base AZZoys, 
Alloy Development for I r r a d i a t i o n  Performance Quar te r ly  Progress  

Report:  January-March 1979,  U.S. Department of Energy Report  

DOE/ET-0058/5 (1979) pp. 132-140. 
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8.4 VANADIUM ALLOYILITHIUM PUMPED LOOP STUDIES - D. L.  Smith, R. H .  Lee, 
and V .  A.  Maroni (Argonne Nat iona l  Laboratory) .  

8 .4 .1  ADIP Task 

I.A.3. Chemical and M e t a l l u r g i c a l  Compat ib i l i ty  Ana lys i s .  The 

r e s u l t s  presented i n  t h i s  s e c t i o n  c o n t r i b u t e  t o  Subtask I .A.3.4,  

Miles tones  I .A.3.c,  and I.A.3.d. 

8.4.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work is t o  develop p re l iminary  d a t a  on t h e  

c o m p a t i b i l i t y  of cand ida te  Pa th  C a l l o y s  exposed t o  a f lowing l i t h i u m  

environment. The major e f f o r t  invo lves  i n v e s t i g a t i o n s  of nonmeta l l i c  

element i n t e r a c t i o n s  i n  r e a c t i v e l r e f r a c t o r y  meta l- l i th ium systems. 

Informat ion r e l a t i n g  t o  atmospheric contaminat ion of r e a c t i v e l r e f r a c t o r y  

metal a l l o y s  w i l l  a l s o  be  generated.  

i n c l u d e  measurements on t h e  d i s t r i b u t i o n  of nonmeta l l i c  elements between 

s e l e c t e d  vanadium a l l o y s  and l i t h i u m ,  and t h e  e f f e c t s  of l i t h i u m  exposure 

on t h e  mechanical  p r o p e r t i e s  of vanadium a l l o y s .  

work w i l l  c o n t r i b u t e  t o  t h e  d a t a  base  t h a t  r e l a t e s  c o m p a t i b i l i t y  and 

c o r r o s i o n  phenomena t o  o t h e r  a l l o y  development a c t i v i t i e s  and w i l l  provide  

a b a s i s  f o r  s e l e c t i n g  cand ida te  a l l o y s  f o r  f u r t h e r  development. 

S p e c i f i c  near- term experiments 

The r e s u l t s  of t h i s  

8.4.3 Summary 

The s t a i n l e s s- s t e e l - c l a d  vanadium-15% chromium a l l o y  loop f o r  

s t u d i e s  of c i r c u l a t i n g  l i q u i d  l i t h i u m  has  cont inued t o  o p e r a t e  through 

t h e  t h i r d  q u a r t e r  of FY-1979. T h i s  0 . 5- l i t e r- c a p a c i t y ,  fo rced  c i r c u l a t i o n  

loop is being used i n  i n v e s t i g a t i o n s  of (1) t h e  d i s t r i b u t i o n  of nonmetal l ic  

elements i n  l i t h i u m / r e f r a c t o r y  m e t a l  systems and (2) e f f e c t s  of a l i t h i u m  

environment on t h e  mechanical  p r o p e r t i e s  of s e l e c t e d  r e f r a c t o r y  metals. 

Exposure of zirconium f o i l  t o  l i t h i u m  a t  bo th  673 and 873 K r e s u l t e d  i n  

s i g n i f i c a n t  pickup of n i t r o g e n  by t h e  zirconium and a corresponding 

r e d u c t i o n  of t h e  n i t r o g e n  c o n c e n t r a t i o n  i n  l i t h i u m .  
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8.4.4 Progress  and S t a t u s  

I n v e s t i g a t i o n s  a r e  con t inu ing  on (1) t h e  d i s t r i b u t i o n  of non- 

m e t a l l i c  elements i n  l i t h i u m / P a t h  C a l l o y  systems and ( 2 )  e f f e c t s  of a 

l i t h i u m  environment on t h e  mechanical  p r o p e r t i e s  of s e l e c t e d  r e a c t i v e /  

r e f r a c t o r y  meta l s .  T e s t s  a r e  being conducted i n  a smal l  forced c i r c u l a-  

t i o n  s t a i n l e s s  s t e e l  c l a d  vanadium a l l o y  loop .  

o p e r a t i n g  wi thout  i n t e r r u p t i o n  f o r  over 10 M s  (> lo0  days) .  I n i t i a l  

o p e r a t i o n  w a s  a t  673 K f o r  2 M s .  

