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FOREWORD 

This report is the first in a series of Quarterly Technical Progress 
Reports on "AlZoy Development f o r  Irradiation Performance" (ADIP) which 
is one element of the Fusion Reactor Materials Program, conducted in sup- 
port of the Magnetic Fusion Energy Program of the U. s. Department of 
Energy. Other elements of the Materials Program are: 

Damage Analysis and Fundmental Studies (DAFS) 
Plasma-Materials Interaction (PMI)  . Special Purpose Materials (SPM) 

The ADIP program element is a National effort composed of contribu- 
tions from a number of National laboratories, universities, industrial and 
institutional laboratories organized by the Materials and Radiation Effects 
Branch, Office of Fusion Energy, DOE, and a Task Group on A l l o y  Devetopment 
for  Irradiation Performance which operates under the auspices of that 
Branch. 
technical record of that effort for the use of the program participants, 
for the fusion energy program in general, and for the Department of Energy. 

The purpose of this series of reports is to provide a working 

This report is organized along topical lines in parallel to a Program 
Plan of the same title (to be published) so that activities and accom- 
plishments may be followed readily relative to that Program Plan. 
the work of a given laboratory may appear throughout the report. Chapters 
1, 2, 7, and 8 report on topics which are generic to all of the ADIP 
Program: Analysis and Evaluation, Test Methods Development, Status of 
Irradiation Experiments, and Corrosion Testing and Hydrogen Permeation 
Studies, respectively. Chapters 3 ,  4 ,  5, and 6 report the work that is 
specific to each of the four paths of alloy development along which the 
program is structured - Path A: Austenitic Alloys, Path B: Fe-Ni-Cr 
Superalloys, Path C: Reactive and Refractory Metals and Alloys, and Path 
D: Innovative Concepts. The Table of  Contents is annotated for the 
convenience of the reader. 

Thus, 

This report has been compiled and edited under the guidance of the 
Chairman of the Task Group on A l l o y  Development f o r  Irradiation Perfom- 
w e e ,  E. E. Bloom of Oak Ridge National Laboratory, and his efforts, those 
of the supporting staff of ORNL and the many persons who made technical 
contributions are gratefully acknowledged. T. C. Reuther, Materials and 
Radiation Effects Branch, is the Department o f  Energy counterpart to the 
Task Group Chairman and has responsibility for the ADIP Program within 
DOE. 

Klaus M. Zwilsky, Chief 
Materials and Radiation 

Office of Fusion Energy 
Effects Branch 





ALLOY DEVELOPMENT PROGRAM STRATEGY 

Development of.materials to withstand the hostile environment of a 

fusion reactor first-wall presents the most formidable challenge that 

materials engineers have had to face yet. The combination of temperature, 

stress, and radiation effects in the form of displaced atoms and trans- 

mutation products places demands on materials well beyond current capa- 

bilities. The Office of Fusion Energy, Department of Energy, has 

recognized the magnitude of the problem of developing structural materials 

for first-wall applications and has established an alloy development 

program to meet this challenge. The strategy for this program is 

summarized below. 

Goals 

The program is focused on development of materials for commercial 

reactors by the end of this century. It also i s  organized to provide 

materials data for design of the relatively low-performance devices that 

will be constructed in the intervening time. For the commercial reactor 

the goal is development of a structural material that will have a service 

life of 40 MWyr/m2. 

Basis of Strategy 

1. There is today no single class of candidate materials that 

obviously will be able to meet the requirements of a commercial reactor. 
This means that the program must be broad in terms of the range of 

materials that it includes. Premature selection or rejection of a 

structural material could severely limit design performance options 
later. Performance criteria must be established early in the program, 

and the number of materials considered must be reduced rapidly, on the 
basis of properties of unirradiated materials wherever possible. 

2 .  Several performance factors or failure mechanisms could limit 

the useful life of structural components. Slight design alterations 

could change the material properties controlling lifetime. A s  a 

consequence, a broad program aimed at defining and improving several 

properties concurrently is gecessary. 

V 
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3.  The exposure goal  of 40 MWyr/m2 makes i r r a 6 i a t i o n  e f f e c t s  t h e  

dominant element i n  the  program. There is no way t o  es t imate  t h e  prop- 

e r t i e s  of m a t e r i a l s  i r r a d i a t e d  t o  such high l e v e l s  on the  b a s i s  of prop- 

e r t i e s  of u n i r r a d i a t e d  m a t e r i a l s .  F ina l  d e c i s i o n s  on a l l o y  choices  w i l l  

be based on ex tens ive  measurement of i r r a d i a t e d  m a t e r i a l s  inc lud ing  t h e  

eva lua t ion  of p r o p e r t i e s  dur ing i r r a d i a t i o n .  The program w i l l  no t  b e  

d i r e c t e d  exc lus ive ly  a t  i r r a d i a t i o n  performance, however, and much of 

t h e  e a r l y  i d e n t i f i c a t i o n  of promising a l l o y  systems f o r  development w i l l  

be based on measurements of p r o p e r t i e s  o u t s i d e  t h e  i r r a d i a t i o n  environ- 

ment. 

4 .  The i d e a l  test environment has  a f u s i o n  neutron spectrum, a 

f l u x  high enough t o  al low a c c e l e r a t e d  t e s t i n g  and an experimental  

volume on t h e  o rder  of 10 l i ters.  Such a source  i s  not  c u r r e n t l y  a v a i l -  

a b l e  o r  au thor ized ,  b u t  t h e  p lan  assumes t h a t  one w i l l  become a v a i l a b l e  

around 1990. 

involving many time-consuming i t e r a t i o n s  t o  achieve an optimum condi t ion ,  

t h e  program cannot b e  delayed u n t i l  then.  This means t h a t  i n  t h e  next 

few years t h e  program must r e l y  on less- than- ideal  sources  ( p r i n c i p a l l y  

f i s s i o n  r e a c t o r s ) ,  s imula t ion  techniques ,  and, of n e c e s s i t y ,  a s t r o n g  

understanding of t h e  phys ica l  processes  t h a t  occur dur ing i r r a d i a t i o n .  

The Damage Analysis and Fundamental S tud ies  Task Group and t h e  d- Li  

neutron source  are e s s e n t i a l  elements of t h i s  p a r t  of t h e  s t r a t e g y .  

Since m a t e r i a l s  development i s  such a long-term a c t i v i t y  

The Paral lel  Path Approach 

I n i t i a l  s t u d i e s  suggest  t h a t  s t a i n l e s s  s t e e l s ,  nickel- base a l l o y s ,  

and r e f r a c t o r y  o r  r e a c t i v e  metal  a l l o y s  a l l  o f f e r  at tract ive p r o p e r t i e s  

for f u s i o n  r e a c t o r  a p p l i c a t i o n s .  Our p r e s e n t  knowledge does no t  a l low 

us t o  i d e n t i f y  one of t h e s e  as the  most promising and t o  concen t ra te  

our e f f o r t s  on i t .  

wide range of p o t e n t i a l  candidates  t o  be assessed  f a i r l y .  

pa ths  included i n  the  program r e p r e s e n t  materials t h a t  have no t  only 

d i f f e r e n t  b a s i c  c h a r a c t e r i s t i c s  i n  terms of probable f u s i o n  r e a c t o r  

performance b u t  a l s o  d i f f e r e n t  levels of technology development and 

d i f f e r e n t  degrees of r i s k  o r  p o t e n t i a l  f o r  performance and success .  

A p a r a l l e l  pa th  approach is  e s s e n t i a l  t o  a l low the  

The f o u r  
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These four  i n d i v i d a u l  paths  a r e  i d e n t i f i e d  and descr ibed i n  t h e  

following paragraphs. 

Path A: A u s t e n i t i c  Alloys 

Alloys i n  t h e  composition range of t h e  a u s t e n i t i c  s t a i n l e s s  steels 

represen t  our most e s t a b l i s h e d  technology, inc lud ing  both f a b r i c a t i o n  

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

Candidate Alloys f o r  t h i s  c l a s s  and t o  proceed t o  opt imize  them i n  terms 

of composition and micros t ruc tu re .  These m a t e r i a l s  w i l l  meet t h e  needs 

of near  term machines. 

We a r e  i n  a p o s i t i o n  now t o  i d e n t i f y  Prime 

Path B: Fe-Ni-Cr Superal loys  

Alloys i n  t h i s  c l a s s  o f f e r  h igher  s t r e n g t h  and higher  temperature 

c a p a b i l i t i e s  than t h e  s t a i n l e s s  s t e e l s .  Our knowledge, e s p e c i a l l y  of 

i r r a d i a t i o n  performance, i s  more l i m i t e d ,  however, and we w i l l  begin  by 

i n v e s t i g a t i n g  a s e r i e s  of Base Research Alloys t h a t  a r e  aimed a t  de f in ing  

u s e f u l  compositions f o r  opt imizat ion.  

i d e n t i f i c a t i o n  of a group of P r i m e  Candidate Alloys and an op t imiza t ion  

program s i m i l a r  t o  t h a t  f o r  t h e  Path A a l l o y s .  

These s t u d i e s  w i l l  r e s u l t  i n  

Path C: Reactive and Refractory  Metals and Alloys 

Although the r e a c t i v e  (e.g. ,  t i tanium) and r e f r a c t o r y  (e .g . ,  vanadium, 

niobium) metals have received r e l a t i v e l y  l i t t l e  a t t e n t i o n  f o r  f i s s i o n  

r e a c t o r  a p p l i c a t i o n s  they have a t t r a c t i v e  phys ica l  and mechanical prop- 

e r t i e s  t h a t  suggest  high p o t e n t i a l  f o r  f u s i o n  r eac to r s .  Limited irra- 

d i a t i o n  t e s t i n g  of vanadium a l l o y s  has shown l i t t l e  degradat ion of 

p r o p e r t i e s .  

d i f f e r e n t  i n  cha r ac t e r ,  but  they are both  included i n  Path C because 

schedules f o r  t h e i r  development a r e  s im i l a r .  

wi th  a broad s e r i e s  of scoping a l l o y s  t h a t  w i l l  l ead  f i r s t  t o  a group 

of Base Research Alloys and f i n a l l y  t o  t h e  i d e n t i f i c a t i o n  of P r i m e  

Candidate Allbys t h a t  w i l l  be optimized as i n  t h e  o t h e r  c l a s s e s .  

The r e a c t i v e  and r e f r a c t o r y  metal  a l l o y  systems a r e  markedly 

Work i n  t h i s  class begins 
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Path D: New Concepts 

Path D w i l l  address  innovat ive  and composite m a t e r i a l  op t ions .  

This path  i s  included i n  t h e  program i n  recogni t ion  t h a t  t h e  conventional  

concepts of m e t a l l u r g i c a l  development t h a t  a r e  i m p l i c i t  i n  Paths  A ,  B,  

and C may not  b e  adequate f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n .  These alter-  

n a t i v e  concepts w i l l  be examined t o  overcome t h e  performance l i m i t s  i m-  

posed by more canvent ional  m a t e r i a l s  engineer ing.  This path  might inc lude  

novel concepts such as graded m a t e r i a l s ,  f i b e r  s t r u c t u r e s ,  composites, 

s t r u c t u r a l  ceramics,  unique m a t e r i a l  processes ,  ordered a l l o y s ,  and o t h e r  

imaginative i dea s  t h a t  o f f e r  t h e  p o s s i b i l i t y  of reduct ion t o  engineer ing 

p r a c t i c e .  It  a l s o  w i l l  inc lude ul t ra- low a c t i v a t i o n  concepts.  The 

development schedule w i l l  fo l low t h e  s t e p s  i n  Path C a f t e r  an  i n i t i a l  

eva lua t ion  of t h e  concepts i s  completed. 

Major Milestones 

A schedule of major (Level 1) miles tones  is given i n  t h e  fol lowing 

t ab l e .  I t  allows an optimized a l l o y  t o  be designed f o r  each path by e a r l y  

i n  t h e  2 1 s t  century.  (OPT-A1 i n d i c a t e s  the  i n i t i a l  optimized a l l o y  on 

Path A; t h e  schedule al lows two sequences of op t imiza t ion  on Path A 

and one on each of t h e  o t h e r s . )  This i s  not  t o  imply t h a t  a l l  pa ths  

w i l l  be followed t o  completion; as r e s u l t s  become a v a i l a b l e  l e s s  prom- 

i s i n g  approaches w i l l  be e l iminated.  This  program presen t s  the  s t r a t e g y  

f o r  reaching an optimized a l l o y  on each of the  i n d i v i d a u l  paths .  
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COMPARISON OF LEVEL 1 MILESTONES ON DIFFERENT ALLOY DEVELOPMENT PATHS 

PATH B PATH C PATH D YEAR PATH A 

1970 SELECT PATH A PRIME CANOI- SELECT PATH 0 BASE RESEARCH SELECT PATH C ALLOYS FOR ISSUE REQUEST FOR PRO- 
DATEALLOYS ALLOYS SCOPlNG STUDIES POSAI S FOR IDENTIFICATION .~ ~~ ~ 

OF PROMISING PATH D 

1979 
1980 

1981 

1902 
1903 IDENTIFY OPT~A1 

1904 
1985 
1986 

1987 
1988 

SELECT PATH 0 PRIME CANOI- 
DATE ALLOYS 

1909 
1990 
1991 ESTABLISH ENGINEERING OATA IDENTIFY OPT-0 

BASE A N 0  PERFORMANCE LIMITS 

1992 IDENTIFY OPT-A2 

1993 
1994 
1995 
lssS 
1991 
1998 
1899 ESTABLISH ENGINEERING DATA 

BASE A N D  PERFORMANCE LIMITS 
FOR OPT~A2 

ZMO ESTABLISH ENGINEERING OATA 
BASE A N 0  PERFORMANCE 
LIMITS FOR O B T ~ B  

xx)1 

2002 

MATERIALS 

SELECT PROMISING PATH D 
CONCEPTS FOR SCOPING 
STUDIES 

SELECTPATHCBASE 
RESEARCH ALLOYS 

SELECT PATH 0 BASE 
RESEARCH MATERIALS 

SELECT PATH C PRIME 
CANDIDATE ALLOYS 

SELECT PATH 0 PRIME 
CANDIOATE MATERIALS 

IDENTIFY OPT-C 

IDENTIFY OPT~D 

ESTABLISH ENGINEERING 
OATA BASE AND PERFORM 
ANCE LIMITS FOR OPT~C 

2003 
nxn ESTA0L Sn EhG h E E R I N G  

DATABASE A h O P E R F D R H -  
A h c t  L M r s ~ 0 ~ o P r . c  





HIGHLIGHTS 

1.1 The Es t ab l i shmen t  of Alloy Development Goals  Impor t an t  t o  t h e  

Commercial izat ion of Tokamak-Based Fus ion  Reac to r s  (ANL and 

McDonnell Douglas) 

D e f i n i t i o n  of t h e  magnitude of m a t e r i a l  p r o p e r t y  improvement re- 

q u i r e d  t o  a c h i e v e  an  a c c e p t a b l e  l i f e  f o r  tokamak r e a c t o r  f i r s t  w a l l s  

provided  impor t an t  guidance  t o  a l l o y  development. R e l a t i n g  m a t e r i a l  

p r o p e r t y  r equ i r emen t s  t o  r e a c t o r  d e s i g n  a l s o  improves communication 

between t h e  d e s i g n  and m a t e r i a l s  s p e c i a l i s t  neces sa ry  t o  r each  t h e  

d e s i r e d  r e a c t o r  performance.  

1 . 2  Economic Impact of Using R e f r a c t o r y  Meta ls  f o r  Fus ion  Reac to r s  

(McDonnell Douglas) 

Determinat ion  t h a t  t h e  c o s t  of r e f r a c t o r y  me ta l  components r e s t r i c t s  

t h e i r  use  t o  f i r s t  w a l l / b l a n k e t / h e a d e r  components i n c r e a s e  t h e  need f o r  

d e f i n i n g  c o m p a t i b i l i t y  between r e f r a c t o r y  m e t a l s ,  c o o l a n t  and common non- 

r e f r a c t o r y  me ta l  p i p i n g ,  pumps,, e t c .  Also,  d e f i n i t i o n  of t h e  p o t e n t i a l  

economic advantages  f o r  r e f r a c t o r y  m e t a l s  he lped  t o  scope  t h e  a p p r o p r i a t e  

development e f f o r t .  

2 . 1  Determinat ion  of F a t i g u e  Specimen C o n f i g u r a t i o n  f o r  I r r a d i a t i o n  

E f f e c t s  T e s t i n g  (McDonnell Douglas) 

Use of a s h e e t  m a t e r i a l  f a t i g u e  specimen s u b s t a n t i a l l y  i n c r e a s e s  

t h e  number of specimens p e r  u n i t  volume of r e a c t o r  t e s t  space .  It a l s o  

e l i m i n a t e s  t h e  need f o r  rod s t o c k  the reby  r e l i e v i n g  t h e  s t r a i n  on t e s t  

material a v a i l a b i l i t y ,  p a r t i c u l a r l y  impor t an t  f o r  most p a t h  C m a t e r i a l s .  

3.5 The I n f l u e n c e  of I r r a d i a t i o n  on t h e  P r o p e r t i e s  of Pa th  A Al loy  

Weldments (ORNL) 

Samples  of type  316 s t a i n l e s s  s t e e l  welded w i t h  16-8-2 f i l l e r  me ta l  

i r r a d i a t e d  a t  about  55.C were lower i n  s t r e n g t h  and comparable i n  d u c t i l i t y  

t o  t h e  u n i r r a d i a t e d  base  meta l .  

xi 
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3 . 6  The E f f e c t  of I r r a d i a t i o n  a t  About 55°C on Type 316 S t a i n l e s s  S t e e l  

(ORNL) 

E v a l u a t i o n  of 20%-cold-worked type  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  

a t  abou t  55°C t o  produce up t o  10 dpa and 500 a t .  ppm H e  shows t h a t  t h e  

a l l o y  w i l l  n o t  s w e l l  any measurable  amount and t h a t  t h e  only t e n s i l e  

p r o p e r t y  change of  consequence f o r  s e r v i c e  a t  or near t h i s  t empera tu re  

is  a s e v e r e  l o s s  of uniform e l o n g a t i o n .  T o t a l  e l o n g a t i o n  and s t r e n g t h  

p r o p e r t i e s  are r e l a t i v e l y  u n a f f e c t e d  by t h i s  i r r a d i a t i o n .  
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i n  t h e  c o n t e x t  of l i t h i u m  cooled f i r s t  w a l l  s t r u c t u r a l  d e s i g n s  f o r  

commercial tokamak r e a c t o r s .  The s t u d i e s  r e s u l t e d  i n  t h e  d e f i n i t i o n  of 

t h e  p h y s i c a l  p r o p e r t i e s  f o r  f a t i g u e ,  c r e e p- f a t i g u e ,  f l aw  growth,  c r e e p  

r u p t u r e ,  and i r r a d i a t i o n  s w e l l i n g  r e q u i r e d  t o  m e e t  a g o a l  l i f e  of 

10 MW-Yr/m2. 

improvements over  p r e s e n t l y  d e f i n e d  p r o p e r t i e s  f o r  annealed  Type 316 

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

1 . 2  Economic Impact of  Using R e f r a c t o r y  Meta ls  f o r  Fusion Reac to r s  

F a t i g u e  and f l aw growth p r o p e r t i e s  were shown t o  need 

(McDonnell Douglas)  . . . . . . . . . . . . . . . . . . . . . . . . .  8 
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i n  t h e  f i r s t  w a l l ,  b l a n k e t ,  and header  r e g i o n  of a f u s i o n  r e a c t o r  o f f e r  
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modest ly longe r  l i f e  o r  pe rmi t  modera te ly  a h i g h e r  peak c o o l a n t  tempera-  

t u r e .  I f  t h i s  u s e  i s  expanded beyond t h e  heade r ,  o u t  through t h e  pr imary  

c o o l a n t  l o o p ,  t h e  c o s t  of e l e c t r i c i t y  i s  s i g n i f i c a n t l y  i n c r e a s e d .  T h i s  

i n c r e a s e  i n  c o s t  i s  on ly  r ecove red ,  r e l a t i v e  t o  t h e  use  of s t a i n l e s s  

s t e e l  o r  t i t a n i u m  f o r  a ve ry  narrow set of o p e r a t i n g  c o n d i t i o n s .  There-  

f o r e ,  i t  a p p e a r s  t h a t  t h e  use  of r e f r a c t o r y  m e t a l s  shou ld  be  r e s t r i c t e d  

t o  t h e  f i r s t  w a l l ,  b l a n k e t ,  and header  r e g i o n  on ly  and s t a i n l e s s  s t e e l  o r  

t i t a n i u m  be  used f o r  t h e  primary c o o l a n t  loop.  

1 . 3  Al loys  f o r  t h e  Fusion Reactor  Environment - A Techn ica l  Assessment 
(McDonnell Douglas and ADIP Task Group) . . . . . . . . . . . . . . .  14  

Primary and backup materials were s e l e c t e d  f o r  an Exper imenta l  

Power Reactor  (EPR) , Demonstrat ion Power Reactor  (DLR) and Commercial 

Power Reactor  (CPR). T e s t i n g  and manpower r equ i r emen t s  f o r  e s t a b l i s h i n g  

t h e  m a t e r i a l  p r o p e r t y  d a t a  needed f o r  d e s i g n  was d e f i n e d .  N a t u r a l  

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

Were examined. S t r u c t u r a l  m a t e r i a l  l i f e ,  f a i l u r e  modes and r a d i o a c t i v i t y  

c o n s i d e r a t i o n s  were among t h e  f a c t o r s  e v a l u a t e d .  

x i i i  
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1.4 Recycling Potential of Titanium Alloys (McDonnell Douglas, 
University of Wisconsin, and BNL) . . . . . . . . . . . . . . . . .  
This study examines just how long one must contain radioactive 

titanium before it can be safety reprocessed. It was assumed that the 

spent first wall and blanket structural material would be completely 

reprocessed in a standard manufacturing facility capable of both primary 

and secondary fabrication. 

It was found that reprocessing could occur when the chemical hazard 

associated with inhalation was greater than the hazard associated with 

inhalating the same amount of radioactive species. This conclusion 

allowed the use of the threshold limiting value (TLV) to set a limit on 

the airborne concentration of the elements. Then by calculating the time 

required for that amount of material to decay to the same diluent factor 

indicated by the biological hazard potential (BHP) in air, the time for 

reprocessing was determined. Based on these assumptions, it was deter- 
mined that it is feasible to think of titanium, and some of its alloying 

elements as being recyclable in a relatively short time period. 

1 .5  Calculation of Irradiation Response Rates for Fission Reactors 
Used by the ADIP Irradiation Programs (OWL) . . . . . . . . . . .  
Planning radiation damage experiments in fission reactors such 

as ORR, HFIR, and EBR-I1 in support of fusion reactor materials 

development requires for these facilities dpa and gas production rates 

for many potential materials. This report summarizes some of the 

23 

calculations currently under way. 

2. TEST MATRICES AND TEST METHODS DEVELOPMENT . . . . . . . . . . . . . . . .  35 

Effects Testing (McDonnell Douglas) . . . . . . . . . . . . . . . . .  36 

The geometry of a small fatigue specimen for irradiation testing 

2.1 Determination of Fatigue Specimen Configuration for Irradiation 

has been defined. This specimen is fabricated from thin sheet material, 

occupies the same test volume as the SS-1 sheet tensile specimen, and 

increases the number of fatigue tests per unit volume of test space by 

a factor of 4 to 5 .  
. 

3 .  PATH A ALLOY DEVELOPMENT -AUSTENITIC STAINLESS STEELS . . . . . . . . . .  39 

Steel Irradiated in HFIR - Swelling and Microstructure (ORNL) . . . .  40 
3.1 Comparison of Titanium-Modified and Standard Type 316 Stainless 

Swelling in annealed type 316 stainless steel after HFIR irradiation 

at 58(t78OoC to fluences producing 1 8 5 F 3 3 0 0  at. ppm He and 3 G 4 7  dpa is 

reduced by the addition of 0.23 wt % Ti. This can he related to micro- 

structural observation of finely distributed Tic precipitate particles, 
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which accommodate he l ium i n  s m a l l  c a v i t i e s  a t  t h e  p a r t i c l e  i n t e r f a c e s .  

Swe l l i ng  i n  20%-cold-worked type  316 s t a i n l e s s  s t ee l  i r r a d i a t e d  i n  

HFIR a t  58LF590"C t o  f l u e n c e s  producing  3LF80 a t .  ppm H e  and 1.5-3.0 dpa 

i s  reduced and r e c r y s t a l l i z a t i o n  r e t a r d e d  by t h e  a d d i t i o n  of 0 . 2 3  w t  % T i .  