873 K where it has  s i n c e  been mainta ined.  T e s t s  t o  d a t e  inc lude  t h e  

t ak ing  of f o u r  f i l t e r e d  l i t h i u m  d i p  samples f o r  de te rmina t ions  of t h e  

n i t r o g e n  c o n c e n t r a t i o n  i n  l i t h i u m ,  two exposures of zirconium f o i l  and 

two exposures of vanadium w i r e .  The purpose of t h e  zirconium exposures 

is t o  reduce t h e  n i t r o g e n  c o n c e n t r a t i o n  i n  l i t h i u m  by g e t t e r i n g  and t o  

e v a l u a t e  t h e  hydrogen c o n c e n t r a t i o n  i n  t h e  system. The l a t t e r  d e t e r-  

minat ion w i l l  be  accomplished by ana lyz ing  t h e  hydrogen c o n c e n t r a t i o n  i n  

zirconium and o b t a i n i n g  t h e  e q u i v a l e n t  hydrogen p r e s s u r e  a t  equ i l ib r ium 

from l i t e r a t u r e  da t a .  Ana lys i s  of t h e  n i t r o g e n  pickup i n  t h e  zirconium 

w i l l  p rov ide  a measure of t h e  n i t r o g e n  i n  t h e  system. 

summarizes r e s u l t s  of t h e  n i t r o g e n  a n a l y s e s  of t h e  l i t h i u m .  The n i t r o g e n  

c o n c e n t r a t i o n  i n  t h e  l i t h i u m  has  been reduced from an i n i t i a l  v a l u e  of 

-1340 wppm t o  %36 wppm. 

The loop has  been 

Loop temperature  was then  raised t o  

Table 8 . 4 . 1  

Exposure of zirconium f o i l  a t  673 K f o r  0.43 M s  r e s u l t e d  i n  a gold  

t a r n i s h  i n d i c a t i v e  of 2r-N on t h e  s u r f a c e .  The zirconium f o i l  exposed a t  

873 K f o r  0.60 M s  r e s u l t e d  i n  a heav ie r  gold f i l m  on t h e  sample. 

microprobe a n a l y s i s  of t h i s  f i l m  i n d i c a t e d  a s t r o n g  n i t r o g e n  count .  

Q u a n t i t a t i v e  a n a l y s e s  of t h e  zirconium samples a r e  i n  p rogress .  

E l e c t r o n  
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Table  8.4.1 Nitrogen Analyses of Lithium from 
t h e  Vanadium Alloy T e s t  Loop 

Operat ion  Lithium Nit rogen 
Sample T i m e  Temperature Concentra t ion Comments 
No. ( M s )  (K) (WPPd 

673 1342 t 25 Represents  i n i t i a l  VL-1 1.10 
c o n c e n t r a t i o n  

VL-2 1.11 673 1325 i 25 Dupl ica te  sample 

VL-4 5.00 871 95 t 25 A f t e r  exposure of ZT 
f o i l  f o r  0.43 M s  a t  
673 K and o p e r a t i o n  
a t  873 K f o r  2.60 M s  

VL-5 6.80 873 36 A f t e r  exposure of 
Z r  f o i l  f o r  0.60 M s  
a t  873 K 

8.4.5 Conclusions 

Exposure of zirconium f o i l  t o  l i t h i u m  conta ined i n  a vanadium 

a l l o y  loop a t  873 K r e s u l t e d  i n  s i g n i f i c a n t  t r a n s f e r  of n i t r o g e n  from 

t h e  l i t h i u m  t o  t h e  zirconium. 

c a l c u l a t e d  t r ends .  

These r e s u l t s  a r e  i n  agreement wi th  
( 1) 

8.4.6 References 

1. D.  L.  Smith and K.  Natesan,  " Inf luence  of Nonmetallic Impurity 

Elements on t h e  Compat ib i l i ty  of Liquid  Lithium wi th  P o t e n t i a l  

CTR Containment M a t e r i a l s ,"  NucZ. TechnoZ. - 22: 392-404 ( 1 9 7 4 ) .  
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