3 .2  Mechanical  P r o p e r t i e s  of Type 316 and Titanium-Modified Type 316 
S t a i n l e s s  S t e e l  I r r a d i a t e d  i n  HFIR (ORNL) . . . . . . . . . . . . . .  54 

P o s t i r r a d i a t i o n  t e n s i l e  s t r e n g t h  and d u c t i l i t y  of annea l ed  type  316 

s t a i n l e s s  s t ee l  a f t e r  i r r a d i a t i o n  i n  HFIR a t  58&780"C t o  neu t ron  f l u e n c e s  

producing  1 8 5 S 4 0 0 0  a t .  ppm H e  and 3 M O  dpa are improved by t h e  a d d i t i o n  

of 0 .23  w t  % T i .  These improvements c o r r e l a t e  m i c r o s t r u c t u r a l l y  w i t h  

i n t r a g r a n u l a r  p r e c i p i t a t e s  of T i c ,  which accommodate he l ium e f f e c t i v e l y ,  

and s m a l l e r  grain- boundary c a v i t i e s  above 600°C. A d d i t i o n a l  improvement 

i s  observed  a t  600°C when g r a i n  boundary M13C6 i s  produced d u r i n g  

i r r a d i a t i o n .  Ti tan ium a d d i t i o n  t o  ZO%-cold-worked type  316 s t a i n l e s s  

s t e e l  improved d u c t i l i t y  and changes f r a c t u r e  mode to d u c t i l e  t r a n s -  

g r a n u l a r  a f t e r  i r r a d i a t i o n  i n  HFZR a t  5 8 M 0 0 " C  and t o  f l u e n c e s  producing  

3 S 8 0  a t .  ppm H e  and 1.5-3.0 dpa. 

3 . 3  P r e c i p i t a t i o n  Response of Annealed Type 316 S t a i n l e s s  S t e e l  i n  
HFIR I r r a d i a t i o n s  a t  550 t o  680°C (ORNL) . . . . . . . . . . . . . .  6 3  

P r e c i p i t a t i o n  i n  annealed  type  316 s t a i n l e s s  s t ee l  a f t e r  HFIR 

i r r a d i a t i o n  a t  550-680"C t o  f l u e n c e s  producing  2000-3300 a t .  ppm H e  and 

3 W 7  dpa i s  changed r e l a t i v e  t o  f a s t  r e a c t o r  o r  t he rma l  ag ing  exposure  

t o  s i m i l a r  t empera tu re s  and t i m e s .  The phases  observed a f t e r  HFIR 

i r r a d i a t i o n  are t h e  same as t h o s e  observed a f t e r  ag ing  t o  t empera tu re s  

7G200"C h i g h e r  o r  f o r  much longe r  t imes .  There  is a s i m i l a r  tempera- 

t u r e  s h i f t  i n  a d d i t i o n  t o  d i f f e r e n t  phases observed  f o r  HFIR i r r a d i a t i o n  

compared w i t h  EBR-11.  The changes observed a r e  c o i n c i d e n t  w i t h  i n c l u d i n g  

s imu l t aneous  he l ium p roduc t ion  t o  h igh  l e v e l s  i n  t h e  i r r a d i a t i o n  damage 

p roduc t s  of  t h e  material .  

3 .4  The Swe l l i ng  of 20%-Cold-Worked Type 316 S t a i n l e s s  S t e e l  I r r a d i a t e d  
i n  HFIR t o  Helium Leve l s  of 20&3700 a t .  ppm (ORNL) . . . . . . . . .  82 

Dens i ty  measurements i n d i c a t e  s i g n i f i c a n t l y  h i g h e r  s w e l l i n g  i n  

ZO%-cold-worked type  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  HFIR t h a n  i n  

EBR- TI .  Of t h e  t h r e e  t empera tu re s  i n v e s t i g a t e d  - 375, 475, and 575°C 

h i g h e s t  s w e l l i n g  occu r red  a t  375°C. 

3 .5  The I n f l u e n c e  of I r r a d i a t i o n  on t h e  P r o p e r t i e s  of Pa th  A Al loy  
Weldments (ORNL) . . . . . . . . . . . . . . . . . . . . . . . . . .  B h  

Weld- containing samples i r r a d i a t e d  i n  HFIR a t  abou t  55°C exhb i t ed  

l a r g e  i n c r e a s e s  i n  t h e  35°C t e n s i l e  s t r e n g t h  b u t  only  modest loss of 
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d u c t i l i t y .  The s t r e n g t h  of t h e  weld- conta in ing  s a m p l e s  remained below 

t h e  s t r e n g t h  of t h e  base  m e t a l ,  and a l l  t e s t e d  samples f a i l e i  w i t h i n  

t h e  weld metal .  

3.6 The E f f e c t s  of I r r a d i a t i o n  a t  About 55°C on Type 316 S t a i n l e s s  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  S t e e l  (ORNL) 89 

I r r a d i a t i o n  of  20%-cold-worked type  316 s t a i n l e s s  s t ee l  a t  -55°C 

t o  produce 4 .5  t o  1 0 . 5  dpa and 180 t o  520  a t .  ppm He reduces  t he  uni form 

e l o n g a t i o n  t o  n e a r  z e r o  b u t  has  l i t t l e  e f f e c t  on t h e  t o t a l  e l o n g a t i o n  

o r  s t r e n g t h  p r o p e r t i e s  f o r  t e n s i l e  t e s t s  a t  35°C. T e s t s  i n  t h e  temprra- 

t u r e  range  200 t o  300°C show t h e  same t r e n d s  as f o r  35°C tes ts .  T e s t s  

a t  400 t o  600°C show e l o n g a t i o n  and s t r e n g t h  ve ry  c l o s e  t o  t h e  c o n t r o l  

v a l u e s .  T e n s i l e  t e s t i n g  a t  700'C a f t e r  ho ld ing  t h e  sample 30 min a t  

t empera tu re  shows low d u c t i l i t y  b u t  s t r e n g t h  v a l u e s  e q u a l  t o  t h e  c o n t r o l  

val .ues.  T h i s  appea r s  t o  b e  t h e  o n s e t  o f  he l ium e m h r i t t l e m e n t .  

4 .  PATH B ALLOY DEVELOPMENT ~ HIGHER STRENGTH Fc-Ni-Cr ALLOYS . . . . . . . .  95 

Helium Contents  (ORFii)  . . . . . . . . . . . . . . . . . . . . . . .  96 
4 . 1  The M i c r o s t r u c t u r e  o f  Nimonic PE-16 I r r a d i a t e d  t o  Produce High 

I n i t i a l  expe r imen t s  have begun on t h e  e f f e c t s  of H F I K  i r r a d i a t i o n  

o f  PE-16, where l a r g e  amounts o f  he l ium a r e  produced i n  t h e  a l l o y .  

I r r a d i a t i o n  a t  400 and 650°C produced c a v i t i e s  c o a t e d  w i t h  t h e  y' 

p r e c i p i t a t e  phase.  A f t e r  i r r a d i a t i o n  a t  400°C and a he l ium c o n t e n t  of 

370 a t .  ppm, t h e  ave rage  c a v i t y  s i z e  was 16 .5  r im;  a t  650'C and a helium 

c o n t e n t  of 1030 a t .  ppm, a bimodal c a v i t y  d i s t r i b u t i o n  was c r e a t e d  w i t h  

ave rage  s i z e s  of 31 .3  and 1.24.0 nm. Fau l t ed  loops  were formed a t  400°C 

but  not  a t  650°C. A new o b s e r v a t i o n  f o r  i r r a d i a t e d  PE-16 was t h e  

p r e c i p i t a t i o n  of M z ~ C ~  i n  t h e  g r a i n  bounda r i e s  a t  650°C. Experiments 

under way should  h e l p  e x p l a i n  many of t h e  m i c r o s t r u c t u r a l  changes i n  

t h e s e  e x p l o r a t o r y  PE-16 specimens.  

5. PATH C ALLOY DEVELOPMENT ~ REACTIVE AND KEFFCACTORY ALLOYS . . . . . . . .  107 

5 .1  S e l e c t i o n  o f  Ti tan ium Al loys  f o r  t h e  Pa th  C Scoping S t u d i e s  
(McDonneil Douglas) . . . . . . . . . . . . . . . . . . . . . . . .  109  

Four a l l o y s  were s e l e c t e d  f o r  t h e  s cop ing  s t u d i e s  and t h e y  -epr fser . t  

t h e  t h r e e  major  classes o r  d i v i s i o n s ,  of titanium a l l o y s ,  a l p h a ,  b e t a ,  and 

a l p h a  p l u s  b e t a .  

de t e rmine  t h e  e f f e c t  of m i c r o s t r u c t u r e  on r a d i a t i o n  damage. The i d e n t i f i e d  

a l l o y s  and t h e i r  h e a t  treatments have  been  reviewed by  t h e  t i t a n i u m  

community and t h e i r  comments n o t e d ,  

e s t a b l i s h e d  c o n s i s t i n g  of t h e  s e l e c t e d  a l l o y s  and t h e i r  h e a t  t r e a t m e n t s .  

I n  a d d i t i o n ,  t h r e e  h e a t  t r e a t m e n t s  w e r e  s e l e c t e d  t o  

A t i t a n i u m  i n v e n t o r y  h a s  been  
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5 . 2  Techn ica l  Assessment of Vanadium-Base Al loys  f o r  Fus ion Reactor  
A p p l i c a t i o n s  (Westinghouse) . . . . . . . .. . . . . . . . . . . . . 1 1 9  

A l a r g e  d a t a  base  h a s  been compiled on vanadium-base a l l o y s  b u t  t h e  

d a t a  base  on any one a l l o y  i s  q u i t e  l i m i t e d .  Great f l e x i b i l i t y  e x i s t s  

i n  t h e  compos i t ion- mic ros t ruc tu re- prope r ty  r e l a t i o n s h i p  and t h i s  f a c i l i -  

tates a l l o y  o p t i m i z a t i o n  t o  meet d i v e r s e  p r o p e r t y  r equ i remen t s .  T e n s i l e  

p r o p e r t i e s  and c r e e p  p r o p e r t i e s  of e x i s t i n g  a l l o y s  exceed l i k e l y  r e q u i r e-  

ments.  F a t i g u e  s t r e n g t h ,  i n c l u d i n g  c r a c k  growth ra te ,  is p robab ly  t h e  

most c r i t i c a l  m a t e r i a l  p r o p e r t y  bu t  no d a t a  e x i s t s  f o r  vanadium a l l o y s .  

Swe l l ing  and i r r a d i a t e d  d u c t i l i t y  behav io r  look  promis ing  bu t  r e q u i r e  

f u r t h e r  e v a l u a t i o n .  Vanadium a l l o y- l i q u i d  m e t a l  c o m p a t i b i l i t y ,  p a r t i -  

c u h r l y  i n t e r s t i t i a l  mass t r a n s f e r ,  may be e q u a l l y  a s  c r i t i c a l  as f a t i g u e  

behav io r ;  v i a b i l i t y  cannot  be e s t a b l i s h e d  w i t h  t h e  e x i s t i n g  d a t a  base .  

F a b r i c a b i l i t y  must be g iven  e a r l y  c o n s i d e r a t i o n  i n  a l l o y  s e l e c t i o n  t o  

guard a g a i n s t  p o t e n t i a l l y  s e r i o u s  problems i n  subsequent  sca le- up and 

p roduc t ion .  

5 . 3  16 MeV Pro ton  Creep i n  a Ti-6A1/4V Specimen (HEDL) . . . . . . . . . 128  

A Ti-6AL/4V t o r s i o n  c r e e p  specimen w a s  i r r a d i a t e d  w i t h  1 6  MeV p r o t o n s  

Lo a t o t a l  dose  of 0.35 dpa. The Lest w a s  conducted i n  a helium atmosphere 

a t  a nominal i r r a d i a t i o n  t empera tu re  of 3 2 5 O C .  The w i r e  specimen w a s  

s t r e s s e d  Lo 138 MPa (maximum s h e a r )  throughout  a p r e i r r a d i a t i o n  thermal  

c reep  p e r i o d  and d u r i n g  the f i r s t  50 h o u r s  of  i r r a d i a t i o n .  Fol lowing the 

f i r s t  50 hours  of i r r a d i a t i o n , t h e  stress w a s  reduced t o  ze ro  f o r  t h e  

subsequent  4 hour s  of i r r a d i a t i o n .  

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

ra te  i n  Ti-6ALI4V i s  w i t h i n  t h e  same o r d e r  of magnitude as t h a t  of s i m i l a r l y  

i r r a d i a t e d  20% CW 316 S S  specimens.  R e s u l t s  of t h e  stress r e d u c t i o n  show 

t h a t  t h e  recovered  s t r a i n  i s  s i m i l a r  i n  magnitude t o  t h a t  which occur red  

d u r i n g  t h e  i n i t i a l  t r a n s i e n t  and i s  i r r a d i a t i o n  dependent.  A number of 

mechanisms d e s c r i b i n g  t h e  r ecove ry  are d i s c u s s e d .  

5 .4  P l a s t i c  I n s t a b i l i t y  i n  Neu t ron- I r rad ia t ed  Niobium Al loys  (ORNL) . . 1 4 2  

I r r a d i a t i o n  of niobium and N b l %  Z K  fo l lowed by t e n s i l e  tests  a t  

abou t  35°C h a s  shown no i n t r i n s i c  d i f f e r e n c e  i n  t h e  t e n s i l e  behavior  

o f  t h e s e  two m a t e r i a l s ,  The o n s e t  of p l a s t i c  i n s t a b i l i t y  i n  both  occur s  

a t  ahou t  0 . 1  dpn, w i t h  s t r e n g t h e n i n g  c o n t i n u i n g  f o r  i r r a d i a t i o n  beyond 

a t  l e a s t  0 .36 dpa .  Although t h e  uniform e l o n g a t i o n  goes t o  n e a r  z e r o ,  

t h e  t o t a l  c l o n g a t i o n  remains  h i g h ,  and t h e  f r a c t u r e  mode i s  f u l l y  d u c t i l e .  

D u c t i l i t y  l o s s  through p l a s t i c  i n s t a b i l i t y  is r e l a t e d  t o  deformat ion  by 

d i s l o c a t i o n  channe l ing .  
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7 . 3  I r r a d i a t i o n  Expcriment Schedule  (OKNI.) . . . . . . . . . . . . . . .  
The schedu le  f o r  i r r a d i a t i o n  exper iments  be ing  conducted by 

tlie Alloy Dcavelopni~nt  P rog ram is p r e s e n t e d .  

8 .  CORROSION TESTING AND H Y D R O G E N  PERMEATION STUDIES . . . . . . . . . . . .  
8 . 1  Capsule  T e s t s  of Iron-Rase Al loys  i n  1,itirium (ORNI.) . . . . . . . .  

Data  on t h e  k i n e t i c s  o f  t h e  c o r r o s i u n  o f  s t a i n 1  '  steel^ by l i l h i u m  

were ob t a ined  irom a s e r i e s  of c a p s u l e  tests. Kase- l ine  c a p s u l e  t es t s  

conducred to 10,000 hr a t  500,  600,  a n d  700°C s h o w e d  nc ineasurahle 

c o r r o s i o n .  Xi t rogen  a d d i t i o n s  t o  t l i e  l i t h i u m  r e s u l t e d  in s u h s t ; i n t i a I  

c o r r o s i o n  a t  thcse  same t empe ra tu r e s ,  b o t  c a l c ium i n l i i b i t e d  n i t r o g e n  

a t t a c k  a t  500°C. 

8 . 2  Thermal-Convection Loop T e s t s  of T y p e  316 S t a i n l e s s  S t e e l  in 
L i t l r  i r i n i  (ORNL) . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Thermal-convect iun loops  havc provided  i n f o r m a t i o n  on c o r r o s i o n  

rates  o i  3 0 0 - s e r i r s  s t a i n l e s s  s t e e l s  i n  f lowing  l i t h i u m  a t  t empera tu re s  

b e t w e e n  500 and 650°C. 'The co r ro s ion  ra te  of typc  316 s t a i n l e s s  s t e e l  

i n  3000-Iir tests  i n c r e a s e d  w i t h  t empera ture  i'n accordance! wi t l i  an 

Arrhenius  relation. Addi t i on  o f  ';I A 1  t o  thc  l i t h i u m  s t r o n g l y  i n h i b i t e d  

t h e  mass t r a n s p o r t  o f  i r o n ,  chromium, and n i c k e l  at 600°C. 

R . 3  Compa t ib i l i t y  S t u d i e s  n f  T y p e  316 S t a i n l e s s  S t e e l  and H a s t e l ~ l o y  N 
i n  KNO-NaX02-NaN03 (ORNL) . . . . . . . . . . . . . . . . . . . . .  

183 
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Ti le  n i t r a t e- b a s e d  fused  s a l t  mixturi2 K N O 3 - N a N I l 2 - S a N O 3  (44- 49- 7 rno 1 Z )  

has been wide ly  used as a hea t  Lranspor t  f l u i d  ;itid ror m e t a l l n r g i c n l  

l i e a t- t r e a t i n g .  Wr Ihavc' measured tile c o r r o s i o n  r a t e  of tliis s a l t  i n  the 

p r e s e n c e  o €  R tcmperalrre gradient Cor an i r , ~ i i - - i ~ a s c ,  I i i i i t i . r i z + l ,  t y p e  316  

s ~ e c l ,  a n i c k e l - h a s c  m a t e r i a l ,  H a s t e l l o y  N .  C o r r o s i o n  

r a t e s  wcre measured w i t h  maximum l o o p  t empera tu re s  o f  4 3 1  arid 504°C.  

~ e a s u r e d  c o r r o s i o n  ra tes  u r r c  i n  a l l  cases  l e s s  t han  H 1:mIyear. 

8 .4  IIydrogen Permeation of Type 31h S t a i n l e s s  S t e e l  (ANI.) . . . . . . .  215 

Under  c o n d i t i o n s  of iiigh hydrogen p u r i t y  (Low oxygcn p o t e n t i a l ) ,  

t i l e  hydrogen p e r m e a b i l i t y  o f  t y p e  31h  s t a i n l e s s  s t e e l  w a s  f o u n d  t o  b e  

bul k-dif f u s i o n  1 i m i  l e d  over  ranges  u f  t cmpe ra tu re  :tiid !hydrogen pressure 

tiiat are p e r t i n e n t  t o  most p r o j c c i i . d  f u s i o n  r r a c t o r  : ~ p p I ~ i r a t i o n s  f o r  

this m a t e r i a l .  ,"I halr-pnwer dcpendcnce o n  iiydrop,?.n p r e s s i i r c  was 

r c t a i n c d  down t o  thr, p rese i i t  cxpt'rimi,nt~ l ~ i m i t  o f  t i le  AXI. pcrnei i t ion 

a p p a r ; i t t l s  ( i . c . ,  IO- '  pa). TIE presencc  of  a I m(;i s i i u r c e  o f  I net' 

gammn radiation i n  t h e  u p s t r e m n  compartment Ilnd no  i . f f c i . t  on  measured 

lrydrogen permcatinn rates. 
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8 . 5  Hydrogen P e r m e a b i l i t y  o f  I ncone l  625 (ANL) . . . . . . . . . . . . . 2 2 1  

The hydrogen p e r m e a h i l i t y  o f  Inconel  625 w a s  measured over  a range  

of t empe ra tu r e s  and hydrogen p r e s s u r e s  t h a t  i nc luded  v a l u e s  r e l e v a n t  

t o  t h e  Doublet  111 experiment  ( I n c o n e l  625 i s  be ing  used a s  t h e  vacuum 

v e s s e l  m a t e r i a l  f o r  Doub1c.t 111). The permeat ion  r a t e  obeyed a h a l f -  

power dependence on hydrogen p r e s s u r e  down to t h e  lowes t  p r e s s u r e  

s t u d i e s  (10;' P a ) .  The a c t i v a t i o n  energy and permeat ion  c o e f f i c i e n t  

were i n  good agreement w i t h  pub l i shed  d a t a  f o r  o t h e r  Inconel- type  a l l o y s .  

These r e s u l t s  w i l l  a l s o  be u s e f u l  as a s t a n d a r d  f o r  comparison of t h e  

e f f e c t i v e n e s s  o f  permeat ion  b a r r i e r  methods a p p l i e d  t o  p a t h  B a l l o y s .  



1. ANALYSIS A N D  EVALUATION STUDIES 

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

embryonic and r a p i d l y  changing s t a t e .  

performance a r e  thus  not we l l  defined.  However, r e g a r d l e s s  of t h e  

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

on m a t e r i a l s  i n  regions  of high 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 h e  development e f f o r t s  should focus - thus  

t h e  p a r a l l e l  paths  of t h e  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 lud ing  

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

e r t i e s  i n  t h e  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  so lu t i ons .  Analysis and eva lua t ion  

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

o rder  t o  t r a n s l a t e  f u s i o n  r e a c t o r  performance goa l s  i n t o  m a t e r i a l  

proper ty  requirements and t o  i d e n t i f y  c r u c i a l  and gener ic  problems 

on which development a c t i v i t i e s  should be focused. A s  t h e  Alloy 

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

of m a t e r i a l s  i n  p o t e n t i a l  f u s i o n  r e a c t o r  environments is a t t a i n e d ,  

these  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 

so lu t i ons .  

Requirements f o r  m a t e r i a l s  

1 



2 

1.1 THE ESTABLISHMENT OF ALLOY DEVELOPMENT GOALS IMPORTANT TO THE 

COMMERCIALIZATION OF TOKAMAK-BASED FUSION REACTORS - M. Abdou, 
S .  D. Harkness, S. Majumdar, V. Maroni, and B. Misra (Argonne National 
Laboratory) and B. A .  Cramer, J. W. Davis, D. A .  DeFreece, and 

D. L. Kummer (McDonnell Douglas Astronautics Company - St. Louis). 

1.1.1 ALIIP Task 

Task number I.A.l - Define Material Property Requirements and Make 
Structural Life Predictions. 

1.1.2 Objective 

The primary objective of this study was to investigate requirements 

for tokamak rezctor first wall material properties. In conjunction with 
this work other objectives were to identify appropriate wall loading and 
lifetime goals and to estimate the economic impact of dimensional changes 

caused by swelling and/or creep. These considerations are directly 

related to alloy development since results supply direction to the 

development activities. 

1.1.3 Summary 

Fatigue, crack growth, and creep rupture properties were investigated 

in the context of lithium cooled first wall structural designs for 

commercial tokamak reactors. The studies resulted in the definition of 

the physical properties for fatigue, creep-fatigue, flaw growth, creep 

rupture, and irradiation swelling required to meet a goal life of 

10 MW-Yr/m2. 

improvements over presently defined properties for annealed Type 316 

stainless steel. 

Fatigue and flaw growth properties were shown to need 

System study codes were used to investigate the effects of para- 

meters such as wall loading and life on cost of electricity. 

1.1.4 Progress and Status 

The commercialization of magnetic fusion energy will require the 

use of materials under conditions for which a limited data base currently 

exists. This program has been directed toward developing an understanding 
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of m a t e r i a l  requirements i n  o rder  t o  e f f i c i e n t l y  accomplish research  and 

development e f f o r t s .  

i s  publ ished;  t he r e fo r e ,  only t h e  h i g h l i g h t s  w i l l  be summarized. 

This program i s  completed and t h e  f i n a l  r epor t ’  

This  work cons i s ted  of independent s t u d i e s  by Argonne Nat ional  

Laboratory (ANL) and McDonnell Douglas As t ronau t ics  Company-St. Louis 

(MDAC-St. Louis) .  

The genera l  approach i n  t h e  flaw growth, f a t i g u e ,  and creep r u p t u r e  

s t u d i e s  conducted by MDAC-St. Louis was t o  determine t h e  q u a n t i t a t i v e  

p r o p e r t i e s  i n  o rder  t o  achieve a 10 MW-Yr/m2 l i f e .  Required proper ty  

va lues  were then compared wi th  t h e  v a l u e s  f o r  i r r a d i a t e d  316 s t a i n l e s s  

s teel ,  and t h e  needed improvement i n  p r o p e r t i e s ,  i f  any, i d e n t i f i e d .  

Design parameters were based on t h e  background a t t a i n e d  i n  pa s t  s t u d i e s  

which were performed us ing  t h e  UWMAK-I conceptual  f i rs t-wall  design.  

Sources of stress t h a t  were considered included coolant  p ressures ,  

temperature g r ad i en t s ,  swel l ing  and dead weight. I n  t h e  s tudy ,  t h e  

impact of s e v e r a l  v a r i a b l e s  w a s  assessed.  These v a r i a b l e s ,  upon which 

requ i red  flaw growth rate p r o p e r t i e s  depend, included m a t e r i a l  th ickness ,  

i n i t i a l  f law depth,  and flaw shape or aspec t  r a t i o .  

The ANL a n a l y s i s  of creep- fat igue requirements was based on a l i t h i u m  

cooled r e a c t o r  system containing c y l i n d r i c a l  f i r s t  w a l l  c e l l s .  Thermal- 

hydrau l ic  c a l c u l a t i o n s  were made t o  provide a b a s i s  f o r  de f in ing  stresses 

f o r  d i f f e r e n t  materials and reactor opera t ing  condi t ions .  The duty cyc les  

expected f o r  d i f f e r e n t  r e a c t o r  opera t ing  condi t ions  were compared wi th  

a l lowable  l i f e  based on u n i r r a d i a t e d  Type 316 s t a i n l e s s  s t e e l  and vanadium 

a l l o y  p r o p e r t i e s .  Important v a r i a b l e s  were t h e  geometry and amount of 

r e s t r a i n t  of t h e  f i r s t  w a l l  module, maximum temperature a l lowable  i n  a 

system r e p r e s e n t a t i v e  f o r  both  an a u s t e n i t i c  s t a i n l e s s  s teel  and a vana- 

dium a l l o y ,  w a l l  loading,  burn time, the  presence o r  absence of stress 

r e l a x a t i o n ,  and t h e  maximum magnetic f i e l d .  

Swell ing requirements were addressed from t h e  s tandpoin t  of e f f e c t s  

on f i r s t  w a l l  growth and assoc ia ted  r e a c t o r  co s t .  Wall loading and l i f e  

t r a d e  s t u d i e s  were included i n  t h e  assessment because of t h e  c l o s e  i n t e r -  

r e l a t i o n s h i p  between proper ty  requirements,  f i r s t  w a l l  l i f e ,  and neutron 

w a l l  loading.  
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The ANL sys tems s tudy code was used t o  i n v e s t i g a t e  t h e  e f f e c t  on 

r e a c t o r  economics of inc reas ing  w a l l  loading and w a l l  l i f e t i m e  va lues .  

These v a r i a b l e s  were considered i n  t h e  context  of a tokamak-based 

r e a c t o r  whose g ross  thermal output  ranged from 3000 t o  9000 MW. 

I n  t h e  MDAC-St. Louis systems s tudy,  w a l l  loading and l i f e t i m e  

goals w e r e  e s t a b l i s h e d  by u t i l i z i n g  the  tokamak systems a n a l y s i s  and cos t  

code (TOCOMO) t o  consider  a broad range of performance v a r i a b l e s .  The 

primary v a r i a b l e s  were w a l l  loading and l i f e ,  Bmax, 8, uni t  s i z e  (MW 

thermal) ,  f i r s t  w a l l  material and temperature,  p l a sma  shape f a c t o r  and 

maintenance time required f o r  wa l l  replacement. 

1.1.5 Conclusions 

Annealed 316 SS f a t i g u e  and crack growth proper ty  improvements a r e  

requ i red  t o  meet t h e  goal  l i f e  of 10 MW-Yr/m2. 

f a t i g u e  l i f e  of approximately 500% is  requ i red  at  a neutron w a l l  loading 

of 2.5 W / m 2  and a peak coolant  temperature of 489°C. 

f a c t o r  of 40 improvement (decrease)  i s  requ i red  i n  annealed Type 316 S S  

f law growth rates hased  on e l a s t i c  a n a l y s i s .  

e x i s t i n g  d a t a  and requ i red  f law growth d a t a  i s  shown i n  Figure  1.1.1. 

I r r a d i a t i o n  and thermal creep reduce t h e  requ i red  improvement t o  a f a c t o r  

of 15. These r e s u l t s  inc lude  a s c a t t e r  f a c t o r  of 4 on l i f e .  Required 

p r o p e r t i e s  are s t r o n g l y  dependent on cyc le  frequency (determined by burn 

time and down time) and temperature ( r e l a t e s  t o  w a l l  loading) .  

An i n c r e a s e  i n  i r r a d i a t e d  

Approximately a 

This v a r i a t i o n  between 

Vanadium a l l o y s  appear t o  have advantages over 316 s t a i n l e s s  steel 

i n  y i e l d i n g  longer  f i r s t  w a l l  l i f e .  

Vanadium o f f e r s  p o t e n t i a l  f o r  a longer  l i f e  f i r s t  w a l l  compared t o  

stainless steel p r imar i ly  because of reduced thermal stresses. 

thermal stresses a r e  t h e  major c o n t r i b u t o r s  t o  l i f e  l i m i t i n g  f a i l u r e s  

r e l a t e d  t o  f a t i g u e  and crack growth. 

accommodate w a l l  loadings  of -10 W / m 2  even without t h e  use  of a d i v e r t o r .  

Using a maximum s t r u c t u r a l  temperature l i m i t  of 600°C f o r  s t a i n l e s s  s t e e l  

and 750°C f o r  vanadium a l l o y s  r e s u l t s  i n  w a l l  loading l i m i t s  of 3 .7  and 

7 MW/m r e s p e c t i v e l y ,  based on an e l a s t i c  thermal stress l i m i t  of twice 

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

A comparison is shown i n  Figure  1 . 1 . 2 .  

Cycl ic  

Vanadium a l l o y s  may be ab l e  t o  
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5 .  5 Yechanica l  P r o p e r t y  Tcst i r ig  o f  l'atli C A1.Lnys i n  U n i r r a d i a t e d  
Cond i t i o n  ( ORXI.) . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 3 

Equipment f o r  c o n d u c r i n g  t e n s i l ~ c ,  f a t i g u e ,  and c r a c k  growth t e s t s  

on r e f r a c t o r y  s c o p i n g  a l l o y s  i n  vacuiim i s  r u r r e n t l y  he ing  assembled a t  

ORNL.  

6. PAT11 D XLI.0Y 0I:VELOPPlb I N N O V A T I V E  EIATERIAL C O N C E I T S  . . . . . . . . .  1 5 7  

6.1 Development o f  Alloys w i t h  Long-Range Order (ORNI.) . . . . . . . . .  ljfl 

'Twu long- range r ~ r d c r e d  a l l o y s  w i t h  r ompos i t i ons  3 h .  1;1 F c l Y .  7 %  S i  

21 .47  C c l - L L . X %  \' ( L K O - 1 5 )  and 4hX F L - ~ L ~  X i  ~ 2 ' 3 X  V (LRO-16) W P T F  prepared  

and f a h r i c a t c d  i n t o  0. 8 - m - t h i c k  shee t s .  T e n s i l e  t c s t s  i n d i c a t e  t h a t  

these! a l l o y s  are d u c t i l e  w i t h  e l o n g a t i o n  i n  e x c r s s  of 3 i Z  a t  room 

t cmpr ra tu r c .  The ordered  a1 l n y s  h a v e  v e r y  a t t r a c t i v c  h igh- tempera ture  

mechanical p r o p e r t i e s ;  t i ia t  i s ,  t t i c l r  s t r e n g t h ,  i n s t e a d  of d e c r c a s i n g  

L i k e  t h a t  o f  r onvcn t ionn l  alloys, i n c r e a s e s  w i t h  t e s t  t empera ture .  

'Th<,se :wc ; ~ l l o y s  wi l l  be irradiated i n  th<. OKK-MF'E-2 cxpe r imen t .  

7 .  STATLIS OF 1 KKADlKl'iOK EXPEKIMESTS . . . . . . . . . . . . . . . . . . . .  1 h ?  

7 . 1  S t a t u s  o f  ORR-MFE-1 and - 2  I r r a d i a t i o n  Experiments (ORNL) . . . . .  1 6 4  

Va I in t i ons on t y p~ 11 6 s t a i n  1 e s  s s t ee 1 , [ r e  c i p i  t a t  i o w - 5  t r e n  g t li en ed 

Fe-Si-Cr n l l n y s ,  and t i t a n i u m  a i  loys arc hein?: i r r a d i a t e d  i n  e::perimcnt 

ORK-NFE-I. l i i i  t i a l  e x c e s s i v c  i r r a d i a t i i i n  tem[,cr;itrircs l ~ e d  t o  r a i s i n g  

s.r,mc crontrol t empe ra tu r c s ,  r e a r r a n g i n g  t i t ?  reak'tor c o r e ,  and p n s s i h l y  

c h a n g i n g  t he  i r r a d i a t i o n  t ime.  Redesign of ORR-MFE-2 for more e f f i c i e n t  

heat removal w i l l  p e rmi l  ; i rcomplishing m o s t  o f  t h e  o r i g i n a l  t c s t  m a t r i c e s  

f o r  t,otli exper iments  lhut d e l a y  t h e  schedule  alTu,ut twc months. 

7 . 2  Capsule I l rs ign for i r r a d i a t i o n  o f  F a t i g n i  Crark  Propagat ion  
Spccimrns i n  O K R  ( N K L )  . . . . . . . . . . . . . . . . . . . . . . .  176 

The c a p s u l e  ha s  been des igned  t o  a l l o w  t h e  i r r a d i a t i o n  of f a t i g u e  

c r a c k  p ropaga t ion  specimens w i t h  t h e  O.5T compact t e n s i o n  (O.5T CT) 

geometry a t  e l e v a t e d  t empera tu re s  i n  t h e  h i g h- f l u x  r e g i o n  of t h e  ORR 

c o r e .  Temperature c o n t r o l  w i l l  be ach i eved  by a ba l ance  between gamma 

h e a t  g e n e r a t i o n  i n  t h e  specimens and  h e a t  l o s s  t u  t h e  r e a c t o r  c o o l i n g  

water  t h rough  a n  e x t e r n a l . 1 ~  c o n t r o l l e d  v a r i a b i e  g a s  gap. The d e s i g n  

of  t h e  ORR c a p s u l e  ha s  been d e r i v e d  f rom NRL c a p s u l e s  used t o  i r r a d i a t e  

r e a c t o r  p r e s s u r e  v e s s e l  s t e e l s  i n  a number of r e s e a r c h  r e a c t o r s ,  w i t h  

m o d i f i c a t i o n s  t o  t h e  geometry t o  a l l ow  f o r  t h e  h i g h  gamma h e a t i n g  r a t e  

encountered  i n  t h e  c o r e  of  ORR. The f i r s t  assembly of t h i s  d e s i g n  w i l l  

b e  i r r a d i a t e d  a s  expcr iment  MFE-3, schcduled  f o r  i n s e r t i o n  i n  OKR by 

t h e  end o f  FY 78. 
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Figure 1.1.1 Dependenc of Required Fatigue Crack Growth 
Properties &a/dn) on Stress level.  

Presen t  Type 316 s t a i n l e s s  s teel  creep r u p t u r e  p r o p e r t i e s  a r e  

accep tab le .  

mental  e f f e c t s  of i r r a d i a t i o n  can b e  reduced. 

Poorer u n i r r a d i a t e d  p r o p e r t i e s  cnn be t o l e r a t e d  i f  d e t r i -  

Swelling should be l i m i t e d  t o  an end-of l i f e  va lue  of 10%. 

The McDonnell-Douglas As t ronau t ics  Company - S t .  Louis s t u d i e s  

i n d i c a t e  t h a t  a w a l l  loading of 2-4 M/m2 is near optimum f o r  minimum 
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Figure 1.1.2 Variation of Fatigue Life for a Clamped First Wall 
(Assuming No Stress Relaxation) 

c o s t  of e l e c t r i c i t y  f o r  a p l a n t  capac i ty  below 7000 MWt and t h a t  small 

economic i n c e n t i v e s  e x i s t  f o r  achieving a w a l l  l i f e  g r e a t e r  than 

10-15 MW-Yr/m2. 

i n c e n t i v e  t o  achieve l i f e t i m e s  of 30 MW-Yr/m2 a t  w a l l  loadings  of 

6 MW/m2 f o r  tokamak-based r e a c t o r s  if t h e  u t i l i t i e s  can accept  l a r g e  

p l a n t  s i z e s  on t h e  o rder  of 9000 MWt. 

ANL s t u d i e s  i n d i c a t e  t h a t  t h e r e  i s  s t r o n g  economic 
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1 . 2  ECONOMIC IMPACT OF USING REFRACTORY METALS FOR FUSION REACTORS - 
J. W. Davis (McDonnell Douglas As t ronau t ics  Company - S t .  Louis) .  

1 . 2 . 1  ADIP Task __ 
Task Number I . A . l  - Define c r i t i c a l  m a t e r i a l  p r o p e r t i e s  and quan t i fy  

t h e i r  r e l a t i v e  importance t o  guide a l l o y  s e l e c t i o n  and development. 

1 . 2 . 2  Object ive  

To determine i f  t h e  r e f r a c t o r y  metals o f f e r  economic and/or  tech- 

n i c a l  advantage f o r  major use  i n  commercial f u s i o n  r eac to r s .  

1 . 2 . 3  Summary 

This s tudy w a s  performed t o  determine t h e  r e l a t i o n s h i p  between the  

cost of f ab r i ca t ed  hardware, coolant temperature,  l i f e  and t h e  c o s t  of 

e l e c t r i c i t y .  Five materials were involved,  s t a i n l e s s  s t e e l ,  t i t an ium,  

vanadium, niobium and molybdenum. The r e a c t o r  used i n  these  s t u d i e s  was 

s i z e d  t o  5000 MWth, used a nonc i rcu la r  plasma (aspec t  r a t i o  of 2 ) ,  l i t h i u m  

as a coo lan t ,  and steam f o r  e l e c t r i c a l  power generat ion.  Using t h i s  

r e a c t o r  design and t h e  computer co s t  and modeling code TOCOMO, t h e  c o s t s  

of e l e c t r i c i t y  assoc ia ted  with us ing these  var ious  metals  w a s  determined. 

The r e s u l t s  of t h i s  s tudy i n d i c a t e  t h a t  t h e  use  of r e f r a c t o r y  metals  

i n  t h e  f i r s t  w a l l ,  b lanke t ,  and header reg ion  of a f u s i o n  r e a c t o r  o f f e r  

economic advantage over s t a i n l e s s  s t e e l  and t i t an ium,  provided they have 

modestly longer  l i f e  or permit  a moderately higher  peak coolant  tempera- 

t u r e .  I f  th is  use i s  expanded beyond t h e  header ,  ou t  through t h e  primary 

coolant  loop,  t h e  cos t  of e l e c t r i c i t y  i s  s i g n i f i c a n t l y  increased.  This 

i n c r e a s e  i n  co s t  i s  only recovered,  r e l a t i v e  t o  t h e  use  of s t a i n l e s s  

s t e e l  or t i t an ium f o r  a very narrow set of opera t ing  condi t ions .  These 

condi t ions  r e q u i r e  t h e  s t a i n l e s s  s teel  or t i t an ium s t r u c t u r e  t o  opera te  

wi th  a 400OC coolan t  have a component l i f e  <5 MW y r s / m 2  and t h e  r e f r a c t o r y  

metals t o  opera te  a t  650°C and have a l i f e  of >10 MW yrs/m’. Therefore ,  

i t  appears t h a t  t h e  use  of r e f r a c t o r y  metals should be r e s t r i c t e d  t o  t h e  

f i r s t  w a l l ,  b lanke t ,  and header region only and s t a i n l e s s  steel or 

titanium be used f o r  t h e  primary coolant  loop. 
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1.2.4 Progress and Status - 
A complete report on this portion of the study has been issued1, 

therefore, only the highlights will be presented. The initial thrust of 

this study was directed at an examination of the economic impact of 

using refractory metals. Since the current conceptual fusion reactor 

designs are in a state of flux, it was decided not to marry these analyses 
to any particular reactor design. A s  a result, a generic tokamak type 

of reactor was developed using the computer modeling code TOCOMO which 

combined the best features of a variety of designs into a self-consistent 

commercial fusion reactor definition. This reactor was sized for 5000 MW 

of thermal power, had an elliptical plasma shape with a height-to-width 

ratio of 2 and a major radius of 7.89 meters and a minor radius of 2 . 5  

meters. Lithium was used as the primary coolant together with a steam 

power conversion system. The average neutron wall loading was 2.6 MW/m2. 

Using this reactor design and the computer cost and modeling code TOCOMO, 

the costs associated with using the refractory metals was determined. 

The metals that were studied were the refractory metals Nb-lZr, V-20Ti, 

and Mo-0.5Ti-0.08Zr (TZM) and the reactive metal Ti-6A1-2Sn-4Zr-2Mo-0.25Si 

(Ti-6242s). In this study these materials were sequentially introduced 

first into the first wall/blanket/header and next into the primary coolant 

loop. 
steel or titanium for these components. 

The resultant cost of electricity was compared to using stainless 

In general the.cost of fabricating a refractory metal structure is 

This significantly higher than for either stainless steel or titanium. 
cost delta is primarily due to the higher cost of raw material. 

relationship between the cost of electricity and the cost of a fabricated 

first wall/blanket component is shown in Figure 1.2.1 for various wall 

lives. This figure shows that for a life of 10 MW yrs/m2, the cost of 

electricity changes 2 mills/kW-hr for a $100/kg change in the fabricated 

component cost. The cost spread between stalnless steel and the most 

expensive refractory metal, vanadium, is $155/kg, or in terms of reactor 
system performance, about 2.5 mills/kW-hr. Therefore, it can be concluded 
that the fabricated first wall and blanket component cost has a moderate 

impact upon the commercial fusion reactor performance (cost of electricity). 

The 



10  

A s  w i l l  be discussed later ,  t h e  higher  co s t  of r e f r a c t o r y  metal  components 

can be o f f s e t  by longer  l i f e  o r  h igher  opera t ing  temperature.  

u. 
0 

5" 100 160 200 250 

COST OF FABRICATED FIRST W A L L I B L A N K E T  S T R U C T U R E  ~ $ I k g  
13-74OA 

Figure 1.2.1 Effect of Fabricated First Wall/Blanket Structure 
Cost on Electricity Cost 

The r e l a t i o n s h i p  between component l i f e  and coolant  temperature i s  

shown i n  Figure  1 . 2 . 2  f o r  va r ious  materials i n  t h e  f i r s t  w a l l ,  b l a n k e t ,  and 

header region.  

f o r  increased w a l l  l i f e ,  i f  l i f e  i s  s h o r t .  

the  b e n e f i t  of a d d i t i o n a l  w a l l  l i f e  inc reases  a r e  g r e a t l y  diminished.  

This  co s t  of e l e c t r i c i t y  t o  w a l l  l i f e  r e l a t i o n s h i p  i s  e s s e n t i a l l y  indepen- 

dent of t h e  peak coolant  temperature. 

V-ZOTi ,  and TZM), t h e  b e n e f i t  of inc reas ing  l i f e  cont inues  t o  a h igher  

f luence  l i m i t  o r  l i f e  than f o r  e i t h e r  s t a i n l e s s  s t e e l  o r  t i tanium.  

For a l l  m a t e r i a l s  t he r e  i s  a s t rong  economic i n c e n t i v e  

However, a f t e r  10-15 MW yrs/m2 

For t h e  r e f r a c t o r y  metals  (Nb-IZr, 

With r e s p e c t  t o  w a l l  l i f e ,  t h e  r e f r a c t o r y  metals were found t o  be 

economically compet i t ive  wi th  s t a i n l e s s  s t e e l  under c e r t a i n  c o n s t r a i n t s .  

For example, a t  a peak coolant  temperature of 5OO0C, i f  t h e  l i f e  of t h e  

s t a i n l e s s  s t e e l  or t i t an ium i s  7 MW yrs/m2 o r  l e s s ,  t h e  l i f e  of t h e  

r e f r a c t o r y  metals  would have to b e  about twice t h a t  of t h e  s t a i n l e s s  

s t e e l  o r  t i t an ium f o r  equal  c o s t s  of e l e c t r i c i t y ,  again  a t  a f ixed  peak 

coolant  temperature of SOOOC-. I f  the  l i f e  of s t a i n l e s s  s t e e l  o r  t i t an ium 
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Figure 1.2.2 Life and Coolant Temperature Effects on Cost of Electricity for 
Material Changes in 1st Wall and Blanket Only 

is about 10 MW yrs/m2 or greater, the refractory metals will never become 
economically competitive at a fixed peak coolant temperature of 5 0 0 ' C .  

A change in the peak coolant temperature can alter some of these con- 

clusions. 
a peak coolant temperature of  4 O O 0 C ,  the refractory metals at a peak 

coolant temperature of 5 0 0 ° C  would be economically competitive at any 

life greater than 3 MW yrs/m2 and the economic margin increases with 

increasing life. 

ture for stainless steel and titanium could be increased to 5 0 0 ° C  and 

the refractory metals could operate with a peak coolant temperature of 

6 5 0 ° C .  For  a maximum contrast case, vanadium, operating at a peak 

coolant temperature of 6 5 0 ° C  and having a life of 20 MW yrs/m2 would 

provide a savings of 21% or 7 mills/kW-hr in the cost of electricity as 

compared to stainless steel or titanium operating with a peak coolant 

temperature of 400°C and having a life of 10 MW yrs/m2. 

For example, if the stainless steel or titanium is limited to 

A similar relationship exists if the coolant tempera- 
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The previous  f i g u r e s  showed t h e  r e l a t i o n s h i p  between l i f e ,  peak 

coolant  temperature,  and t h e  cos t  o f  e l e c t r i c i t y  f o r  va r ious  s t r u c t u r a l  

m a t e r i a l s  used i n  t h e  f i r s t  w a l l ,  b lanke t ,  and header reg ion  only .  Out- 

s i d e  of t h i s  region,  low cos t  materials such a s  t i t an ium o r  s t a i n l e s s  

s t e e l  were used. However, because of t h e  p o s s i b i l i t y  of contamination or 

cor ros ion  due t o  d i s s i m i l a r  metals  being used i n  t h e  same coolant  loop,  

i t  may be necessary  t o  use t h e  same s t r u c t u r a l  material throughout t h e  

primary coolant loop which includes  the f i r s t  wa l l ,  b lanket ,  p iping,  f i r s t  

heat  exchanger, pumps, dump tanks ,  va lves ,  e t c .  Figure  1 . 2 . 3  shows t h i s  

extended use  of r e f r a c t o r y  metals s i g n i f i c a n t l y  inc reases  t h e  cos t  of 

e l e c t r i c i t y .  This increased cos t  i s  only recovered,  r e l a t i v e  t o  t h e  use 

of s t a i n l e s s  s t e e l  or t i t an ium f o r  a very narrow s e t  of opera t ing  con- 

d i t i o n s .  These condi t ions  r e q u i r e  t h a t  s t a i n l e s s  s t e e l  or t i t an ium 

s t r u c t u r e s  opera te  wi th  a 400'C coolant and have a component l i f e  of 

1 5  MW yrs/m2 and t h e  r e f r a c t o r y  metals opera te  a t  650'C and have a l i f e  

of >IO MW yrs/m2. 
65 
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Figure 1.2.3 Life and Coolant Temperature Effects on Cost of Electricity for 
Material Changes in Blanket. Piping and Heat Exchangerhorage 
System 
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1.2.5 Conclusions 

The use  of r e f r a c t o r y  metals  i n  t h e  f i r s t  w a l l ,  b lanke t ,  and header 

reg ion  of a f u s i o n  r e a c t o r  o f f e r  p o t e n t i a l  economic advantage over s t a i n-  

l e s s  s t e e l  and t i t an ium provided they have a longer  l i f e  o r  permit  a 

h igher  peak coolant temperature.  I f  t h e  use of r e f r a c t o r y  metals i s  

extended pa s t  t h e  header reg ion  throughout t h e  primary coolant  loop, it 

i s  doubt fu l  t h e  r e f r a c t o r y  metals would o f f e r  economic advantage except 

f o r  a very narrow set of condi t ions .  

1 . 2 . 6  References 

1. J .  W .  Davis, Economic Impact of Using Refractory Metals f o r  Fusion 

Reactors,  McDonnell Douglas, COO-4247-1, 1977. 
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1 . 3  ALLOYS FOR THE FUSION REACTOR ENVIRONMENT - A TECHNICAL ASSESSMEW 

- D. L. Kummer, B.  A .  Cramer, D.  A .  DeFreece, J .  W .  Davis (McDonnell 

Douglas As t ronau t ics  Company - S t .  L o u i s ) ,  and ADIP Task Group. 

1 .3 .1  ADIP Task 

Task Number I . A . l  - Define Mate r ia l  Proper ty  Requirements and Make 

S t r u c t u r a l  L i f e  Pred ic t ions .  

1.3.2 Object ive  

The o b j e c t i v e  w a s  t o  perform a t e c h n i c a l  assessment of t h e  

s t r u c t u r a l  m a t e r i a l s  f o r  t h e  f i r s t  wa l l /b lanke t  component of a fus ion  

r eac to r .  

1 .3 .3  Summary 

Primary and backup materials were s e l e c t e d  f o r  an  Experimental 

Power Reactor (EPR), Demonstration Power Reactor (DPR) and Commercial 

Power Reactor (CPR). Tes t ing  and manpower requirements f o r  e s t a b l i s h i n g  

t h e  m a t e r i a l  proper ty  d a t a  needed f o r  des ign was def ined.  Natural  

resources  and i n d u s t r i a l  c a p a b i l i t y  necessary  t o  s a t i s f y  a f u s i o n  economy 

were examined. S t r u c t u r a l  m a t e r i a l  l i f e ,  f a i l u r e  modes and r a d i o a c t i v i t y  

cons idera t ions  were among t h e  f a c t o r s  eva lua ted .  

1.3.4 Progress and S t a t u s  

This a c t i v i t y  i s  completed and a f i n a l  r e p o r t  i s  publ ished.]  

Therefore only t h e  h i g h l i g h t s  w i l l  be surmnarized. 

F i r s t  wa l l /b lanke t  s t r u c t u r e  w a s  emphasized i n  t h e  t e c h n i c a l  

assessment of m a t e r i a l s  s u b j e c t  t o  i n t e n s e  i r r a d i a t i o n .  This i s  bel ieved 

t o  b e  t h e  most c r i t i c a l  major component t h a t  i s  s i g n i f i c a n t l y  damaged by 

i r r a d i a t i o n  from t h e  plasma. 

The assessment approach w a s  t o  f i r s t  de f ine  t h e  most important  

f a c t o r s  t h a t  determine t h e  a c c e p t a b i l i t y  of t h e  f i r s t  wa l l /b lanke t  

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

a b i l i t y  of t h e  cand ida te  m a t e r i a l s  t o  s a t i s f y  these  important f a c t o r s  

were examined. Test ing requirements t o  measure t h e  m a t e r i a l  p r o p e r t i e s  
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were then explored.  

were examined i n  l i g h t  of r e a c t o r  system parameters i n  o rder  t o  i d e n t i f y  

sys tem/mater ia l  t r ade s  t h a t  l ead  toward an improved r e a c t o r .  

t i v e  d e s c r i p t i o n s  of material performance, t e s t i n g ,  or important  material/ 

system f a c t o r s  were no t  p o s s i b l e  i n  many cases  because of t h e  l i m i t e d  

state-of-development of r e a c t o r  des ign and of i r r a d i a t e d  material proper- 

ties. However, an a t tempt  w a s  made t o  quan t i fy  f a c t o r s  as much a s  

p o s s i b l e  knowing t h a t  f u t u r e  r e v i s i o n s  t o  t h e  assessment w i l l  be requ i red  

as more informat ion becomes a v a i l a b l e .  I n  r e a l i t y ,  r e a c t o r  systems 

d e f i n i t i o n  and m a t e r i a l s  requirements a r e  mutually dependent on each o t h e r  

and both  w i l l  be s u b j e c t  t o  considerable  change a s  t h e  evo lu t ion  of f u s i o n  

r e a c t o r s  t akes  p lace .  

Some material p r o p e r t i e s  and s t r u c t u r a l  responses 

Quantita-  

Performance of t h e  f i r s t  wa l l /b lanke t  s t r u c t u r e  was judged t o  be 

more important  than t h e  environmental or s a f e t y  i s s u e s  t h a t  a r e  a f f e c t e d  

by t h e  f i r s t  wa l l /b lanke t  component. 

e l e c t r i c i t y  produced by a commercial r e a c t o r  or  t h e  a b i l i t y  t o  s a t i s f y  

t h e  goa l s  of an EPR or DPR. The major f a c t o r s  t h a t  a f f e c t  performance 

w e r e  found t o  be l i f e ,  maintenance time, peak coolant  temperature and 

f a b r i c a t e d  p a r t  co s t .  Resources could be an important  f a c t o r  f o r  

commercial power r e a c t o r s  (CPR's) depending upon t h e  material a v a i l-  

a b i l i t y  and p r i c e ,  i f  c o n t r o l l e d  by f o r e i g n  sources .  

Perforance r e l a t e s  t o  t h e  c o s t  of 

Inc reas ing  l i f e  beyond 10 t o  15  MW yrs/m' caused only small addi-  

tional reduc t ions  i n  t h e  c o s t  of e l e c t r i c i t y .  However, t h e  t i m e  required 

t o  change-out t h e  f i r s t  wa l l /b lanke t  has  a s i g n i f i c a n t  bear ing on t h e  

d e s i r e d  l i f e  and t h i s  time i s  not  a c c u r a t e l y  known. Therefore,  s t r i v i n g  

f o r  a long l i f e  is  d e s i r a b l e  u n t i l  t h e  change-out time and cos t  are 

b e t t e r  def ined.  

With regard t o  repair/maintenance,  i t  may no t  be p o s s i b l e  t o  achieve 

accep tab le  welds i n  r a d i a t i o n  damaged m a t e r i a l  (high helium conten t ) .  

Also, a cooldown t o  low temperature (RT t o  100°C) may cause very high 

s t r e s s e s  due t o  creep d i s t o r t i o n s  t h a t  occurred dur ing high temperature 

operat ion.  

These cons idera t ions  may r e q u i r e  a complete change-out dur ing re furb i sh-  

ment r a t h e r  than p e r i o d i c  replacement of p o r t i o n s  of t h e  f i r s t  w a l l .  

The material may a l s o  b e  less d u c t i l e  a t  low temperatures.  
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Design changes could a l s o  be made t o  accommodate these  cons idera t ions .  

Systems a n a l y s i s  of a t y p i c a l  r e a c t o r  showed t h a t  a peak coolant  

temperature of 400°C could cause as much a s  a 21% increase  i n  t h e  c o s t  

of e l e c t r i c i t y  compared t o  a peak coolant  temperature of 650'C. 

i t  i s  accep tab le  t o  use r e l a t i v e l y  low coolant  temperatures and conse- 

quent ly  modest f i r s t  wa l l /b lanke t  opera t ing  temperatures,  t h e r e  i s  a 

s i g n i f i c a n t  conversion e f f i c i e n c y  pena l ty .  This pena l ty  i s  reduced; 

however, i f  very expensive m a t e r i a l s  must be used t o  accommodate t h e  

high temperature o r  i f  l i f e  i s  shortened.  

Although 

The cos t  of f a b r i c a t e d  f i r s t  wa l l /b lanke t  s t r u c t u r e  was found t o  be 

important  f o r  a CPR w i t h i n  t h e  range of $29 t o  $184/kg. This i s  t h e  cos t  

range between s t a i n l e s s  s t e e l  and vanadium, t h e  most expensive r e f r a c t o r y  

metal  considered.  An i n c r e a s e  i n  al lowable peak coolant  temperature 

(%50 t o  150'C depending on l i f e )  o r  l i f e  (genera l ly  a 2 f o ld  i n c r e a s e  a t  

500°C) o f f s e t  t h i s  l a r g e  i n c r e a s e  i n  t h e  cos t  of f a b r i c a t e d  hardware. 

This means t h a t :  (1) t h e  more expensive m a t e r i a l s  can be used wi th  

p o t e n t i a l l y  l i t t l e  o r  no cos t  pena l ty ,  (2) h igher  p r i c e s  can be paid f o r  

raw m a t e r i a l s  thereby improving resource  a v a i l a b i l i t y ,  and (3)  advanced 

manufacturing and inspec t ion  procedures can be used to  assure  high 

r e l i a b i l i t y .  

be used throughout t h e  blanket  coolant  loop (piping,  h e a t  exchanger, e t c . )  

t o  avoid embrit t lement,  an  economic advantage f o r  r e f r a c t o r y  metals  i s  

d i f f i c u l t  t o  achieve.  

On t h e  o t h e r  hand, i f  expensive r e f r a c t o r y  metals have t o  

F a i l u r e  modes f o r  t h e  f i r s t  wa l l /b lanke t  s t r u c t u r e  were found t o  

include:  (I) leak ,  ( 2 )  rup ture ,  (3) deformation,  and (4) i n s t a b i l i t y .  

The f i r s t  two a r e  of g r e a t e s t  concern. One very smal l  opening (crack)  

t h a t  permits  a i r  o r  coolant  t o  en t e r  t h e  plasma chamber w i l l  in t roduce 

s u f f i c i e n t  contamination t o  prevent accep tab le  plasma performance and 

cause a r e a c t o r  shutdown. Unfortunately,  crack formation and propagation 

has  been a common event i n  s t r u c t u r a l  m a t e r i a l s  i n  a v a r i e t y  of app l ica-  

t i o n s  including power p l a n t s  of a l l  types .  

event and w i l l  l i k e l y  be assoc ia ted  wi th  t h e  low elongat ion of r a d i a t i o n  

damaged m a t e r i a l .  Therefore ,  m a t e r i a l  p r o p e r t i e s  such as  crack growth 

r a t e ,  f r a c t u r e  toughness, f a t i g u e  l i f e  and embrit t lement a r e  important 

Rupture i s  a more c a t a s t r o p h i c  
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f o r  t h e  f i r s t  wa l l /b lanke t  s t r u c t u r a l  m a t e r i a l .  Any d e t r i m e n t a l  e f f e c t  

of i r r a d i a t i o n  on these  p r o p e r t i e s ,  of course,  i s  undesi rhble .  

The reduc t ion  i n  e longat ion assoc ia ted  wi th  r a d i a t i o n  damage i s  

expected t o  be d e t r i m e n t a l  t o  l i f e ;  more s o  than swel l ing .  

not a d i r e c t  f a i l u r e  mode as it i s  f o r  LMFBR which r e q u i r e s  a minimum 

gap between f u e l  p ins .  For a f u s i o n  r e a c t o r ,  swel l ing  i s  a source  of 

stress t h e  magnitude of which is c o n t r o l l e d  by i r r a d i a t i o n  creep and 

t h i s  r e l a t i o n s h i p  c u r r e n t l y  is no t  w e l l  understood. 

Swelling i s  

A chief source  of stress, inc lud ing  c y c l i c  stresses t h a t  cause 

f a t i g u e ,  is t h e  temperature change assoc ia ted  wi th  t h e  pu l se  type operat-  

ing  condi t ions  r e p r e s e n t a t i v e  of tokamak o r  t h e t a  pinch r e a c t o r s .  Such 

c y c l i c  opera t ion  a c c e l e r a t e s  f a i l u r e  by almost a l l  f a i l u r e  modes and i s  

t h e  o r i g i n  of f a t i g u e  f a i l u r e s .  The magnitude of r e s u l t a n t  stresses i s  

a f u n c t i o n  of design and m a t e r i a l .  To minimize t h e s e  thermal stresses, 

t h e  material should have a low thermal expansion c o e f f i c i e n t ,  high thermal 

conduc t iv i ty  and low modulus of e l a s t i c i t y .  I n  t h i s  regard,  the  r e f r a c-  

to ry  metals, and t o  a l e s s e r  e x t e n t  t i t an ium,  a r e  super io r  t o  s t a i n l e s s  

s t e e l  and t h e  n i c k e l  base  ‘al loys.  

Another p o t e n t i a l  way t o  i n c r e a s e  l i f e ,  is t o  opera te  t h e  m a t e r i a l  

a t  a temperature below where helium has a s i g n i f i c a n t  e f f e c t  on t h e  

f r a c t u r e  mechanisms. This al lowable temperature is a f u n c t i o n  of t h e  

m a t e r i a l  mel t ing p o i n t  and aga in  t h e  r e f r a c t o r y  metals  and perhaps 

t i t an ium have an advantage over s t a i n l e s s  steel and n i c k e l  a l l oys .  

However, t h e  r e f r a c t o r y  metals  a l s o  have major p o t e n t i a l  shortcomings. 

Niobium and vanadium are very s e n s i t i v e  t o  i n t e r s t i t i a l  embrit t lement 

from i m p u r i t i e s  i n  t h e  coolant  and molybdenum h a s  f a b r i c a t i o n ,  p a r t i -  

c u l a r l y  welding, shortcomings. 

Design of a r e l i a b l e  (no l e a k s  f o r  l i f e  of p a r t )  long l i f e  f i r s t  

wal l jb lanke t  s t r u c t u r e  w i l l  r e q u i r e  p r e c i s e  s t r u c t u r a l  a n a l y s i s  and 

t e s t i n g  of r e p r e s e n t a t i v e  hardware. P r e c i s e  s t r u c t u r a l  a n a l y s i s  r e q u i r e s  

a complete mechanical proper ty  d a t a  base  f o r  i r r a d i a t e d  m a t e r i a l .  

Es tab l i sh ing  t h i s  d a t a  is one of t h e  most d i f f i c u l t  problem areas. The 

reasons are t h e  l a c k  of high t e s t  volume, h igh f l u x ,  f a s t  neutron 

sources .  To o b t a i n  mechanical p r o p e r t i e s  on a large number of specimens 
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r e q u i r e s  much l a r g e r  test volumes than a v a i l a b l e  i n  d- Li and INS acce le r-  

a t o r  devices .  For t h e  next  decase,  only f i s s i o n  r e a c t o r s  w i l l  be a v a i l-  

ab l e  f o r  such t e s t i n g .  This includes  mixed spectrum r e a c t o r s  such a s  

ORR, ATR, General E l e c t r i c  T e s t  Reactor, HIFR and t h e  High Flux Beam 

Reactor.  Such r e a c t o r s  can d u p l i c a t e  t h e  dpa t o  helium r a t i o  i n  nickel-  

conta ining materials and t h e r e f o r e  seem t o  be appropr ia te  t e s t  f a c i l i t i e s  

f o r  t h e s e  m a t e r i a l s  al though c o r r e l a t i o n  wi th  t h e  f u s i o n  r e a c t o r  neutron 

spectrum i s  n o t  ye t  completed. 

F a s t ' f i s s i o n  r e a c t o r s  such a s  E B R - I 1  and FFTF provide high dpa ' s  and 

l a r g e  t e s t  volumes but may no t  be a v a i l a b l e  t o  t h e  f u s i o n  program. 

may be accep tab le  f o r  t e s t i n g  non n i c k e l  bear ing  materials i f  helium 

e f f e c t s  on mechanical p r o p e r t i e s  can b e  e l iminated as an a r e a  of concern. 

This may b e  p o s s i b l e  i f  the material i s  operated a t  a r e l a t i v e l y  low 

temperature,  i . e . ,  <400°C f o r  SS ,  <500"C for T i  and <600"C f o r  V. 

They 

I f  mixed spectrum and f a s t  f i s s i o n  r e a c t o r s  can be used as t h e  

p r i n c i p a l  i r r a d i a t i o n  test f a c i l i t i e s  f o r  fus ion  materials, t h e  neutron 

source  l i m i t a t i o n s  w i l l  be g r e a t l y  reduced, e s p e c i a l l y  i f  mixed spectrum 

f i s s i o n  r e a c t o r s  a r e  accep tab le .  

The f i r s t  fus ion  r e a c t o r  f a c i l i t i e s  contemplated per  published DMFE 

p lans  are a FERF (opera te  about 1986) and a Materials T e s t  Reactor (FER) 

t h a t  would opera te  about 1994.  A FERF, of modest f l u x ,  would be margin- 

a l l y  adequate f o r  e s t a b l i s h i n g  t h e  d a t a  base  f o r  DPR b u t  is compatible 

wi th  CPR da t e s .  

An attempt w a s  made t o  d e f i n e  t h e  t e s t i n g  requirement for e s t a b l i s h-  

ing  t h e  material p roper ty  d a t a  base  needed f o r  high r e l i a b i l i t y  design.  

Crack growth and f a t i g u e  proper ty  measurements dominated t h e  number of 

specimens requ i red .  Even wi th  only 3 specimens per  d a t a  po in t ,  a 

c l a s s i c a l  test matrix involves  over 13,000 specimens. Appl icat ion of 

s t a t i s t i c a l  experiment test techniques w i l l  reduce t h i s  number. However, 

i t  appears  t h a t  a l a r g e  number of specimens w i l l  have t o  b e  subjected t o  

a s i g n i f i c a n t  neutron €hence  i n  o rder  t o  e s t a b l i s h  a reasonable  d a t a  

base. 

c r i t i c a l ,  i n a c c e s s i b l e  p ressure  vessel, t h e  need f o r  r e l i a b i l i t y ,  and 

consequently a good d a t a  base,  seems warranted. 

Remembering t h a t  t h e  f i r s t  wa l l /b lanke t  s t r u c t u r e  is a l e a k  

. 
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Assuming t h a t  5000 specimens per  a l l o y  must b e  t e s t e d  and t h a t  1 ORR 

r e a c t o r  is needed over a 10-year per iod,  t h e  t e s t i n g  cos t  w i l l  be $25M t o  

$35M pe r  s p e c i f i c  m a t e r i a l .  

because t h e  opera t ing  c o s t  i s  es t imated t o  be $6OM/year. 

were t e s t e d  over a 10-year per iod using 10% of t h e  FFTF, t h e  t e s t i n g  cos t  

w i l l  be $70M t o  $80M per  a l l o y .  

U s e  of an  FFTF would g r e a t l y  i n c r e a s e  c o s t  

If 5000 specimens 

The ques t ions  of t h e  scope of  t e s t i n g  required and needed test 

f a c i l i t i e s  a r e  very important  and need a d d i t i o n a l  study immediately. A 

bootstrapping" method of bu i ld ing  EPR with  a minimum of m a t e r i a l  proper ty  11 

d a t a  and then us ing t h e  knowledge gained i n  opera t ing  EPR f o r  des ign of 

DPR has  been suggested.  This may work bu t  h a s  r i s k  and schedule shor t-  

comings. 

It seems c l e a r  t h a t  a u s t e n i t i c  s t a i n l e s s  s teel  o r  a n i c k e l  base  a l l o y  

a r e  t h e  only  v i a b l e  candidates  f o r  EPR. Major reasons include:  (1) know- 

ledge  of performance i n  a f a s t  neutron environment (from LMFBR program), 

( 2 )  a b i l i t y  t o  use  f i s s i o n  r e a c t o r s  f o r  i r r a d i a t i o n  t e s t i n g ,  (3)  m i l l  

product a v a i l a b i l i t y  and i n d u s t r i a l  manufacturing experience,  and ( 4 )  

apparent  a b i l i t y  t o  m e e t  performance requirements.  

I f  t h e  requ i red  i r r a d i a t i o n ' t e s t i n g  t o  o b t a i n  t h e  necessary material 

p roper ty  d a t a  and t o  perform design v e r i f i c a t i o n  t e s t i n g  i s  s i m i l a r  t o  

t h e  scope previously  discussed,  i t  w i l l  be d i f f i c u l t  t o  use  any material 

other  than  t h e  EPR m a t e r i a l  for DPR. It a p p e a r s  t h a t  t h e  number of 

materials t h a t  are submitted t o  c h a r a c t e r i z a t i o n  t e s t i n g  w i l l  have t o  be 

very few because of t h e  expense and time f o r  i r r a d i a t i o n  t e s t i n g .  

a dec i s ion  on t h e  a l l o y  f o r  EPR and DPR a t  t h e  earliest poss ib le  d a t e  

w i l l  conserve t h e  l i m i t e d  manpower and i r r a d i a t i o n  t e s t  resources  a v a i l-  

ab l e .  This w i l l  improve t h e  p r o b a b i l i t y  of s u c c e s s f u l  development of an  

improved material f o r  CPR. 

Making 

Mate r ia l  choices  f o r  t h e  CPR cannot be a c c u r a t e l y  made a t  t h i s  time. 

Vanadium and t i t an ium appear more promising than s t a i n l e s s  steel o r  

n i c k e l  a l l o y s  because of lower thermal stresses, a g r e a t e r  p r o b a b i l i t y  

of opera t ion  below t h e  c r i t i c a l  helium embrit t lement temperature,  low 

a c t i v i t y ,  and domestic resources .  Niobium and molybdenum are resource  

l imi ted .  S t a i n l e s s  steel and n i c k e l  a l l o y s  appear t o  have l i m i t e d  l i f e  

p o t e n t i a l  ( 1 - 4  EIW yrs/m2).  
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The case  f o r  low induced r a d i o a c t i v i t y  f i r s t  wa l l lb lanke t  s t r u c t u r a l  

m a t e r i a l s  was examined. The p o t e n t i a l  advantage of hands-on maintenance 

outboard of t h e  s h i e l d  i s  not enhanced by low a c t i v i t y  of t h e  f i r s t  w a l l /  

b lanket .  Only the  m a t e r i a l s  i n  the  s h i e l d  a r e  important .  The p o s s i b i l-  

i t y  of hands-on maintenance inboard of t h e  s h i e l d  appears u n l i k e l y .  

Therefore,  t h e  r a d i o a c t i v i t y  of t h e  f i r s t  wal l /b lanke t  s t r u c t u r a l  m a t e r i a l  

has  l i t t l e ,  i f  any, e f f e c t  on the  important hands-on maintenance p o s s i b i l i -  

t i e s .  For acc iden t  and r e l e a s e s  t o  the  atmosphere cons idera t ions ,  

tritium dominates. This  l eaves  reduced s t o r a g e  of a c t i v a t e d  components 

removed from t h e  r e a c t o r  as the  only payoff f o r  use of low a c t i v i t y  f i r s t  

wal l /b lanke t  s t r u c t u r a l  m a t e r i a l s .  

d i f f i c u l t ,  low r e s i d u a l  a c t i v i t y  may b e  important  f o r  pub l ic  acceptance.  

If t h e  m a t e r i a l  can be reused i n  a reasonable p e r i o d  of t i m e ,  economic 

and resources  advantages e x i s t .  

Although s t o r a g e  i s  no t  t e c h n i c a l l y  

Vanadium and t i t an ium w i l l  have a very low a c t i v i t y  l e v e l  a f t e r  

about 50 years  and some b e l i e v e  recyc l ing  i s  p o s s i b l e  a f t e r  50 years  of 

decay. 

s t r u c t u r a l  m a t e r i a l s  f o r  which t h e r e  i s  a payoff due t o  low a c t i v i t y .  

Also they appear promising from o t h e r  s t a n d p o i n t s  and t h e i r  use would 

no t  l i k e l y  impose any s i g n i f i c a n t  performance p e n a l t i e s .  

These two m a t e r i a l s  seem t o  be t h e  only f i r s t  wa l l /b lanke t  

1.3.5 Conclusions 

One of  t h e  most pacing problems i s  i r r a d i a t i o n  t e s t i n g  t o  support  

a l l o y  development and proper ty  c h a r a c t e r i z a t i o n .  

proper ty  d a t a  base  t o  enable  t h e  design of high r e l i a b i l i t y  f i r s t  w a l l /  

b lanket  s t r u c t u r e s  w i l l  r e q u i r e  a l a r g e  instrumented t e s t  volume. 

Es tab l i sh ing  t h i s  d a t a  base  i s  complicated by t h e  need f o r  ex tens ive  

f a t i g u e  and crack growth proper ty  da ta .  Fat igue and crack growth a r e  

l i k e l y  f a i l u r e  modes and d i f f i c u l t  t o  measure p r o p e r t i e s  p a r t i c u l a r l y  

on i r r a d i a t e d  material. Also t e s t i n g  t o  determine t h e  performance of 

des igns  is  needed which a l s o  r e q u i r e s  high volume t e s t  f a c i l i t i e s .  

Therefore ,  ways t o  permit  t h e  use of mixed spectrum and f a s t  f i s s i o n  

r e a c t o r s  should be emphasized. Complete development and charac te r iza-  

t i o n  of a l l o y s l d e s i g n s  for  r e l i a b l e  opera t ion  i n  a CPR appears t o  

Es tab l i sh ing  a m a t e r i a l  
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r c q u i r e  a f u s i o n  r e a c t o r  s u i t a b l e  f o r  m a t e r i a l s / s t r u c t u r e s  t e s t i n g .  

Use o f  f i s s i o n  r e a c t o r s  is appropr ia te  f o r  n i c k e l  bear ing a l l o y s  and 

perhaps f o r  non-nickel bear ing a l l o y s  i f  they are operated a t  a tempera- 

t u r e  where helium does not c o n t r i b u t e  t o  t h e  f r a c t u r e  process.  Operation 

a t  such a temperature may a l s o  be d e s i r a b l e  t o  maximize l i f e .  

The number of m a t e r i a l s  t h a t  can b e  s u f f i c i e n t l y  charac te r ized  by 

i r r a d i a t i o n  t e s t i n g  i n  t h e  next  20 yea r s  to p e r m i t  r e l i a b l e  design i s  

l im i t ed .  

d e s i r a b l e  t o  conserve resources  and m e e t  schedules.  A s t a i n l e s s  steel 

o r  n i c k e l  a l l o y  appears t o  b e  the  only v i a b l e  candidate  f o r  EPR and 

probably DPR. 

begin wi th  emphasis on vanadium and t i t an ium a l l o y s .  

would b e  t h e  backup f o r  CPR. Vanadium and t i t an ium a r e  c l e a r l y  t h e  most  

a t t r a c t i v e  candidates  f o r  CPR from low a c t i v i t y  and resources  s tandpoin t s .  

Niobium and molybdenum both appear t o  have resource  l i m i t a t i o n s .  

Refractory  metals have a longer  p o t e n t i a l  l i f e  than s t a i n l e s s  steel and 

n i c k e l  base a l l o y s ,  p a r t i c u l a r l y  i f  operated a t  modest temperatures of 

500 t o  600°C. Systems s t u d i e s  showing t h a t  a peak coolant  temperature 

of 500 t o  600'C and modest (2- 3  MW/m2) w a l l  loadings  a r e  accep tab le  f o r  

e f f i c i e n t  power genera t ion  improves t h e  outlook f o r  achieving long 

l i f e  m a t e r i a l s .  Also, t h e  systems s t u d i e s  have shown t h a t  use of t h e  

high cost r e f r a c t o r y  metals  f o r  f i r s t  w a l l l b l a n k e t  s t r u c t u r e  only has 

modest impact on t h e  co s t  of e l e c t r i c i t y ,  depending upon t h e  l i f e  and 

a l lowable  coolant  temperature improvements o f f e r ed .  However, i f  t h e  

r e f r a c t o r y  metals  a r e  a l s o  used f o r  p ip ing ,  valves ,  hea t  exchanger, e t c . ,  

i t  is d i f f i c u l t  f o r  them t o  be cos t  compet i t ive .  The f a c t o r s  considered 

f o r  s e l e c t i o n  of t h e  materials f o r  EPR, DPR and CPR seem a p p r o p r i a t e  bu t  

t h e  weight t o  apply t o  each remain uncer ta in  p a r t i c u l a r l y  f o r  CPR. 

Therefore ,  s e l e c t i o n  of t h e  candidates  a t  an e a r l y  d a t e  i s  

Exploratory development of an  optimum CPR material should 

The EPR/DPR a l l o y  

Addi t ional  i n t e g r a t e d  design,  s t r u c t u r a l  a n a l y s i s ,  materials and 

maintenance s t u d i e s  need t o  be conducted t o  b e t t e r  d e f i n e  t h e  op t ions  and 

t h e  b e s t  approaches. 

and r i s k  assessments made, t h e  scope of t h e  i r r a d i a t i o n  test program 

requ i red  t o  e s t a b l i s h  des ign d a t a  cannot b e  a c c u r a t e l y  def ined.  

des igns  t h a t  permit r ap id  and r e l i a b l e  changeout of a f i r s t  w a l l  module 

U n t i l  s t r u c t u r a l  des ign  phi losophies  are e s t a b l i s h e d  

Likewise, 



t h a t  fa i l s  prematurely need t o  be developed so  t h a t  t h i s  opt ion can b e  

t raded a g a i n s t  t h e  needed design r e l i a b i l i t y  and l i f e .  
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1 . 4  RECYCLING POTENTIAL OF TITANIDM ALLOYS - J. W. Davis (McDonnell- 

Douglas), G .  L.  Kulcinski  (Univers i ty  of Wisconsin), and T .  Y .  Sung 

(Brookhaven). 

1 .4 .1  ADIP Task 

Task Number I . A . l . l  - S e l e c t  i n i t i a l  r e p r e s e n t a t i v e  designs,  o b t a i n  

proper ty  da t a ,  e s t a b l i s h  a n a l y s i s  procedures and complete i n i t i a l  a n a l y s i s .  

1 .4 .2  Object ive  

To determine if t h e  r a d i o a c t i v e  decay of t i t an ium is s u f f i c i e n t l y  

sho r t  t o  a l low reprocess ing i n  a reasonable t i m e  (<50 years )  and how t h e  

common a l l o y i n g  elements of t i t an ium e f f e c t  t h a t  reprocess ing.  

1 .4 .3  Summary 

This s tudy examines j u s t  how long one must c o n t a i n  r a d i o a c t i v e  

t i t an ium before  i t  can b e  s a f e t y  reprocessed.  It was assumed t h a t  t h e  

spent  f i r s t  w a l l  and blanket  s t r u c t u r a l  material would be completely 

reprocessed i n  a s tandard manufacturing f a c i l i t y  capable of both  primary 

and secondary f a b r i c a t i o n .  

It w a s  found t h a t  reprocess ihg could occur when t h e  chemical hazard 

a s s o c i a t e d  wi th  i n h a l a t i o n  w a s  g r e a t e r  than t h e  hazard assoc ia ted  wi th  

i n h a l a t i n g  the  same amount of r a d i o a c t i v e  spec ies .  This  conclusion 

allowed the use  of t h e  threshold  l i m i t i n g  va lue  (TLV) t o  set a l i m i t  on 

t h e  a i r b o r n e  concen t ra t ion  of t h e  elements. 
requ i red  f o r  t h a t  amount of m a t e r i a l  t o  decay t o  t h e  same d i l u e n t  f a c t o r  

ind ica ted  by t h e  b i o l o g i c a l  hazard p o t e n t i a l  (BHP) i n  a i r ,  t h e  time f o r  

reprocess ing w a s  determined. 

mined that it is f e a s i b l e  t o  t h i n k  of t i tanium,  and some of i t s  a l l o y i n g  

elements as being r e c y c l a b l e  i n  a r e l a t i v e l y  s h o r t  t i m e  period (<50 yea r s ) .  

Then by c a l c u l a t i n g  t h e  time 

Based on t h e s e  assumptions it w a s  de te r-  

1.4 .4  Progress and S t a t u s  

Some of t h e  c r i t e r i a  t h a t  has been i d e n t i f i e d  f o r  t h e  s e l e c t i o n  of 

f i r s t  wa l l /b lanke t  s t r u c t u r a l  material are low c o s t ,  f a b r i c a b i l i t y ,  

a v a i l a b i l i t y ,  resistance t o  r a d i a t i o n  damage, coolant  compat ib i l i ty ,  
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temperature c a p a b i l i t y ,  and low long-term r a d i o a c t i v i t y .  To  d a t e  t h e  

materials t h a t  have received t h e  most a t t e n t i o n  and have been i d e n t i f i e d  

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

n i c k e l  base  a l l o y s ,  r e f r a c t o r y  metals (niobium and vanadium), t h e  aluminum 

a l l o y s ,  and i n  some cases  t h e  nonmetals such a s  carbon and S i c .  An addi-  

t i o n a l  c l a s s  of m a t e r i a l s ,  r e f e r r e d  t o  a s  t h e  r e a c t i v e  metals ( t i t an ium)  

was added t o  t h e  l i s t  based on t h e  r e s u l t s  of a McDonnell Douglas study.’  

T h i s  s tudy revealed t h a t  t i tanium appeared t o  o f f e r  advantage over s t a i n -  

less no t  only on strength- to-weight and thermal s t r e s s  bases ,  b u t  a l s o  

from a r a d i o a c t i v i t y  s tandpoin t .  The r a d i o a c t i v i t y  of t h e  t i t an ium a l l o y  

Ti-6A1-4V i n  comparison t o  o t h e r  candidate  s t r u c t u r a l  m a t e r i a l s  i s  shown 

i n  Figure  1 .4 .1 .  

high (as  i t  i s  f o r  a l l  t h e  p o t e n t i a l  s t r u c t u r a l  m a t e r i a l s ) ,  whi le  t h e  

in te rmedia te  term r a d i o a c t i v i t y  (a few weeks t o  a few months after shut-  

down) i s  comparable t o  most cand ida te  s t r u c t u r a l  m a t e r i a l s .  However, i t  

i s  i n  t h e  a r e a  of long term r a d i o a c t i v i t y  (which drops t o  very low l e v e l s  

a f t e r  roughly 10 years  of s t o r a g e ) ,  t h a t  t i t an ium appears t o  o f f e r  a 

d i s t i n c t  advantage because i t  p r e s e n t s  t h e  p o s s i b i l i t y  of reprocess ing 

t h e  m a t e r i a l  i n  a s tandard manufacturing f a c i l i t y .  The a b i l i t y  t o  reuse  

c r i t i c a l  m a t e r i a l s  i s  no t  only  environmentally b e n e f i c i a l ,  bu t  i t  can 

a l s o  reduce t h e  demand on mineral  r esources .  

This f i g u r e  r e v e a l s  t h a t  t h e  s h o r t  term r a d i o a c t i v i t y  i s  

This  s tudy was designed t o  e x p l o r e  t h e  p o t e n t i a l  f o r  e a r l y  reproces-  

s ing  of t i t an ium a l l o y s .  Since a l l o y i n g  elements can a f f e c t  t h e  radio-  

a c t i v i t y ,  i t  is necessary  t o  know t h e i r  a f f e c t  on t h e  d e s i r a b l e  s h o r t  

l i v e d  r a d i o a c t i v i t y  of t i tanium.  To accomplish t h i s ,  w e  c a l c u l a t e d  the  

r a d i o a c t i v i t y ,  BHP, and a f t e r h e a t  of s e v e r a l  of t h e  common a l l o y i n g  

elements of t i t an ium ( i . e . ,  S i ,  A l ,  V,  C r ,  Mo, Zr, Mn, and Sn) us ing  the 

b lanke t  model descr ibed i n  Reference 1, t h e  c y l i n d r i c a l  c a l c u l a t i o n s  

(P3 S 8 )  and t h e  computer codes of Sung.’ 

t i o n s  a r e  shown i n  F igure  1 .4 .2  and are based on a r e a c t o r  wi th  a thermal 

power l e v e l  of 5000 MW and a neutron w a l l  loading of 1.25 MW/m2. This 

f i g u r e  shows t h a t  t h e  a d d i t i o n  of S i ,  Sn, Cr, o r  V t o  t i t an ium does not  

i n c r e a s e  t h e  BHP above t h a t  due t o  t i t an ium f o r  t imes >1 year .  

The r e s u l t s  of these  calcula-  
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Figure 1.4.1 Radioactivity of Fusion Reactor Blankets After Shutdown 

The BHP for these elements drops to insignificant levels in approximately 

10-20 years. 

BHP but it decays to insignificant levels after about 30 years. 

addition of Al. Zr, and Mo increases the BHP above titanium and they would 
take several thousand years to decay to insignificant levels. 

The. addition of Mn has a significant effect on the near term 
The 
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Figure 1.4.2 First Wall BHP For Several Elements 

Therefore,  from a r a d i o a c t i v i t y  s tandpoin t ,  t h e  a l l o y i n g  elements 

f o r  t i t an ium i n  o rder  of inc reas ing  d e s i r a b i l i t y  a r e :  

Inc reas ing  d e s i r a b i l i t y  
Mo, A l ,  ZF, Mn, C r ,  V ,  Sn, S i  
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Once the desired alloying elements for titanium were known, the 

next step was to determine how long one must contain such radioactive 

material before it can be safely released to the environment. Because 

any analysis of this type must rely on some subjective assessment of 

how safe is safe," we have tried to error on the conservative side so 

as to not overstate the case for titanium. In addition, it was assumed 

that the spent first wall and blanket structural material would be 

reprocessed in a standard manufacturing facility which would completely 

reprocess the material (i.e., primary and secondary fabrication). It 
was also assumed that reprocessing could occur when the chemical hazard 

associated with inhalation is greater than that due to the hazard 

associated with inhaling the same amount of radioactive species. This 

allows one to use the threshold limiting value (TLV) to set a limit on 

the airborne concentration of elements and then to calculate the time 

required f o r  that amount of material to decay to the same diluent 

factor indicated by the BHP in air. In other words, when the limiting 

value of the BHP in (km3/kWth) equals the mass of the first wall (g/km3) 

then the materials can be reprocessed in a standard plant. 

9 ,  

The implications of this can be illustrated by a simple calculation 

for titanium. 
ium first wall in a W - 1  type of reactor is 10 g/kWth. 

when the BHP (air) reaches 
Referring to Figure 1 . 4 . 3 ,  which is a replot of the information pre- 

sented in Figure 1.4.2 on a linear scale, it is seen that this level is 

achieved for titanium in roughly 10 years. Table 1.4.1 summarizes the 
results of calculations for several other common alloying elements of 

titanium and reveals that with the exception of aluminum and manganese, 
certain alloying elements for titanium would reach the industrial 

threshold limits in less than 10 years. It might be argued that with a 

The TLV for titanium is 10' g/km3 and the mass of a titan- 

Therefore, 

km3/kWth, titanium could be reprocessed. 

small" amount of reprocessing constraints and some extra cost, one might I, 

be able to tolerate somewhat higher BHP values. 

Figure 1.4.3, one can see that even factors of 10 to 100 times the limit- 

ing BHP would make, at the most, only a few years difference for all 

except A1 and does not change the general conclusion for Ti significantly. 

Included in Table 1.4.1 is the approximate radiation level of various 

However, in examining 
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Figure 1.4.3 First Wall BHP For  Several Elements 

f i r s t  w a l l  elements a f t e r  decaying f o r  t h e  t i m e  required f o r  BHP t o  equal 

t h e  i n d u s t r i a l  hazard index ( IHI) .  The r a d i a t i o n  l e v e l s  from a l l  of t h e  

elements a r e  w e l l  below t h e  background l e v e l  of 0.01 mrem/hr except f o r  

aluminum. This means t h a t  t h e  i n d u s t r i a l  hazard index (IHI) appears t o  

be t h e  most r e s t r i c t i v e  c r i t e r i o n  on which t o  judge t h e  t i m e  of repro-  

cess ing.  Therefore,  i t  i s  completely reasonable  t o  th ink  about neutron- 

i r r a d i a t e d  t i t an ium and c e r t a i n  of i t s  a l l o y i n g  elements as being 

recyc lab le  i n  a r e l a t i v e l y  s h o r t  time per iod (<50 yea r s ) .  
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I 
TLV Mars of 1st Wall 

Element 
Ig/krn31 Ig/kWtl 

TI 107 10.2 

Sn 2x 106 16.5 

5x104(Furne) 13.7 

Mn 5x106 16.7 

AI 107 6.1 

Cr 5x 105 16.0 

V 5x105 IDust) 13.7 

Table 1.4.1 Approximate Time For Fusion Reactor Elements to Decay to Hazard 
Levels Comparable t o  Industrial Threshold Limits 

Time For BHP to Decav 
to IHI Limit - Yr 

10 

7 

6 

3 

22 

> 100.000 

7 

Radiation Level 
MREM/Hr (a) 

8x 10-9 

< 10-10 

2x 10-8 
- 

7 ~ 1 0 - ~  

8x 10-2 

< 10-10 
~ ~ ~ ~ ~ ~ ~ ~ _ _ _ _ _  ~ 

(a) The value shown i s  the radiation level at  30 cm (1 foot) from an isotropic source 
based on a unit volume of 1 cm3 of 1st wall material a t  the time to decay to the 
industrial hazard index (IHII 

13-1 426 

1 .4 .5  Conclusion 

Based on the results of this study, it appears feasible to develop 

Ideally a titanium alloy that could be recycled in less than 50 years. 

this alloy should be composed of C r ,  V, Sn, o r  Si for low radioactivity, 

however, with these elements the titanium would be essentially a beta 
alloy and unstable at the elevated temperatures (400- 500°C) required for 

efficient power generation. To improve the elevated temperature 
stability along with properties such as elevated temperature strength, 
creep resistance, weldability, and toughness requires the addition of 

elements such as aluminum or tin. Of these two elements aluminum is 
preferred because it is a more potent strengthener, even though it does 

increase the radioactivity. However, if it is used in small concentra- 

tions (e6 wfo) it should not significantly impair the reuse potential 

even though some special procedures would be required at a processing 

facility. 
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1 . 5  CALCULATION OF IRRADIATION RESPONSE RATES FOR FISSION REACTORS 
USED BY THE ADIP IRRADIATION PROGRAMS - T. A. Gabr ie l ,  B.  L. Bishop, 
and F. W. Wiffen (ORNL) 

1 .5 .1  ADIP Task 

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

1 .5 .2  Object ive 

Previously w e  obtained’  the  c a l c u l a t e d  i r r a d i a t i o n  response i n  

displacements  per  atom (DPA) and gas  product ion va lues  of a number of 

elements and metal  a l l o y s  f o r  a fus ion  r e a c t o r  f i r s t- wal l  neutron 

spectrum. These sets  of va lues  allowed a s e l f- cons i s t en t  eva lua t ion  

of t h e  e f f e c t  of a l l o y  modif ica t ion  on DPA and gas product ion.  I n  t h i s  

work s i m i l a r  ca l cu l a t ed  va lues  a re  presented  f o r  va r ious  l o c a t i o n s  

w i th in  t h e  f i s s i o n  reactors  ORR, HFIR, and EBR-11.  The purpose i s  t o  

provide b e t t e r  information t o  expe r imen ta l i s t s  €o r  planning and eva lua t ing  

f i s s i o n  r e a c t o r  experiments i n  t h e  l i g h t  of fu s ion  reactor  needs. 

1.5 .3  Summary 

Planning r a d i a t i o n  damage experiments i n  f i s s i o n  r e a c t o r s  such as  

O R R ,  HFIR, and E B R - I 1  i n  support  of fu s ion  r e a c t o r  materials development 

r e q u i r e s  f o r  t h e s e  f a c i l i t i e s  DPA and gas product ion rates f o r  many 

p o t e n t i a l  materials. This  r e p o r t  summarizes some of the c a l c u l a t i o n s  

c u r r e n t l y  under way. 

1 .5.4 Progress  and S t a t u s  

Previous ly  developed’ i r r a d i a t i o n  response rates  ca l cu l a t ed  f o r  

a l l o y s  of i n t e r e s t  i n  a fu s ion  r e a c t o r  f i r s t - w a l l  spectrum are summarized 

i n  Table 1.5.1.  D e t a i l s  of t h e  c a l c u l a t i o n s  and more ex t ens ive  a n a l y s i s  

of t h e  r e s u l t s  a r e  given i n  t h e  referenced r e p o r t .  

Presented i n  Table 1.5.2 are t h e  DPA and g a s  product ion r a t e s  f o r  

several elements cornonly found i n  many of the  a l l o y s  under cons ide ra t ion  

f o r  a p p l i c a t i o n  i n  fu s ion  r e a c t o r s .  The va lues  a r e  f o r  t h e  h o r i z o n t a l  

midplane p o s i t i o n s  of ORR-C3, HFIR-peripheral t a r g e t  pos i t i on ;  and E B R - 1 1 ,  

Row 2 .  
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Table  1.5.1.  Ra tes  of Displacement and Gas Product ion i n  the  Elemental 
Cons t i tuen ts  of Candidate Alloys i n  a Fusion Reactor First-Wall 

Neutron Spectrum a t  a Neutron Wall Loading of 1 Mw/m2 

E f f ec t i ve  
Displacement Displacement Gas Product ion Rates, (a t .  ppm/s) 

Element Threshold Damage 
Energy (dpa/s)  Helium Hydrogen 

(ev) 

Fe 40 
N i  40 
C r  40 
Mn 40 
V 40 
Nb 60 
Mo 60 
T i  30 
Z r  50 
A 1  25 
Mg 25  
cu 30 
co 40 

x 10-’ x x 10-7 
3.62 34.9 151. 
3.87 130. 397. 
3.58 32.6 100. 
3.58 26.7 100. 
3.63 15.0 78.2 
2.31 9.18 33.3 
2.38 14.8 21.5 
5.03 33.5 49.7 
2.54 2.93 25.2 
4.63 101. 94.5 
4.48 147. 148. 
4.88 31.8 173. 
3.60 23.1 73.7 

The methods used t o  c a l c u l a t e  the i r r a d i a t i o n  response of elements 

of interest  have been descr ibed i n  d e t a i l . ’  

i n e l a s t i c ,  charged p a r t i c l e ,  (n,2n),  cap ture ,  e t c . ,  - tha t  are con- 

s ide r ed  i n  ENDF/B-IV have been included i n  t h i s  a n a l y s i s .  Nuclear d a t a  

are taken from t h e  ENDF/B-IV f i l e ,  and displacement damage c a l c u l a t i o n s  

fo l low t h e  recommendations of t h e  IAEA working group.* 

o the r  than  i r o n ,  e f f e c t i v e  displacement ene rg i e s  recornended by Doran 

and Graves3 were used. 

A l l  r e a c t i o n s  - e las t i c ,  

For e lements  

The neutron f l u x e s  f o r  the t h r e e  r e a c t o r s  were taken from 2-D 

t r anspo r t  c a l cu l a t i ons .  The t o t a l  f l u x  va lue s  f o r  t h e  ORR, HFIR, and 

EBR-I1  l oca t i ons  used are 8.0 X l o ” ,  5.5 X l O ” ,  and 2.14 X l o ”  n/m2s, 

r e spec t i ve ly .  

d i f f e r  s i g n i f i c a n t l y  f o r  t h e  elements t h a t  normally compose pa th  A and 

pa th  B a l l o y s ,  a l though t h e  displacement rates f o r  t he se  elements are 

n e a r l y  i d e n t i c a l .  

A s  can be seen from t h e  t a b l e s ,  gas  product ion rates 
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1 .5 .5  Conclusions and Future  Work 

Displacement and gas production r a t e s  a r e  being c a l c u l a t e d  f o r  

v a r i o u s  f i s s i o n  r e a c t o r s  so t h a t  experiments d i r e c t e d  a t  fus ion  r e a c t o r  

a p p l i c a t i o n s  can be planned. 

Much more complete t a b u l a r  and g r a p h i c a l  p r e s e n t a t i o n s  a r e  being 

developed t o  give  response rates a s  a func t ion  of p o s i t i o n  i n  ORR, 

HFIR, and EBR-11. 
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2 .  TEST MATRICES AND TEST HETHODS DEVELOPMENT 

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

The a l l o y  development of test mat r ices  and development of t e s t  methods. 

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

creas ing  d i f f i c u l t y  and complexity. 

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

materials and m e t a l l u r g i c a l  condi t ions  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 tests,  which w i l l  be used  where l a r g e  numbers of v a r i a b l e s  a r e  

involved, m u s t  be rap id ,  simple,  and dec i s ive .  

2 .  Developmental tests w i l l  be used f o r  opt imizat ion of t h e  Prime 

Candidate Alloys. 

scoping t e s t s .  In- reactor  t e s t i n g  w i l l  be an important p a r t  of t h i s  

work. 

They w i l l  be broader and more ex tens ive  than t h e  

3 .  Engineering proper ty  t e s t s  w i l l  be devised t o  provide t h e  broad 

da ta  base needed f o r  r e a c t o r  design.  

35 
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2 . 1  DETERMINATION OF FATIGUE SPECIMEN CONFIGURATION FOR IRRADIATION 

EFFECTS TESTING - B.  A .  Cramer and J. W .  Davis (McDonnell-Douglas 

As t ronau t ics  Company - S t .  Louis) .  

2 . 1 . 1  ADIP Task 

Task Number I . A . 2  - Define Test  Matrices and T e s t  Procedures. 

2 . 1 . 2  Object ive  

The o b j e c t i v e  of t h i s  e f f o r t  was t o  e s t a b l i s h  conf igura t ions  f o r  

t e n s i l e  and f a t i g u e  t e s t  specimens, f a b r i c a t e d  from sheet mate r ia1 , fo r  

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

2.1.3 Summary 

The geometry of a small f a t i g u e  specimen f o r  i r r a d i a t i o n  t e s t i n g  has 

been def ined.  

occupies t h e  same test volume as t h e  SS-1 s h e e t  t e n s i l e  specimen, and 

i n c r e a s e s  t h e  number o f  f a t i g u e  t e s t s  per  u n i t  volume of test space by 

a f a c t o r  of 4 t o  5. 

This  specimen i s  f a b r i c a t e d  from t h i n  shee t  m a t e r i a l ,  

2 . 1 . 4  Progress  and S t a t u s  

Limited r e a c t o r  space i s  a v a i l a b l e  f o r  i r r a d i a t i o n  t e s t i n g  of 

p o t e n t i a l  f u s i o n  r e a c t o r  m a t e r i a l s .  I n  t h e  la t ter  h a l f  of 1 9 7 7  a t i t an ium 

test mat r ix  was developed f o r  i r r a d i a t i o n  experiments i n  MFE #l. I n  

d e f i n i n g  t h e  f a t i g u e  tests it was determined t h a t  using the  s tandard rod 

specimen would no t  a l low a s u f f i c i e n t  number of tests f o r  t h e  4 a l l o y s  

and t h e  var ious  hea t  t r ea tments  t o  be evaluated.  Therefore a smaller 

specimen, f a b r i c a t e d  from shee t  m a t e r i a l  was def ined.  

The specimen conf igura t ion  i s  shown i n  Figure  2.1.1. This specimen 

has a cons tan t  width test s e c t i o n  wi th  a Grodzinski  e l l i p t i c a l  f i 1 l e t . l  

This conf igura t ion  r e s u l t s  i n  an accep tab le  low stress concen t ra t ion  

f a c t o r  (Kt) of approximately 1.02 i n  t h e  test s ec t i on .  

c e n t r a t i o n  f a c t o r  i s  a f u n c t i o n  of b / a  and b / d  f o r  t h e  Grodzinski f i l l e t  

conf igura t ion .  However, t h e  stress concen t ra t ion  f a c t o r  is r e l a t i v e l y  

i n s e n s i t i v e  t o  v a r i a t i o n s  about the  dimensions shown. This specimen, 

The s t r e s s  con- 
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although smaller than specimens t y p i c a l l y  used, conforms t o  conf igura t ions  

used i n  t h e  a i r c r a f t  indus t ry  / f o r  sheetmetal  f a t i g u e  t e s t i n g .  

used i n  e s t a b l i s h i n g  specimen g r i p  dimensions are: (1) t h e  specimen g r i p  

width (D) should b e  a t  least t h r e e  times t h e  n e t  test s e c t i o n  width (d) ,  

and (2) t h e  p in  diameter should b e  a t  least equal  t o  t h e  n e t  test s e c t i o n  

width.  

Guidelines 

1.015 B = 10.2301 

ENGRAVE IDENT. NO. 
EACH END OF SPECIMEN 

0.495 

10.0801 

+ 0.000 
10.0401 

+ 0.000 
0.030 ~ 0.002 

10.9751 3.620 +0.018 

+ 0.000 
11.424 +0.0071 

0.414 
10.1631 r-4.450. o,013 

1.750 + o'ooo 
- 0.005 

L S Q U A R E  CORNERS 
TYP 

NOTE: 

1. ALL  DIMENSIONS ARE IN CENTIMETERS IINCHESI 
2. BREAK ALLSHARPEDGES. 
3. SURFACE FINISH ROUGHNESS HEIGHT RATING OF .8m RMS 

132 MICROINCH1 OR BETTER ALL OVER. 
4. POLISH REDUCED AREA LONGITUDINALLY TO REMOVE ALL WORK 

MARKS VISIBLE AT APPROXIMATELY 20X MAGNIFICATION UNDER 
A LIGHT MICROSCOPE, 

5. ALLTOLERANCES ?0.0025 1+0.001) EXCEPT WHERE OTHERWISE SPECIFIED. 
6. ALL  SPECIMENS AND MATERIALS MUST BE IDENTIFIED AT ALL 

TIMES WITH HEAT NUMBER. 
7, A & B DIMENSIONS DEFINE MINOR &MAJOR RADII FOR 

ELLIPTICAL FILLET. 

13-1431 Figure 2.1.1 Fatigue Specimen Configuration 

U s e  of s m a l l  specimens r e p r e s e n t s  a depar tu re  from s tandard f a t i g u e  

t e s t i n g  ( t y p i c a l  minimum t e s t  s e c t i o n  widths a r e  usua l ly  .5 inches ) .  

Generally higher  f a t i g u e  l i f e  ( a s  much as a f a c t o r  of 2 )  is obtained wi th  

r e l a t i v e l y  smaller specimens due t o  t h e  reduced p o s s i b i l i t y  of t h e  speci-  

men conta ining a flaw. 

widths being proposed f o r  i r r a d i a t i o n  t e s t i n g ,  t h e  machining of t h e  

However, i n  t h e  case  of t h e  very small specimen 
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specimen edges w i l l  become a c r i t i c a l  f a c t o r  s i nce  a bur r  o r  f law would 

cause premature f a t i g u e  f a i l u r e .  With l a r g e r  shee t  widths,  t h i s  is 

genera l ly  precluded by sho t  peening t h e  edges t o  produce an i n i t i a l  com- 

p r e s s i o n  stress along t h e  edges.  This w i l l  no t  he p o s s i b l e  wi th  t h e  small 

specimens because sho t  peening might s i g n i f i c a n t l y  a f f e c t  the  specimen 

f a t i g u e  p r o p e r t i e s .  Therefore s p e c i a l  cons idera t ion  w i l l  have t o  he given 

t o  machining of these  specimens. 

2 .1 .5  Conclusions 

The shee t  specimen def ined f o r  i r r a d i a t i o n  t e s t i n g  r e p r e s e n t s  a s t e p  

toward ob ta in ing  increased t e s t  d a t a  from e x i s t i n g  t e s t  f a c i l i t i e s .  

Because of t h e  c r i t i c a l  n a t u r e  of t h e  specimen edge machining a s  w e l l  a s  

t h e  e f f e c t s  of t o l e r a n c e s  (such as t h e  p o s i t i o n  of t h e  loading h o l e  wi th  

r e s p e c t  t o  t h e  test s e c t i o n ) ,  a l a r g e r  amount of s c a t t e r  i s  expected wi th  

t h e s e  specimens than w i t h  s tandard f a t i g u e  specimens. 

acceptable ,  however, because of t h e  comparative n a t u r e  of i r r a d i a t e d  and 

u n i r r a d i a t e d  t e s t i n g .  A r e l a t i v e l y  l a r g e  number of u n i r r a d i a t e d  specimens 

needs t o  be t e s t e d  t o  e s t a b l i s h  t h e  expected s c a t t e r .  

This  may b e  

2.1.6 Reference 

1. Peterson,  R. ,  Stress Concentrat ion Design Fac tors ,  John Wiley & Sons 

Inc . ,  1953. 



3 .  PATH A ALLOY DEVELOPMENT - AUSTENITIC STAINLESS STEELS 

Path A alloys are those alloys generally known as austenitic stainless 
steels. The most common U.S. designations are AIS1 types 304 ,  316 ,  321 ,  

and 3 4 7 .  Primary considerations for selecting this class of alloys for 

further development are: 

1. state-of-the-art production and fabrication technology; 

2 .  extensive data on the effects of neutron irradiation on properties, 

which show the potential of these alloys for MFR applications; 

compatibility with proposed coolants and breeding fluids; 3 .  

4 .  evidence that for MFR conditions (He, dpa, temperatures) the properties 
are sensitive to composition and microstructure - thus showing potential 

for further development. 

The strategy for development of these alloys has two related objectives: 

1. to determine for a reference alloy the effects of irradiation on 

those properties most important to fusion reactor design; 

2. to develop a path A alloy that is optimized for fusion reactor 
applications. 

The first objective will provide a data base for near-term reactor design 

and, most important, guidance as to which properties limit performance of 

this type alloy. 

the actual alloy development efforts of the second objective. Type 316 

stainless steel in the 20%-cold-worked condition appears to be the best 

choice as a reference alloy. It is the present reference cladding and 
duct alloy in the breeder reactor programs, and there are extensive data 

on the unirradiated mechanical properties, effects of heat treatment on 
properties, structure, and phase stability, and the effects of fast neutron 

irradiation on properties. The present technology of austenitic stainless 

steels, including understanding of the physical and mechanical properties 

and irradiation response, is such that alloy development efforts can move 

to optimization for use in fusion reactor applications. 

Alloy (PCA) ( F e 1 6 %  Ni-14% C r 2 %  Mo-2% Mrro.5% Si-O.2% Ti-0.05% C) has been 

selected by the ADIP task group. Efforts will now focus on optimizing 

the composition and microstructure of the PCA leading towards the selection 

of OPT-A1 (Program Plan designation of first optimized path A alloy). 

Work on the reference alloy will provide direction for 

A Prime Candidate 

39 



40 

3.1 COMPARISON OF TITANILTM-MODIFIED AND STANDARD TYPE 316 STAINLESS STEEL 
IRRADIATED IN HFIR - SWELLING AND MICROSTRUCTURE - P. J. Maziasz and 
E. E. Bloom (ORNL) 

3.1.1 ADIP Task 

ADIP Task I.C.2, Microstructure and Swelling in Austenitic Alloys. 

3.1.2 Objective 
The objective of this work is to examine the effect of titanium 

additions on the microstructural development and swelling behavior of 

austenitic stainless steels irradiated in a mixed-spectrum fission reactor 

to produce helium and displacements in approximately the same amounts as 

in a fusion reactor. 

3.1.3 Summary 

Swelling in annealed type 316 stainless steel irradiated in HFIR at 

580 to 780°C to fluences producing 1850 to 3300 at. ppm He and 30 to 47 dpa 

is reduced by the addition of 0.23 wt % Ti. Microstructural examination 

shows that small helium bubbles are encrusted on finely dispersed intra- 

granular TIC precipitate particles. The Tic particles are preferred sinks 

for accommodating helium over dislocations and other precipitate phases. 

Irradiation of the titanium-modified alloy in HFIR at 600"C, forms Mz3C6 

and Ti(C,N)S at the grain boundaries. This precludes formation of large 

grain boundary cavities. At higher temperatures, grain boundary cavities 

form in the alloy with 0.23 wt % Ti, but the cavities are much smaller 

than in annealed type 316 irradiated under similar conditions. At higher 

temperatures, the swelling of the annealed alloy with 0.23 wt % Ti 

approaches that of type 316 stainless steel because the TIC precipitate 

coarsens and large portions of the matrix are too far from the precipitate 

to be affected. Finally, in the 20%-cold-worked condition, the addition 

of 0.23 wt % Ti to type 316 stainless steel reduces swelling and retards 

recrystallization for irradiation in HFIR at 580 to 590°C to fluences 

producing 1.5 to 3 . 0  dpa and 30 to 80 at. ppm He. 
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3.1.4 Progress and Status 

Samples of annealed type 316 stainless steel with and without 
0.23 wt % Ti have been irradiated in HFIR at temperatures from 600 to 

780'C to fluences producing 3 0  to 60 dpa and 1850 to 4000 at. ppm He. 

The compositions of these oteels are given in Table 3.1.1. Swelling 

values are given in Table 3.1.2 and plotted as a function of temperature 

in Fig. 3.1.1. These swelling values are cavity volume fractions as 

determined by electron microscopy. 

the swelling is clearly reduced by the titanium addition. This can be 

understood from the microstructural examination. 

In the temperature range 600 to 780"C, 

Table 3.1.1. Composition of Type 316 Stainless Steel 
Irradiated in HFIR 

Content, w t  
Alloy 

Cr Ni Mo Mn C Ti S i  P S N B 

Standard 18.0 13.0 2.58 1.90 0.05 0.05 0.80 0.013 0.016 0.05 0.0005 

Ti Modified 17.0 12.0 2.50 0.5 0.06 0 . 2 3  0.40 0.01 0.013 0.0055 0.0007 

a Balance iron. 

The precipitate phases observed after irradiation of annealed type 316 

stainless steel in HFIR at 550 to 680°C to fluences producing 2000 to 

3300 at. ppm He and 30 to 47 dpa are discussed in Sect. 3.3 of this report. 

They are also summarized in Table 3.1.3. If results for annealed type 316 

stainless steel with 0.23 wt % Ti, also summarized in Table 3.1.2, are 

compared with those for standard type 316, the addition of titanium has 

obviously caused intragranular precipitation of TIC. Figures 3.1.2 and 

3.1.3 show, respectively, unmodified type 316 stainless steel and the 

alloy containing 0.23 wt % Ti after irradiation at 6OO0C to fluences 

producing 18.50 to 2000 at. ppm He and 30 dpa. 

granular Laves phase. The unmodified type 316 has sigma phase and large 

cavities at the grain boundaries, while the alloy with 0.23 wt % Ti has 

M23C6, Ti(C,N)S, and very few cavities at the grain boundaries. Most 

importantly, the alloy with 0.23 wt % Ti has fine TIC particles dispersed 

Both samples have intra- 
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Fig. 3.1.1. Swelling as Determined by Cavity Volume Fraction as a 
Function of Irradiation Temperatures for Type 316 Stainless Steel With 
and Without 0.23 wt % Ti Irradiated to Fluences Producing 3000 to 
4200 at. ppm He and 40 to 60 dpa. 

Table 3 .1 .3 .  Precipitate Phases Observed After HFIR Irradiation 

Modified with 0.23 wt % Ti 
of Type 316 Stainless Steel Unmodified and 

Precipitate Phases Observed 
Irradiation 
Temperature Annealed Type 316 Annealed with T i  10% Cold Worked with T i  
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: the sample, and these particles are encrusted with small helium 

The effect of this uniformly distributed precipitation can be 

rhen the Laves phase precipitates and precipitate-free portions 

:rix are compared for the two materials. In the annealed 

itainless steel, the Laves phase and the matrix have cavities 

ibout 58 nm in diameter on the average. 

.cle density is 3 X 10”/m3. 

The Laves phase precipi- 

Thirty percent of the cavities in 
are associated with this precipitate (the total cavity concen- 

1.6 X lOZ0/m3?. In the annealed type 316 stainless steel with 

Ti, the average cavity diameter is about 22 nm. The cavities 

he matrix are 50 to 60 nm in diameter, but the cavities at 
ace of the Tic particles are 5 to 20 nm in diameter. The 

le density is 1 X lOZ0/m3 and the Laves density is 1.5 x 10”/m3, 
e times the density of Laves phase precipitate particles in 

ype 316 stainless steel. Nearly 90% of the total cavity 
1 X lOZ1/m3 is associated with the TIC precipitate. The 

this nearly exclusive accommodation of this helium by the 

itate results in 1.0% swelling in the alloy with 0.23 wt % Ti 

to 1.6% in standard type 316 stainless steel. 

ies form on all precipitate phases present in annealed type 316 

steel, as well as on dislocations in the matrix and on grain 
. 
accommodated in the matrix. 

These can all be viewed as competing sinks for helium that 

In the case of nearly everything 

TIC, the competition is quite equal, but when a Tic precipitate 

, its interfaces are nearly the exclusive sink for accommodating 

nation of 10%-cold-worked type 316 stainless steel with 0.23 wt % Ti 

at 600’C to a fluence producing 3600 at. ppm He and 57 dpa 
the effectiveness of Tic competing for helium with the other 

recipitate phase sinks in type 316 stainless steel. Table 3.1.3 

phases present, and the microstructural features are shown in 

. The phases present are M23C6, MsC, sigma, chi, and Laves in 

D Tic. No phase except TIC exhibits the interface encrusted 

cavities. 
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ype 316 stainless steel with 0.23 wt X Ti 
a fluence producing 3300 at. ppm He and 

nd the onset of grain boundary cavitation 

ire. The phases present are shown in 

tural features in Fig. 3.1.5. Sigma, 

are observed at the grain boundaries. 

plates of chi phase are observed. The 

s are encrusted about the precipitate 

ies associated with the precipitate range 

average cavity diameter of 97 nm. Furthermore, 

ensity has been reduced to 2 x 10”/m3 and 

larger regions of matrix are unaffected by 

cavity size and density are similar to 
inless steel irradiated under the same 

The grain boundary cavities, however, are 

nealed type 316 with 0.23 wt % Ti and 640 nm 
6 stainless steel after irradiation at 680’C. 
of 3 reduction in diameter, and the grain 
in Table 3.1.2 reflects this. Through 

oarsening of the TIC precipitation, the 

increasing temperature until finally, as 

ys swell similarly at 780’C. 

veness of TIC is reduced by coarsening of 

ly demonstrated by again considering the 

ked type 316 stainless steel with 0.23 w t  X Ti 
ribution of fine TIC particles is artificially 

stringers of TIC precipitate as shown in 

xhibits its normal encrustment with small 
nm in diameter, but the regions of matrix 

s ranging from 50 to 150 nm in diameter, 
ing. Furthermore, the regions of the matrix 

re precipitate types than annealed material 

in addition to TIC. Whether this clustering 

ication procedure or the recrystallization of 

n i s  not clear, but the consequences of an 

TIC are clear. 





50 

Finally, 20%-cold-worked type 316 stainless steel with and without 

0.23 wt % Ti have been examined after irradiation at 580 to 59OoC to 

fluences producing 30 to 80 at. ppm He and 1.5 to 3.0 dpa. 

results are included in Table 3.1.2, and the microstructures are shown 

in Figs. 3.1.6 and 3.1.7. The swelling of the alloy with 0.23 wt % Ti is 

less than that of the unmodified alloy because the increase in cavity 

size (12 and 7.5 nm, respectively) was overcome by the decrease in cavity 
density by an order of magnitude (2.0 x 10'' and 2.5 x lOZ1/m3, respectively) 

Furthermore, many of the small cavities in the type 316 stainless steel 

with 0.23 wt % Ti are clustered about small TIC precipitate particles. 

Finally the type 316 stainless steel appears to be about 10% recrystallized, 

and the alloy with 0.23 wt % Ti shows no recrystallization. 

The swelling 

3.1.5 Conclusions 

1. Swelling in annealed type 316 stainless steel in the temperature 

range 580 to 78OOC is reduced by the addition of 0.23 wt % Ti. 

2. The reduction in swelling can be related to the preferential 

accommodation of helium in small cavities at TIC interfaces. 

3. After irradiation of annealed type 316 stainless steel with 

0.23 wt % Ti at 600'12 intergranular M23C6 and Ti(C,N)S are observed and 

these prevent the formation of large grain boundary cavities. 

temperatures, where grain boundary cavities form, the cavities are much 

smaller in the alloy with 0.23 wt % Ti than in unmodified type 316 

stainless steel. 

At higher 

4 .  At higher temperatures the swelling characteristics of both 

alloys approach each other as the TIC particles coarsen and large portions 

of the matrix are unaffected by Tic. This effect can also be induced if 

a fine Tic precipitate is inhomogeneously distributed in stringers. 

5. The addition of 0.23 wt % Ti to 20%-cold-worked type 316 stainless 

steel reduces swelling and retards recrystallization after irradiation . 

at 580 to 590'C to low fluences. 

This work indicates that alloy optimization in terms of composition 

and preirradiation microstructure should include development of fine 

distribution of Tic to maximize the surface area for a given volume of 

precipitate. This should also be combined with the precipitation of 
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grain boundary M23C6 to prevent formation of large grain boundary cavities. 

A stable solid solution with alloying additions to promote recombination 

and prevent nucleation may not be the optimum alloy for fusion applications. 

The ultimate goal for fusion applications may be intragranular accommodation 

of helium. 
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3.2 MECHANICAL PROPERTIES OF TYPE 316 AND TITANIUM-MODIFIED TYPE 316 
STAINLESS STEEL IRRADIATED IN HFIR - P. J. Maziasz and E. E. Bloom 
(OWL) 

3.2.1 ADIP Task 

ADIP Task 1.B.13, Tensile Properties of Austenitic Alloys. 

3.2.2 Objective 

Previous studies have shown that titanium additions to types 304 and 

316 stainless steel produce an alloy with increased resistance to grain 

boundary fracture and improved ductility after irradiation to modest 

helium levels (<50 at. pprn). The objective of this work is to determine 

if these improvements are retained after irradiation to high dpa levels 

and helium contents typical of those expected in high-flux regions of 
fusion reactors. 

3.2.3 Summary 
Postirradiation tensile strength and ductility of annealed type 316 

stainless steel are improved by the addition of 0.23 wt % Ti over the test 

temperature range 575 to 750°C for neutron fluences producing 1850 to 

4000 at. pprn He and 30 to 60 dpa: This improvement may be correlated 
well with the formation of a fine intragranular Tic precipitate, which 

accommodates helium in small cavities at its surfaces and with smaller 
grain boundary cavities in titanium-modified material. A dramatic 

improvement in properties results at 600OC when large grain boundary 

cavities are replaced by the formation of intergranular M23C6 in addition 

to the intragranular Tic. The 575°C postirradiation tensile strength and 

ductility of 20%-cold-worked type 316 stainless steel irradiated at 580 to 

600°C and low fluences producing 30 to 80 at. ppm He and 1.5 to 3.4 dpa 
are improved by the addition of 0.23 wt % Ti. The fracture mode of the 
20%-cold-worked material is also changed from brittle intergranular to ductile 

transgranular by the titanium additions. Recrystallization of the 20%-cold- 

worked structure begins between fluences producing 50 to 60 at. pprn He and 
2.5 to 2.8 dpa in type 316 stainless steel and results in a sharp drop in 
strength and ductility. The addition of titanium retards recrystallization 

of the cold-worked structure for irradiation under these conditions. 
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3.2.4 Progress and S t e  

Samples of annealed type 316 stainless steel and type 316 with 

0.23 wt % Ti were irradiated in HFIR at temperatures from 600 to 7 8 O o C  

to fluences producing 1850 to 4000 at. ppm He and 3 0  to 60 dpa. 
compositions of the steels are given in Table 3.1.1. Tensile data are 
given in Table 3.2.1, and total elongation is plotted as a function of 

test temperature in Fig. 3.2.1. The uniform and total elongations, which 

in the case of brittle intergranular fracture are equal, are improved by 
the addition of 0.23 wt % Ti. 

quantities are improved by the addition of titanium. 

both alloys are nearly equal after irradiation at 785°C. 

The 

Table 3 . 2 . 1  also shows that the strength 

The properties of 

The strength 

Table 3.2.1. Engineering Tensile Properties' of Type 316 
Stainless Steel With and Without 0.23 wt % Ti 

Temperature, 'C Strength, MPa Elongation, % 

Irradiation Test Ultimate Yield Uniform Total 
Helium Level Displacement 
(at. ppm) Damage (dpa) 

Annealed 316 

600 575 4070 60 254 211 0.82 
685 650 3200 45 179 179 0.20 
680 650 4200 61 57 57 0.0 
785 750 3400 48 70 70 0.14 

Annealed 316 + 0.23 we % Ti - 

600 575 1850 30 414 285 4.17 

680 700 3300 47 209 189 1.10 
710 750 2200 34 155 1 5 5  0.80 
785 750 3400 48 69 69 0.0 

680 650 3300 47 208 170 1.03 
710 650 2450 40 179 161 0 .66  

20%-Cold-Worked 316 

575b 810 770 0.90 
590 575 34.0 1.5 590 530 2.50 
600 575 50 2.5 580 496 2.90 
600 575 60 2.8 541 507 0.50 
580 575 80 3.5 435 416 0.53 

20%-Cold-Worked 316 + 0.23 wt % Ti 

575 725 678 2.00 
590 575 30 1.5 710 655 2.00 
590 575 70 3.0 483 443 3.10 
a 

bl:iterpolated from tests run at 550 and 600°C. 
All tests run at 0.002 in./min crosshead speed. 

0.82 
0.20 
0.0 
0.14 

4.43 
1.03 
0.66 
1.10 
0.80 
0.0 

6.00 
2.50 
2.90 
0.50 
0.53 

6.80 
5.60 
5.10 
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p r e c i p i t a t i o n  of M23C6 has been observed' i n  annealed type 316 s t a i n l e s s  

s t e e l  i r r a d i a t e d  a t  530'C i n  HFIR t o  a f l uence  producing 4000 a t .  ppm He 

and 57 dpa. 

e longat ion was 2.6%, anomalously high f o r  annealed ma te r i a l ,  but  not 

i ncons i s t en t  with continuous M 2 3 C 6  p r e c i p i t a t e d  a t  t h e  g ra in  boundaries 

ins tead  of l a r g e  g r a i n  boundary c a v i t i e s .  

I n  t h i s  case  the  sample was t e s t e d  a t  500'C and the  t o t a l  

The u l t ima te  s t r e n g t h  of t h e  annealed type 316 s t a i n l e s s  s t e e l  w i t h  

0.23 w t  % T i  i r r a d i a t e d  a t  6OO0C is higher  than t h a t  of annealed unmodified 

a l l o y  i r r a d i a t e d  under s imi l a r  condi t ions .  

observed a f t e r  t e s t i n g  i n d i c a t e s  s i g n i f i c a n t  i n t r ag ranu la r  deformation 

before  f a i l u r e .  

The high d i s l o c a t i o n  dens i t y  

Samples of 20%-cold-worked type 316 s t a i n l e s s  s t e e l  wi th  and without 

0.23 w t  % T i  have been i r r a d i a t e d  i n  HFIR a t  580 t o  600'C t o  low f luences  

producing 30 t o  80 a t .  ppm He and 1.5 t o  3.4 dpa. The specimens were 

t e n s i l e  t e s t e d  a t  575'C a f t e r  i r r a d i a t i o n ,  and the  t e n s i l e  p r o p e r t i e s  

a r e  given i n  Table 3.2.1. 

shown i n  Fig.  3.2.2. 

The t e n s i l e  curves of s e v e r a l  samples a r e  

A t  t h i s  temperature and f luence  the  add i t i on  of 
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Fig.  3.2.2. Engineering Tens i le  S t r e s s  as a Function o f  Engineering 
S t r a i n  f o r  20%-Cold-Worked Type 316 S t a i n l e s s  S t e e l  Irradiated i n  HFIR t o  
Fluences Producing the Helium and dpa Levels Ind ica ted ,  
a l l oy .  Note t h e  sharp reduc t ion  i n  s t r a i n  with increased f luence.  
(b) Alloy wi th  0.23 w t  % Ti.. 
t h e  e longat ion remains about t he  same. 

(a)  Unmodified 

The s t r e n g t h  is reduced wi th  f luence ,  bu t  





I le Fracture - 
Fig. 3.2.4. Fracture Surface of 20%-Cold-Worked Type 316 Stainless 

Steel with 0.23 wt % Ti After Irradiation in HFIR at 590'C to a Fluence 
Producing 30 at. ppm He and 1.5 dpa and Tensile Testing at 575OC. 
fracture surface shows classic 45" ductility transgranular failure. 

The 

Fig. 3.2.5. Microstructure of 20%-Cold-Worked Type 316 Stainless 
Steel Irradiated at 580 to 590'C in HFIR. (a) Irradiated to a fluence 
producing 34.0 at. ppm He and 1.5 dpa. The cold-worked structure is 
retained. 
A large recrystallized grain is adjacent to a region recovered into cells. 

(b) Irradiated to a fluence producing 80 at. ppm He and 3.5 dpa. 
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Fig. 3 . 2 . 6 .  Microstructures of 20%-Cold-Worked Type 316 Stainless 
Steel with 0 . 2 3  wt % Ti Irradiated at 59OoC in HFIR. Irradiated to fluences 
producing (a) 30 at. ppm He and 1.5 dpa and (b) 70 at. ppm He and 3 . 0  dpa. 
The cold-worked structure is retained in both. 

is retained to 70 at. ppm He and 3 . 0  dpa, and the corresponding mechanical 

properties reflect this. In this limited fluence range, the titanium 

addition retards recrystallization and prevents the corresponding severe 

degradation of properties associated with it. Section 3 . 1  showed that 

a fine TIC precipitate is observed in the ZO%-cold-worked material and 

that it accommodates helium in small cavities at its interface as in 

annealed material. This improved helium accomodation is probably partly 

responsible for the improved irradiation resistance of titanium-modified 

alloy. 

3 . 2 . 5  Conclusions and Future Work 
1. The postirradiation tensile strength and ductility of annealed 

type 316 stainless steel are improved in the test temperature range 575 to 

750'C by the addition of 0 . 2 3  wt % Ti for tests near the irradiation tempera- 

tures to fluences producing 1850 to 4000 at. ppm He and 30 to 60 dpa. 
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2. The improvement in mechanical properties with titanium addition 

correlates well with the formation of a fine intragranular TIC precipitate 

that accommodates helium in small cavities at its interfaces and with 
smaller grain boundary cavities than in unmodified material. 
increase in strength and ductility coincides with the formation of an 

intergranular M23C6 precipitate instead of large grain boundary cavities, 
in addition to the fine TIC precipitate, at 600°C. 

A significant 

3. The postirradiation tensile strength and ductility of 20%-cold- 
worked type 316 stainless steel are improved at a test temperature of 
575'C by the addition of 0.23 wt % Ti for irradiation at 580 to 60OoC to 
fluences producing 30 to 80 at. ppm He and 1.5 to 3.4 dpa. The fracture 

mode for these conditions is changed from brittle intergranular to ductile 

transgranular by titanium addition. 

4 .  Ductility and strength of 20%-cold-worked type 316 stainless steel 

are sharply reduced upon recrystallization of the cold-worked microstructure 

This occurs after irradiation at 590 to 60OoC to a fluence producing 

50 to 60 at. ppm He and 2.5 to 2.8 dpa, and the properties remain 
approximately constant up to fluences producing 4000 at. ppm He and 
60 dpa. 
low fluence conditions. 

The addition of 0.23 wt % Ti retards recrystallization for the 

5. Fine intragranular TIC precipitate particles that behave 

similarly to those observed in annealed material are found after titanium 
probably addition to ZO%-cold-worked type 316 stainless steel. They are 

partially responsible for the improvement in properties. 
Future work will investigate the fluence dependence of the 

If the impro7 lization retardation in titanium-modified alloys. 
-- ?-...A +- ma-  t ~ s  +am-nr.IC..rm qrr.aqsrqnn 

cold-worked type 316 stainless steel with 0.23 wt % Ti needs 

lined. If TIC does not form, treatments to produce it before 
.. . . -,,--. 3 ".. _rL..L .c _ _ _ > _  L > _ _ _ _  __^_  

recrystal- 

vement is 

LCI.ILSU Ly ILu l V l l Y C I L I Y L I ,  LLLc LL-YZL-LUL.. _..-__.. .,..ponse of 
20%- to be 

exam 

irraaianon may De consiaerea. 

and fine intragrandar -TIC pref+&tation appears beneficial, and control 

of microstructure to optimize this behavior should be pursued. 

ine errecc OL grarri ouunu~.ry p~reipitation 
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3.3 PRECIPITATION RESPONSE OF ANNEALED TYPE 316 STAINLESS STEEL IN HFIR 
IRRADIATIONS AT 550 to 680°C - P. J. Maziasz (OWL) 

3 . 3 . 1  ADIP Tasks 

ADIP Tasks 1 . C . 1 ,  Microstructural Stability, and 1 . C . 2 ,  Microstructures 

and Swelling in Austenitic Alloys. 

3.3.2 Objective 

The objective of this work is to characterize the precipitation 

response of annealed type 316 stainless steel to irradiation in HFIR 

to simultaneously produced high levels of dpa and helium. This response 

is compared with thermal aging and with fast-reactor irradiation precipi- 

tation response in order to determine how helium production during 

irradiation changes the damage structure produced. 

3.3.3 Summary 

The precipitation response of annealed type 316 stainless steel 

irradiated in HFIR is studied and compared with previously observed 

thermal aging and fast-reactor irradiation responses. Irradiation in HFIR 

produces high levels of helium and displacement damage simultaneously 

and thus partially simulates a fusion environment. Samples have been 

irradiated at temperatures from 550 to 680'C to fluences producing up 
to 3300 at. ppm He and 47 dpa. If the precipitation response after HFIR 
irradiation is compared with that after thermal aging on a time-temperature- 

precipitation diagram, HFIR irradiation results in similar phase 
combinations, but shifted to lower temperatures and shorter times relative 

to thermal aging. 

for different phase combinations. The phase regions resulting from 

fast-reactor irradiation require little or no shift in temperature or 
time relative to thermal aging. Therefore, HFIK irradiation also results 

in shifting the phase regions to shorter times and lower temperatures 

relative to fast-reactor irradiation. 

is added to the irradiation environment by HFIR irradiation, the 
unidentified rod-shaped precipitate particles are absent and MsC and Laves 

phases are present in contrast with reactor irradiation at similar 

The shifts range from 70 to 200°C and are different 

When simultaneous helium production 
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temperatures and fluences. Most voids produced by irradiation in a fast 

reactor are heterogeneously nucleated on the rod-shaped precipitate 

particles or M23C6. 

are attached to precipitate particles, with Laves being the most preferred 

and M23C6 the least preferred. 

mechanical properties, and cavity response of annealed type 316 stainless 

steel relative to fast-reactor irradiation. Helium is shown t o  change 

the precipitate response as well and is important in understanding and 
anticipating fusion environment materials response. 

After HFIR irradiation only a fraction of the cavities 

Helium has been shown to change the swelling, 

3.3.4 Progress and Status 

3.3.4.1 Experimental 
The composition of the type 316 stainless steel used in this investi- 

gation is given in Table 3.3.1. 

50% reduction in area by swaging, machining into tensile specimens, and 

annealing for 1 hr at 1O5O0C, before irradiation in HFIR. 
conditions are given in Table 3 . 3 . 1 .  We examined three annealed type 316 
stainless steel samples irradiated in HFIR from 550 to 68O0C to 2000 to 

3300 at. ppm He and 30 to 47 dpa, as well as two unirradiated samples 

aged for 10,000 hr at 600 and 650°C. 

The final sample preparation involved a 

The irradiation 

Table 3 .3 , l .  Conditions for Irradiation of Annealed 
Type 316 Stainless Steel i n  HFIR 

Irradiation Neutron Flux, Neutron Fluence, Displacement Helium 
Temperature >0.1 MeV >0.1 MeV Damage Content 

("C) (n/m2 s )  (n/m2) (dpa) (at. ppm) 

550 0.95 x 1019 6.18 x l o z 6  42 3000 

600 1.40 4 .21 30 2000 

680 1.38 6.91 41  3300 
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3.3.4.2 Results 

The experimental conditions and phases observed are presented in 

time-temperature-precipitation (TTP) diagrams in Fig. 3.3.1 and are 

summarized in Table 3.3.2. The orientation relations of the precipitate 

phases relative to the austenite (face-centered cubic) matrix are 

presented in Figs. 3.3.2 and 3.3.3 and summarized in Table 3.3.3. 

The phase boundaries on the TTP curve determined by data taken by 

Weiss and Stickler’ have been extended to longer aging times to represent 

data taken in this work at 600 and 650°C after aging for 10,000 hr. 
some cases the curves were slightly altered, within the scope of Weiss 

and Stickler’s data points, to be consistent with the phase reaction 

scheme proposed by them (see Fig. 3.3.4). In particular, the phase region 
of M6C was added, because Weiss and Stickler indicate observing trace 

amounts of M6C after aging at 65OoC for 1500 hr and longer but did not 

include it in their TTP diagram. The data of Weiss and Stickler were 

taken for type 316 stainless steel that had been annealed at 1260°C to 

produce a large grain size (average grain diameter e560 um). Our data 

were taken for type 316 stainless steel annealed at 1050°C for 1 hr as 
the final step in the fabrication procedure established to produce an 

order of magnitude smaller grain size (average grain diameter “55 um). 

Our fabrication steps, however, included solution annealing for 1 hr at 

1200°C followed by 40 to 50% reduction in area by swaging at room 
temperature before the final cold work and solution anneal mentioned 
above. It is, therefore, reasonable to assume that the amount of carbide 

in solution and the homogeneity of its distribution within the grains were 

about the same as in Weiss and Stickler’s specimens, so that comparison 

of our data with their data is legitimate. Furthermore, Spruiell et al. 

found little difference in precipitation behavior for solution anneals 

of 1050 and 1200°C. 

In 

2 

In this work, aging at 6OO0C for 10,000 hr produced M23C6 (see Fig. 3.3.5) 
Aging at 650°C for 10,000 hr produced M23C6, Laves occasional sigma particles, 
and a small amount of M6C (see Fig. 3.3.6). These observations are 

consistent with Weiss and Stickler’s reaction scheme for these temperatures 

and, therefore, warrant extension of their TTP diagram to include these data. 

These samples were the control samples for the annealed type 316 stainless 
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Fig. 3.3.1. A TTP Diagram f o r  Annealed Type 316 Stainless Steel. 
(a) The boundaries of the phase regions taken from data by Weiss and 
Stickler are extended to longer aging times and to include thermal aging 
data from this work. 
The data are plotted at the irradiation temperatures and times and the 
phases observed are indicated. 

(b) Data obtained after HFIR and EBR-I1 irradiation. 
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Fig. 3.3.2. Stereographic Projections of Orientation Relations (ORs) 
Between y Matrix and Carbide Precipitate Planes as Determined from Electron 
Diffraction. 
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Table 3 . 3 . 3 .  Orientation Relations of Precipitate Phases 

Orientation Ratio of Inter- 
Relation Parallel Planes planar Spacings, Precipitate a 

d‘ppt./‘i’i Phase 
Type 

MZ 3 C 6  I 

MG C I 

I1 

I 

I1 

e Laves 

111 

I d Chi 

Sigma s I 

I1 

U y is fcc with uo = 0.36 nm. 

’Not exactly parallel, a slight angular displacement. 

Laves d values of interplanar spacing are taken from il 

Andrews et al., Interpretation of Electron Diffraction Patterns, 
2nd ed., Hilger, 1971. 

%e, Cr, Mo, chi phase, with d calculated from ao = 0.888 nm, 

e 

fFe, Cr, Mo sigma phase, with d calculated from ao = 0.888 nm, 

from Weiss and Stickler. 

Several degrees from not being parallel. 

eo = 0.46  nm from Weiss and Stickler. 
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INCREASING AGING TIME AT A 
PARTICULAR TEMPERATURE 

Fig.  3.3.4. Phase Reaction Sequence Proposed by Weiss and S t i c k l e r  
f o r  Annealed Type 316 Stainless S t e e l  During Aging. 

Fig.  3.3.5. Type 316 S t a i n l e s s  S t e e l  Annealed 1 hr a t  1O5O0C and Aged 
f o r  10,000 h r  a t  600'C. 
M 2 3 C 6 .  Each p r e c i p i t a t e  p a r t i c l e  is cube on cube wi th  e i t h e r  one g r a i n  on 
t h e  o ther .  (b) Sword-like i n t r a g r a n u l a r  M 2 3 C 6 .  P r e c i p i t a t e  p a r t i c l e  
d e n s i t y  is about 2 x 10"/m3. 

(a)  High-angle g r a i n  boundary p r e c i p i t a t i o n  of 
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steel samples irradiated in HFIR. 

justifies comparison of the HFIR-irradiated samples with this diagram. 

Their compatibility with the TTP diagram 

The precipitation response of annealed type 316 stainless steel 

irradiated in HFIR has been examined for irradiation at 550 to 680‘C to 

fluences producing 30 to 47 dpa and 2000 to 3300 at. ppm He. 

irradiation in HFIR at 550’C to 42 dpa and 3000 at. ppm He (%16,000 hr), 
M23C6 was found at the grain boundaries and intragranularly; Laves and 

MsC were also found intragranularly (see Fig. 3.3 .7) .  After irradiation 

After 

a- 

of M 2 3 C 6  and MsC; both are oriented near [Oil] precipitate zones, which 
are coincident with a ymatrix [Oll] zone axis. Precipitate particle 
densities are about 4 and 6 X 10’9/m3, respectively. 
thin lath. 
Precipitate particle density is about 2 x lO”/m . 
MsC precipitate particle, eriented on a [1541 precipitate zone axis. 

(c) Laves phase, 
Precipitate is oriented in a [17.0] grecipitate zone axis. 

(d) Large, isolated 
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at 600°C to 30 dpa and 2000 at. pprn He (%7800 hr), large isolated inter- 

granular sigma phase particles were observed, and Laves phase particles 

were distributed intragranularly (see Fig. 3.3.8). After irradiation at 

68OoC to 47 dpa and 3300 at. pprn He ('U3,OOO hr), large isolated inter- 

granular sigma phase precipitate particles were found, and chi phase was 

found within the grains (see Fig. 3.3.9). 

The phase combinations observed in the samples after HFIR irradiation 

are compared with the phase regions of the TTP diagram in Fig. 3.3.l(b). 

The most significant point is that the TTP diagram contains phase regions 

that predict the same phase combinations as observed after HFIR irradiation. 

However, coincidence of the points and the appropriate regions on the TTP 

diagram requires a shift of the points both upward in temperature and 

outward in time relative to thermal aging results. The shifts are 
different for the different samples. For the sample irradiated at 55OoC, 

a shift of about 70°C upward is needed to obtain the appropriate phase 

region on the TTP diagram. 

consideration of both the TTP diagram and Weiss and Stickler's reaction 

scheme. If M23C6 is a metasable phase, then from Weiss and Stickler's 

The sample irradiated at 600°C requires 

- (a) 

Fig. 3.3.8. Type 316 Stainless Steel Annealed 1 hr at 1O5O0C and Irra- 
diated in HFIR at 600'C to 2000 at. ppm He and 30 dpa (%7800 hr). 
isolated sigma phase particle oriented near a [OOlI precipitate zone axis 
that is coincident with a [lil] y matrix zone axis. (b) Cavity-coated laths 
of Laves phase, several of which are oriented near a [00.11 precipitate zone 
axis. 

(a) Large, 

Precipitate particle density is about 3 x 10'8/m3, 
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Fig. 3.3.9. Type 316 Stainless Steel Annealed 1 hr at 1050°C and Irra- 
diated in HFIR at 680'C to 3300 at. ppm He and 47 dpa (*13,000 hr). 
(a) Massive sigma phase at the grain boundaries. 
plates of chi phase. 
zone axis. 

(b) Large intragranular 
The dark chi phase is oriented on a [681] precipitate 

reaction scheme it is logical to assume that at some time the transfor- 

mation will be complete. This means that the sigma + MZ3C6 + Laves phase 
region in the TTP curve will cross a boundary signifying the end of the 

transformation of M2JC6 to sigma, giving a sigma + Laves phase region. 
Thus, the sample irradiated at 600'C would require a shift of about 90°C 
upward and a shift outward i n  time to get to an appropriate phase region 
on the TTP diagram. 

shift of about 200'C on the TTP diagram to coincide with the appropriate 

phase region. 

The sample irradiated at 68O0C requires an upward 

The net result of simulated fusion irradiation at these temperatures 

and fluences seems to be shifting the phase regions similar to those 

observed after thermal aging on the TTP diagram to some lower temperature 
and shorter time. This is in contrast to fast-reactor irradiation, where 

phases not observed under any aging conditions are found after irradiatio 

but little or no temperature shift for otherwise similar phase regions is 

required. The temperature shifts are approximate and are of course based 

upon the assumption that the calculated irradiation temperatures are 

correct. Until experiments with more accurate temperature control are 
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available, some shifts in the irradiation temperature due to experimental 

uncertainty must also be considered as a possibility to explain the data. 

A uniform shift in either time or temperature is clearly insufficient to 

bring coincidence of all the irradiated samples with similar phase regions 

on the TTP diagram. 
If we compare similar phase regions on the TTP diagram for aged 

samples and those irradiated in HFIR, the morphology and number density 

of a particular phase are different. Compare the sample aged 10,000 hr 
at 65OoC (Fig. 3.3.6) and the sample irradiated for about 16,000 hr at 
55OoC (Fig. 3.3.7). Figures 3.3.6(a) and 3.3.7(a) show similar MzsC6 

precipitation at the grain boundary for the aged and irradiated samples, 

respectively. Within the grains, however, M23C6 has changed from narrow 

laths to square plates or chunks after irradiation [Figs. 3.3.6(b), 
3.3.7(b), and 3.3.7(d)]. Laves appears similar in both conditions, except 

that the laths are narrower after irradiation [Figs. 3.3.6(c) and 

3.3.7(c)]. 

precipitate particle densities of M23C6 and Laves than does thermal aging. 
The amount of MsC relative to M23C6 and Laves also seems to have increased 

as a result of irradiation. 

Irradiation produces nearly an order of magnitude greater 

The association between cavities and the various precipitate phases 

The cavities have previously been is shown in Figs. 3.3.7 through 3.3.9. 

shown to be consistent with equilibrium helium bubbles.3 

be some cavity association with nearly every intra- or intergranular 
phase, but the highest cavity association in annealed type 316 stainless 

steel is clearly with Laves phase at 600°C [Fig. 3.3.8(b)J. 

of Laves has changed from association of several large cavities per 
precipitate particle at 550'C to the association of many smaller cavities 

with each precipitate particle at 6OO0C [Fig. 3.3.7(c) compared with 

3.3.8(b)]. Intragranular M23C6 seems to have the lowest cavity association 

[Fig. 3.3.7(b)]. 

There seems to 

The behavior 

The orientation relations (ORs) for the phases observed after thermal 

aging and after HFIR irradiation were obtained from the electron diffraction 
patterns necessary to identify a particular phase type. These orientation 

relationships are plotted in terms of coincident stereographic projections 

of each precipitate phase relative to the standard (001) matrix projection 
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i n  tigs. 3.3.2 and 3.3.3. 

several low-order matrix and precipitate planes being parallel. 

orientation relations for M23C6, chi, and sigma OR-I are consistent with 

data reported by others. The other relationships observed have not been 
reported. 

Laves OR-I11 was found only after thermal aging. 

relationships were unaffected by irradiation i n  the HFIR. 

They can usually be summarized in terms of 

The 

Laves OR-I and M6C OR-I were found only after HFIR irradiation. 

All other orientation 

3.3.4.3 Discussion 

The results, sumarized briefly, show that HFIR irradiation of annealed 

type 316 stainless steel at temperatures from 550 to 68O0C results i n  the 

precipitation of phases similar to those produced by thermal aging if 

compared with samples aged at higher temperatures and, i n  some cases, 

longer times. This is not the case after fast-reactor irradiation, which 

produces phases that do not occur under any thermal aging conditions. 

Figure 3.3.l(b) shows a crosshatched region of the TTP diagram corresponding 

to times and temperatures observed after fast-reactor irradiation. For 

fast reactor irradiation of annealed type 316 stainless steel, Ni,S14~’ 
and the unidentified rod shaped precipitate6-’ are observed. 

are not observed after thermal aging to any time and temperature. The 

phases M23C6r sigma, and chi are observed6-’ after fast-reactor irradiation 

and after thermal aging, with little shift in temperature or time relative 
to the TTP diagram. Laves and M6C phases are not reported. If they are 
absent, it i s  significant because then not only has irradiation caused 

the presence of new phases, but it has also resulted in the absence of 
phases normally observed after thermal aging. 

These phases 

Compare irradiation in HFIR and EBR-I1 at 550’C. Intra- and inter- 

Intragranular M6C and Laves phases granular M23C6 are observed i n  both. 

are observed after HFIR irradiation but not after EBR-I1 irradiation. An 

unidentified rod-shaped precipitate is  observed after EBR-I1 irradiation 

but not after HFIR irradiation. Compare irradiation i n  HFIR and EBR-I1 

at 600°C. After fast-reactor irradiation, M23C6 is observed within and 

between grains along with the unidentified rod-shaped phase. 

irradiation intergranular 4gma and intragranular Laves phase are observed. 

Finally, compare irradiation in HFIR with that i n  EBR-I1 at 680’C. 

After HFIR 

Again, 
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intra- and intergranular M23C6 and the rod-shaped precipitate are observed 

after irradiation in EBR-11, and sigma and chi phases are found along with 

these phases at 750'C. 

at the grain boundaries and chi phase is observed within the grains. 

EBR-I1 irradiation, the phases M23C6, sigma, and chi appear at times and 

temperatures consistent with equivalent thermal aging. In HFIR, as 

mentioned previously, a shift in temperature and/or time is required for 

coincidence of similar phase regions. Since irradiation temperatures in 

both reactors are calculated without the benefit of verifying measuremems, 

these comparisons are not absolute but rather assume correctness of the 

irradiation temperatures. 

the conclusion that the production of helium during the irradiation has 

changed the precipitation response of annealed type 316 stainless steel. 

After irradiation in HFIR, only sigma is observed 

For 

But the differences are great enough to justify 

Not only has the precipitation response changed, but the cavity 

association with precipitates is also different after irradiation in HFIR 
as compared with EBR-11. Voids are associated with the unidentified rods 

and M23C6 after irradiation in EBR-11. 

Bloom and Stiegler6 indicate that nearly all voids are attached to 

precipitate particles. After HFIR irradiation, cavities are attached to 

nearly all precipitate phases, but only a fraction of the cavities is 

attached to precipitates rather than dislocations in the matrix of 

annealed type 316 stainless steel. Since in HFIR-irradiated material 

the cavities are probably equilibrium helium bubbles, the cavity association 

is an index of the helium accommodation of the various phases. 

phase has several large cavities per precipitate particle at 550°C 

[see Fig. 3.3.6(c)] and many smaller cavities per particle at 600°C 

[see Fig. 3.3.7(b)] after HFIR irradiation. Apparently, of the phases 

present in annealed type 316 stainless steel, Laves accommodates helium 

most effectively. However, Maziasz and Bloom" have shown that even in 
the presence of Laves phase, nearly exclusive association of very small 

cavities with Tic occurs when 0.23 wt % Ti is added to annealed type 316 

stainless steel. Laves is not the best possible, but the best available 

phase to accommodate helium in annealed unmodified type 316 stainless steel. 

Both Brager and Straalsund,' and 

Laves 
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3.3.5 Conclusions 

1. Curves drawn from the  da ta  of Weiss and S t i c k l e r  on a TTP diagram 

f o r  annealed type 316 s t a i n l e s s  s t e e l  have been ex t rapo la ted  t o  longer 

aging times. The shapes of por t ions  of t h e i r  curves have been a l t e r e d  

s l i g h t l y  as wel l  a s  extended, and M 6 C  phase region has been included t o  

be c o n s i s t e n t  with t h e i r  phase r e a c t i o n  scheme and t h e i r  da t a .  These 

curves w e r e  then extended t o  longer aging t imes;  no unreasonable changes 

w e r e  necessary  t o  include our d a t a  f o r  aging a t  600 and 650°C f o r  10,000 h r .  

2 .  The p r e c i p i t a t e s  i d e n t i f i e d  i n  samples of annealed type 316 

s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  HFIR a r e  compared w i t h  t h e  TTP diagram f o r  

aging a t  s i m i l a r  t imes and temperatures.  Phase reg ions  c o n s i s t e n t  with 

the  phase combinations observed a f t e r  HFIR i r r a d i a t i o n  can be obtained by 

consider ing t h e  extended TTP diagrams and Weiss and S t i c k l e r ' s  phase 

r e a c t i o n  scheme. The appropr ia te  phase regions  on t h e  TTP diagram a r e  

s h i f t e d  upward i n  temperature and/or t o  longer  times r e l a t i v e  t o  HFIR 

i r r a d i a t i o n  times and temperatures.  The s h i f t s  appear t o  be d i f f e r e n t  

f o r  d i f f e r e n t  phases. 

3. I f  s im i l a r  phase regions  a r e  compared f o r  thermal aging and HFIR 

i r r a d i a t i o n ,  H F I R  seems t o  change t h e  morphology, t o  i n c r e a s e  t h e  p a r t i c l e  

number d e n s i t y  by n e a r l y  an order  of magnitude, and t o  change t h e  r e l a t i v e  

amounts of some phases a s  compared wi th  thermal aging.  

4 .  The o r i e n t a t i o n  r e l a t i o n s h i p s  f o r  the  c r y s t a l  s t r u c t u r e  of 

p r e c i p i t a t e  phases r e l a t i v e  t o  the  matr ix  have been determined f o r  both 

aged and HFIR- irradiated samples. 

p l o t t e d  s t e r e o g r a p h i c a l l y  r e l a t i v e  t o  the  (001) p r o j e c t i o n  of the  matr ix .  

The o r i e n t a t i o n  r e l a t i o n s h i p s  f o r  sigma, c h i ,  and M 2 3 C 6  have been e n t i r e l y  

o r  p a r t i a l l y  repor ted i n  t h e  l i t e r a t u r e .  We found M 6 C  OR- I and Laves OR- I  

only a f t e r  i r r a d i a t i o n  i n  HFIR. Laves O R- I 1 1  was found only a f t e r  thermal 

aging.  

i n  HFIR. 

The o r i e n t a t i o n  r e l a t i o n s h i p s  a r e  

The o ther  o r i e n t a t i o n  r e l a t i o n s  w e r e  unaffected by i r r a d i a t i o n  

5. Samples of annealed type 316 s t a i n l e s s  steel i r r a d i a t e d  i n  HFIR 

a r e  compared with samples i r r a d i a t e d  f o r  similar times and temperatures 

i n  f a s t  r e ac to r s .  I r r a d i a t i o n  i n  HFIR r e s u l t s  i n  t h e  occurrence of M 6 C  

and Laves phase but  not the  un iden t i f i ed  rod-shaped phase found i n  
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fast-reactor irradiatior. If both irradiations are compared with similar 

phase regions on the TTP diagram, the HFIR results seem shifted to higher 

temperatures relative to the fast-reactor results. 

6. The changes in precipitate response coincide with the inclusion 

of simultaneous helium production during the irradiation. The cavity 

interaction and association with the precipitate phases also change with 

the addition of helium. After fast reactor irradiation almost all voids 

are associated with either the rod-shaped phase or M23C6. 

irradiation only a fraction of the cavities are associated with the 

precipitates, but there is some association with nearly every particle 

present. Laves phase shows the highest cavity association and Mz3C6 the 

least in annealed type 316 stainless steel irradiated at 550 to 580°C for 
up to 16,000 hr. 

After HFIR 
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3 .4  THE SWELLING OF 20%-COLD-WORKED TYPE 316 STAINLESS STEEL IRRADIATED 
IN HFIR TO HELIUM LEVELS OF 2 0 E 3 7 0 0  at. ppm - M. L. Grossbeck and 
P. J. Maziasz (ORNL) 

3 .4 .1  ADIP Task 

ADIP Task 1.C.2, Microstructures and Swelling in Austenitic Alloys. 

3 .4 .2  Objective 

The purpose of this study is to measure swelling in 20%-cold-worked 

type 316 stainless steel with high levels of helium and compare it with 

swelling in similar material containing little o r  no helium. 

3 .4 .3  Summary 

Specimens of 20%-cold-worked type 316 stainless steel were irradiated 
in the High Flux Isotope Reactor (HFIR). The mixed spectrum of this 

reactor results in simultaneous production of helium from a thermal 

neutron reaction with nickel' and displacement damage from the fast 

portion of the spectrum. 

The amount of swelling was determined by liquid immersion density 
measurements. Swelling was greater than in samples containing only trace 

quantities of helium irradiated i n  EBR-11. Swelling as high as 1.6 vol % 

at a fluence of 7 X loz6 n/m' (>0.1 MeV) was found in material irradiated 

at 38OOC. 

in EBR-11. O f  the three temperatures investigated - 375 ,  4 7 5 ,  and 

575°C - lowest swelling occurred at 475OC and highest at 375°C. 

EBR-11-irradiated type 316 stainless steel exhibits' maximum swelling at 

about 585°C. 

This contrasts with slight densification in material irradiated 

Low-helium, 

3.4 .4  Progress and Status 

Unlike an LMFBR, a fusion reactor will not experience coolant flow 

restriction if excessive swelling occurs in structural materials. How- 

ever, since a Tokamak is such a large structure, even modest swelling 

could result in shape distortions and excessive stresses, especially 

at points of support or constraint. Swelling m u s t ,  therefore, be known 

and should be minimized or allowed for. Since helium is known to have . 
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a major effect on swelling, it is necessary to characterize and hope- 

fully understand its effect and to have swelling data available to 

designers. 

The specimens for this investigation were primarily intended for 

tensile property measurement. 

steel of composition as follows: 

They were machined from type 316 stainless 

Element Cr Ni Ma M a  Ti Si C P b N B Fe 

Wt z 18.0 13.0  2 . 5 8  1.9 0.05 0 .8  0.05 0.013 0.016 0.05 0.0005 B a l  
-- 

The specimen material was solution annealed at 1150°C for 1 hr, then 

cold swaged to 50% reduction in area. This was followed by annealing 

at 1050°C for 1 hr followed by similar cold swaging and annealing, after 

which the rod was cold swaged to 20% reduction in area. The material 

was then machined into tensile specimens 31.7 mm long with a gage diameter 

of 2.0 mm. 

The specimens were irradiated in HFIR in a peripheral target position. 

The mixed fast and thermal spectrum results in a simultaneous high dis- 

placement damage rate and high helium production rate in alloys containing 

nickel. Seven capsules were irradiated, providing a fluence range of 

0.6 X loz6 to 8 X loz6 n/m2 (>0.1 MeV). Corresponding helium levels 
range from 200 to 3700 at. ppm He. Irradiation temperatures from 285 
to 620°C were achieved by surrounding the specimens with helium gas gaps. 

No instrumentation was provided. 
Densities were measured by liquid immersion using water or ethyl 

phthalate. Liquid temperature was controlled to within +0.05'C, and 

liquid density was calibrated against a quartz standard. 

Preliminary results are shown in Fig. 3.4.1. The helium-containing 
material has higher swelling within the fluence and temperature ranges 

observed than does EBR-11-irradiated material. Densification observed 

at low fluence values in both materials results from precipitation. 

The temperature dependence of swelling in the HFIR-irradiated material 

is unusual in that material irradiated at 375'C exhibits slightly greater 

swelling than that irradiated at 575"C, and the lowest swelling occurred 

4 
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Fig. 3.4.1. Swelling as a Function of Fluence and Helium Content 
for HFIR-Irradiated 20%-Cold-Worked Type 316 Stainless Steel. Data on 
the swelling produced in a different heat of type 316 stainless steel 
by irradiation in EBR-I1 are shown for comparison. 

for irradiation at 475OC. 

irradiated 20%-cold-worked type 316 stainless steel, which shows a 

swelling maximum at 585OC. 

A different effect is observed' in EBR-I1 

The high swelling at 375°C is consistent with microscopy studies 

by Maziasz et a1.,4 which show a slight decrease in swelling as temper- 

ature is increased from 380 to 550°C, above which swelling increases 

substantially with increasing temperature. That investigation also 

found that at 38OoC, among the numerous small cavities are a few large 

cavities, which are not formed at 450 and 55OoC, and these seem to con- 

tribute to the larger swelling. The phenomena associated with the large 

cavities are not clear at present. The interactions of the cavities 

with helium and precipitation are undergoing further investigation. 

Microstructural examination of 20%-cold-worked type 316 stainless 

steel irradiated at 6OO0C to fluences producing 1.5 to 3.0 dpa and 

30 to 80 at. ppm He indicates cavity densities of 2.5 X lOZ1/m3 and 
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diameter of 7 to 12 nm. The microstructure of the same material irradiated 

in EBR-I1 to similar conditions shows precipitation but few or no cavities 

until greater than 15 to 20 dpa. Thus helium is responsible for earlier 

and more rapid nucleation than expected from previous observations. 4 

3.4.5 Conclusions 

Swelling in ZO%-cold-worked type 316 stainless steel containing greater 

than 2000 at. ppm He and irradiated between 375 and 575°C is significantly 

greater than in similar material irradiated in a fast neutron spectrum. 

Below a fluence of 8 X loz6 n/m2 (>0.1 MeV), material containing less 

than 20 at. pprn He5 densifies by 0.1 to 0.2% or swells by less than 0.3%, 
whereas irradiated material containing greater than 200 at. pprn He swells 
as much as 1 . 6 % .  

A swelling maximum near 375'C was found in the helium-containing 

material. This is in addition to the continuously increasing swelling 

above 550°C that was reported previously. 4 
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3.5 THE INFLUENCE OF IRRADIATION ON THE PROPERTIES OF PATH A ALLOY 
WELDMENTS - F. W .  Wiffen, D.  P. Edmonds, J. F. King, and 
J. A .  Horak (ORNL) 

3.5.1. ADIP Task 

ADIP Task 1.B.13, T e n s i l e  P rope r t i e s  of Aus t en i t i c  Alloys. 

3.5.2 Object ive 

This work scopes t h e  response of welds and weld- affected zones t o  

i r r a d i a t i o n  over a range of temperatures and f l uences .  

type 316 o r  16-8-2 stainless steel  f i l l e r  metal j o i n i n g  20%-cold-worked 

type 316 base metal  are being i r r a d i a t e d  i n  t h e  ORR and HFIR. 

tests  on t h e  i r r a d i a t e d  specimens w i l l  b e  supplemented by f rac tography,  

metallography, and microscopy t o  determine the  e f f e c t s  of 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 .  

Welds wi th  

Tens i l e  

3 . 5 . 3  Sumnary 

Weld-containing samples i r r a d i a t e d  i n  HFIR a t  about 55°C exh ib i t ed  

l a r g e  i nc reases  i n  the  35OC t e n s i l e  s t r e n g t h  bu t  only modest l o s s  of 

d u c t i l i t y .  

t h e  s t r e n g t h  of t h e  base metal ,  and a l l  t e s t e d  samples f a i l e d  w i t h i n  

t h e  weld metal. 

The s t r e n g t h  of t h e  weld- containing samples remained below 

3.5.4 Progress  and S t a t u s  

F ive  rod samples made from 20%-cold-worked type  316 s ta inless  steel 

welded wi th  16-8-2 f i l l e r  metal were included i n  experiment HFIR-CTR-16, 

designed t o  i n v e s t i g a t e  i r r a d i a t i o n  e f f e c t s  a t  about 55"C, t h e  lower 

bound ope ra t ing  temperature f o r  a s epa ra t e ly  cooled fu s ion  r e a c t o r  

f i r s t  w a l l .  

weld are shown i n  Fig.  3.5.1. These samples were i r r a d i a t e d  i n  d i r e c t  

con tac t  w i t h  t h e  r e a c t o r  coolan t  water  a t  a temperature of about 55°C. 

The experiment w a s  i n  a p e r i p h e r a l  t a r g e t  p o s i t i o n  i n  HFIR f o r  f i v e  

s tandard  c y c l e s ,  equiva len t  t o  a t o t a l  of 11,466 MWd a t  f u l l  power of 

100 MW. 

on an  In s t ron  machine. 

The sample geometry and o r i e n t a t i o n  wi th  r e s p e c t  t o  t h e  

Af t e r  i r r a d i a t i o n  t he se  samples were t e n s i l e  t e s t e d  i n  a i r  
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F i g .  3.5.1. Or ien ta t ion  of Tens i l e  Sample with Respect t o  the  Weld 
f o r  Samples Used i n  the  HFIR I r r a d i a t i o n  of Weldments. The reduced gage 
s e c t i o n  of the  sample i s  18 mm long and 2 mm diam. To convert  dimensions 
shown on drawing, 1 i n .  = 2 5 . 4  mm. 

Tens i l e  t e s t  r e s u l t s  a r e  given i n  Table 3 . 5 . 1 ,  along wi th  r e s u l t s  

r e p r e s e n t a t i v e  of the  u n i r r a d i a t e d  base metal .  Comparison of the  c o n t r o l  

da ta  on base metal  and weld-containing specimens showed t h a t  t h e  w e l d -  

con ta in ing  samples f a i l e d  a t  much l o w e r  scresses than s a m p l e s  of on ly  

base metal ,  and w i t h  h igher  uniform elongat ion but  comparable t o t a l  

e longat ion.  The i r r a d i a t e d  samples t e s t e d  a t  about 35'C showed higher  

s t r e n g t h s  and l o w e r  d u c t i l i t i e s  than the c o n t r o l  va lues .  The s t r e n g t h  

va lues  increased with inc reas ing  f luence  f o r  t h e  t h r ee  samples a v a i l a b l e ,  

but  the  d u c t i l i t y  values  were approximately the  same f o r  the  t h r ee  t e s t s .  

Although the  y i e l d  s t r e n g t h  was approximately double the  c o n t r o l  va lue ,  

and the  u l t i m a t e  t e n s i l e  s t r e n g t h  increased approximately 40%, t h e s e  

s t r e n g t h  va lues  were s t i l l  below the  va lues  f o r  un i r rad ia ted  base metal:  

St rength  and d u c t i l i t y  values  of t h e  i r r a d i a t e d  sample were lower i n  

t e s t s  a t  300 and 700°C than i n  t e s t s  a t  35°C.  A t  both these  e leva ted  

temperatures the  s t r e n g t h  values  were lower f o r  base metal t e s t e d  a t  

the  same temperature. 



Table 3.5.1.  Tens i l e  Proper t i es  of Welds Made wi th  16-8-2 F i l l e r  
Metal Jo in ing  Type 316 S t a i n l e s s  S t e e l  Base Metal 

a 
E l o n g a t i o n ,  % 

I r r a d i a t i o n  P a r a m e t e r s  
T e s t  S t r e n g t h ,  MPa 

( “ C )  0 . 2 %  Yield Ult imate  Uniform T o t a l  
T e m p e r a t u r e  Helium 

d w  (at. PPm) 

0 

0 

- 4.5 

8 . 7  

1 0 . 8  

1 0 . 8  

5 .5  

0 

0 

0 

Weld Specimens 

-35 354 547 

- 35 333  5 10 

1 0 0  -35 680  735 

250 - 35 7 0 1  739  

340 - 35 727 759 

340 300 565  5 9 8  

1 3 0  700 214 247 

20%-Cold-Worked Type 316 S t a i n l e s s  S t e e l  

35 8 36 864 

300 708 747  

7 00 399 410 

1 4 . 0  

1 2 . 9  

6 . 8  

5 . 8  

1 . 2  

3 . 1  

I . 4  

7 . 9  

1 . 4  

0 . 9  

1 9 . 0  

1 6 . 5  

1 2 . 0  

11.8 

1 3 . 0  

6 . 7  

1 . 7  

1 7 . 8  

6 . 0  

1 5 . 9  
~ 

‘ I r r a d i a t i o n  t e m p e r a t u r e  a b o u t  5 5 ’ C ,  

Location of f r a c t u r e  p o s i t i o n s  on p o s t- t e s t  macrophotographs and 

comparison wi th  weld l o c a t i o n s  determined by f e r r i t e  zone l o c a t i o n s  

before  i r r a d i a t i o n  showed t h a t  a l l  weld specimens t e s t e d  had f a i l e d  

wi th in  the  weld m e t a l .  F r a c t u r e  s u r f a c e s  and micros t ruc tu res  have 

no t  y e t  been examined. 

3.5.5 Conclusions and Future  Work 

I r r a d i a t i o n  of  weld-containing samples a t  about 55°C t o  f luences  

producing 4 t o  11 dpa and 100 t o  340 a t .  ppm He r e s u l t e d  i n  l a r g e  

s t r e n g t h  i n c r e a s e s  i n  t e n s i l e  t e s t s  a t  about 35°C but  had l i t t l e  

e f f e c t  on t h e  d u c t i l i t y .  The s t r e n g t h  of 16-8-2 welded specimens 

remained lower than the  s t r e n g t h  of t h e  20%-cold-worked base meta l ,  

wi th  a l l  t e s t e d  samples f a i l i n g  in the  weld zone. 

S imi la r  specimens con ta in ing  welds wi th  16-8-2 and type 316 s t a i n-  

less s t e e l  f i l l e r  metal  have been i r r a d i a t e d  a t  temperatures i n  the  

range 280 t o  620’C. 

next  r e p o r t i n g  per iod .  

metal  shee t  samples a r e  under i r r a d i a t i o n  i n  OW-MFE-1. 

These samples w i l l  be t e n s i l e  t e s t ed  during t h e  

A r e l a t e d  set of weld-containing and all-weld- 



3.6 THE EFFECTS OF IRRADIATION AT ABOUT 55°C ON TYPE 316 STAINLESS 
STEEL - F. W .  Wiffen ( O m )  

3.6.1 ADIP Task 

ADIP Task I . B . 1 3 ,  Tens i l e  P r o p e r t i e s  of A u s t e n i t i c  Alloys. 

3.6.2 Objective 

This work was d i r e c t e d  a t  e s t a b l i s h i n g  t h e  e f f e c t  of i r r a d i a t i o n  

a t  about 55'C on the  swel l ing and t e n s i l e  p r o p e r t i e s  of type 316 

s t a i n l e s s  s t e e l .  This experiment w i l l  provide da ta  t h a t  can be used 

t o  p r o j e c t  t h e  s e r v i c e  performance of s e p a r a t e l y  cooled r e a c t o r  f i r s t  

w a l l s  opera t ing  a t  temperatures wel l  below the  main blanket  temperature.  

3.6.3 Summary 

I r r a d i a t i o n  of 20%-cold-worked type 316 s t a i n l e s s  s t e e l  a t  

about 55OC t o  produce 4.5 t o  10.5 dpa and 180 t o  520 a t .  ppm H e  

reduces t h e  uniform e longa t ion  t o  near  zero bu t  has l i t t l e  e f f e c t  

on the  t o t a l  e longa t ion  or s t r e n g t h  p r o p e r t i e s  f o r  t e n s i l e  tests 

a t  35OC. Tests  i n  the  temperature range 200 t o  300°C show the  same 

t rends  a s  f o r  35°C t e s t s .  

and s t r e n g t h  very c l o s e  t o  the  c o n t r o l  values .  T e n s i l e  t e s t i n g  a t  

70OoC a f t e r  holding t h e  sample 30 min a t  temperature shows low 

d u c t i l i t y  bu t  s t r e n g t h  va lues  equal  t o  the  con t ro l  va lues .  T h i s  

appears t o  be t h e  onset  of helium embrit t lement.  

was produced by t h i s  range of i r r a d i a t i o n  condi t ions .  

Tests a t  400 t o  600°C show elongat ion 

No measurable swel l ing  

3.6.4 Progress and S t a t u s  

3.6.4.1 Experiment 

I r r a d i a t i o n  experiment HFIR-CTR-16 was a three- pin experiment 

with 42 rod t e n s i l e  samples i r r a d i a t e d  i n  d i r e c t  con tac t  wi th  about 

55°C r e a c t o r  cool ing water .  The experiment was i r r a d i a t e d  i n  t h e  

HFIR p e r i p h e r a l  t a r g e t  p o s i t i o n  f o r  f i v e  s tandard cyc l e s ,  114.66 

full-power days. The method of specimen loading is shown schemat ical ly  

i n  Fig.  3.6.1. 
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Fig. 3.6.1.  Schematic Diagram of t h e  Specimen Loading f o r  the  
HFIR  Water Temperature I r r a d i a t i o n  Experiment, HFIR-CTR-16. 

Specimens of 20%-cold-worked type 316 s t a i n l e s s  s t e e l  were made 

from t h e  DO hea t  of s t e e l .  

percent is  18.0 Cr-13.0 Ni-2.58 Mo-1.9 Mrro.8 N i 4 . 0 5  C-bal Fe. 

I r r a d i a t i o n  of type 316 s t a i n l e s s  s t e e l  wi th  13 w t  % N i  i n  t h i s  exper i-  

ment produced from 4.5 t o  10.5 dpa and from 180 t o  520 a t .  ppm He i n  

t h e  samples. 

The composition of t h i s  s t e e l  i n  weight 

A l l  t e n s i l e  tests were run i n  a i r  on an In s t ron .  In  e levated-  

temperature t e s t s ,  the  samples were held  a t  the  t e s t  temperature f o r  

30 min before  the  s t a r t  of t e s t s .  S t r a i n  va lues  were c a l c u l a t e d  from 

t h e  chart- recorded crosshead motion dur ing t h e  t e s t .  
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3.6.4.2 Resul t s  

Comparison of p r e i r r a d i a t i o n  and p o s t i r r a d i a t i o n  specimen l eng ths  

Immersion dens i ty  i nd ica t ed  l i t t l e  o r  no swe l l i ng  due t o  i r r a d i a t i o n .  

measurements on a f e w  specimens confirmed l i t t l e  o r  no swell ing.  The 

combination of a l l  measurements sugges ts  t h a t  the  180 t o  520 a t .  ppm He 
produced dur ing  t h e  i r r a d i a t i o n  a t  about 55°C i s  accommodated i n  t h e  

20%-cold-worked type 316 s t a i n l e s s  s tee l  without  producing measurable 

swel l ing .  

The tens i le  r e s u l t s  are given i n  Table 3.6.1,  and shown as 

a func t ion  of tes t  temperature i n  Fig.  3.6.2. For t h e  range of condi- 

t i o n s  i nves t iga t ed ,  t h e  t e n s i l e  p rope r t i e s  a t  about 35'C are r e l a t i v e l y  

i n s e n s i t i v e  t o  dpa, helium l e v e l ,  and s t r a i n  ra te  during t e s t .  The 

y i e l d  s t r e n g t h  and u l t ima te  s t r e n g t h  a t  about  35OC were r a i s e d  about 

1 7  and 13%, r e s p e c t i v e l y ,  by t h e  i r r a d i a t i o n  bu t  were no t  s e n s i t i v e  t o  

v a r i a t i o n s  i n  t h e  dpa o r  helium level .  

reduced from above 3% t o  about 0.4% by t h e  i r r a d i a t i o n ,  bu t  t h e  t o t a l  

e longat ion  was l i t t l e  a f f e c t e d .  

The uniform e longat ion  w a s  

Tens i l e  tests  a t  temperatures above t h e  i r r a d i a t i o n  temperature 

showed l i t t l e  o r  no e f f e c t  on t h e  s t r e n g t h  va lues  f o r  t h e  tes t  

temperatures from 200 t o  700°C. The t o t a l  e longat ion  of i r r a d i a t e d  

specimens w a s  approximately equiva len t  t o  c o n t r o l  va lues  f o r  tests  

i n  t h e  range 200 t o  600"C, bu t  dropped below 1% f o r  tests  a t  700'C. 

The uniform e longat ion  of i r r a d i a t e d  samples remains near  zero  f o r  

tests  up t o  3OO0C, rises t o  va lues  equiva len t  t o  t h e  va lue  f o r  c o n t r o l  

tests f o r  tests  a t  400 t o  600"C, and r e t u r n s  t o  nea r  ze ro  f o r  tests  

a t  700°C. 

F rac tu re  su r f aces  have no t  y e t  been examined f o r  t h e  de terminat ion  

of f r a c t u r e  mode. 

3.6.5 Conclusions and Future  Work 

I r r a d i a t i o n  of 20%-cold-worked type 316 s ta inless  s t ee l  a t  about 

55OC t o  produce 4.5 t o  10.5 dpa and 180 t o  520 a t .  ppm H e  reduces t h e  

uniform e longat ion  t o  near zero but  has l i t t l e  e f f e c t  on t h e  t o t a l  

e longat ion  o r  s t r e n g t h  p r o p e r t i e s  f o r  t ens i le  tests a t  35OC. Tests  
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Table 3.6.1. Tensile Properties of 20%-Cold-Worked Type 316 
Stainless Steel After HFIR Irradiationa 

Irradiation Parameters 
Test Strength, MPa Elongation, t 

( " C )  0.2% Yield Ultimate Uniform Total 
Fluence Temperature Helium 

dpa (at. ppm) 
>O.  1 MeV 

( x  l o z 6  nlm') 

0.5 4.5 
1.13 8.8 

1.35 10.8 

1.13 8.8 

1.09 8.7 

1.27 10.2 

1.30 10.5 

0.73 5.5 

1.27 10.2 
1.27 10.2 

1 . 2 4  10.0 

1.24 10.0 

0.69 5.4 

Control Samples 

-35 785 817 

-35 836 864 

-35 818 862 
100 708 747 
300 682 719 

450 760 814 

500 475 132 
700 399 410 

Samples Irradiated in HFIR-CTR-16 at -55°C 

180 -35 960 967 
380 -35 943 950 

520 -35 948 954 

380 -35 945 949 
370 -35c 1045 1054 

470 200 844 84 7 
490 300 783 783 

200 300 802 802 

4 70 400 731 763 
4 70 500 634 708 

450 600 563 634 

450 700 415 419 

200 700 398 407 

b 

4.1 12.3 

7.9 17.8 

3.3 11.2 
1.4 4.0 
1.7 6.4 

2.2 6.7 

3.4 7.7 
0.9 15.9 

0.4 5.1 
0.4 14.7 

0.4 12.0 

0.3 11.1 

0.6 9.5 

0.3 6. I 
0.2 5.5 
0.2 5.6 

2.7 7.5 
3 . 6  8.2 

5.3 9.6 

0.3 0.4 

0.4 0.9 

Strain rate 0.0028/min except as noted. a 

*Srrain r a t e  0.00028/min. 
e Strain rate 0.28 min. 
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Fig. 3.6.2. Tens i l e  P r o p e r t i e s  of 20%-Cold-Worked Type 316 Sta in-  
less S t e e l  I r r a d i a t e d  a t  about 55°C i n  Experiment HFIR-CTR-16. 

i n  the temperature range 200 t o  30OoC show the  same t rends  as 35OC 

t e s t s .  

very c l o s e  t o  the  c o n t r o l  values .  Tensi le  t e s t i n g  a t  700°C a f t e r  holding 

the  sample 30 min a t  temperature produces low d u c t i l i t y  but  s t r e n g t h  

va lues  equal  t o  the  c o n t r o l  va lues .  This appears t o  be t h e  onset  of 

helium embrit t lement.  

Tests a t  400 t o  600°C produce e longa t ion  and s t r e n g t h  parameters 

I r r a d i a t i o n  under these  condi t ions  d i d  no t  produce any measurable 

swel l ing.  

F rac tu re  s u r f a c e  examination and l i m i t e d  m i c r o s t r u c t u r a l  exami- 

n a t i o n  w i l l  complete t h i s  work. The d a t a  w i l l  be included i n  the  f u l l  

mat r ix  of i r r a d i a t i o n  condi t ions  on t h i s  a l l o y  i n  d e f i n i n g  t h e  p r o p e r t i e s  

of type 316 s t a i n l e s s  s t e e l  under f u s i o n  r e a c t o r  opera t ing  condi t ions .  

No f u r t h e r  i r r a d i a t i o n  experiments a r e  c u r r e n t l y  planned. 





4 .  PATH B ALLOY DEVELOPMENT - H I G H E R  STRENGTH Fe-Ni-Cr ALLOYS 

Path B a l l o y s  are t h e  Fe-Ni-Cr “supera l loys”  i n  which t e n s i l e ,  

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

t h e  aus t . en i t i c  s t a i n l e s s  s tee ls  are 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  f a s 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 pa th  B a l l o y s  i n  neutron 

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

t o  s e l e c t  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  A D I P  t a sk  group has  s e l ec t ed  f i v e  base research  a l l o y s  

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

deserve  cons ide ra t ion  f o r  fu s ion  r e a c t o r  app l i ca t i ons .  T h e  systems 

under i n v e s t i g a t i o n  inc lude  y, strengthened-molybdenum modified, y’ 
strengthened-niobium modified, y’y” s t rengthened ,  and a high- nickel  

prec ip i ta t ion- s t rengthened a l l o y  (-75% Ni) .  

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

fu s ion  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 rea t ed  by the  f u s i o n  r e a c t o r  neutron spectrum is 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 .  

l im i t ed  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  t h e  base  

r e sea rch  a l l o y s  as 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  are 

e i t h e r  inadequate or degraded t o  an unacceptable l e v e l ,  t h e  i n f luence  

of  composition and micros t ruc ture  on the  response will b e  examined. The 

r e sea rch  program w i l ~ l  be o r i en t ed  toward de terminat ion  of mechanisms 

r e spons ib l e  f o r  t h e  observed proper ty  changes and t h e  e f f e c t s  of metal- 

l u r g i c a l  v a r i a b l e s  on t h e  response. The ob. ject ive i s  t o  develop a b a s i s  

f o r  s e l e c t i o n  of t h e  pa th  B prime candida te  a l l o y ( s ) .  

Data a r e  present ly  being obtained on a 

95 
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4 . 1  THE MICROSTRUCTURE OF N I M O N I C  PE-16 IRRADIATED TO PRODUCE HIGH 
HELIUM CONTENTS - D. N .  Braski  and F. W .  Wiffen ( O m )  

4 . 1 . 1  ADIP Task 

ADIP Task 1.C.3, Microst ructures  and Swelling i n  Higher S t reng th  

Fe-Ni-Cr Alloys. 

4 .1 .2  Object ive  

The o b j e c t i v e  of t h i s  work i s  to c h a r a c t e r i z e  the  micros t ruc tu re  

and measure t h e  swel l ing produced by i r r a d i a t i o n  of Nimonic PE-16 i n  

the  HFIR.  The d a t a  w i l l  be used to p r e d i c t  the  swel l ing  t h a t  would 

occur i n  PE-16 i n  f u s i o n  r e a c t o r  s e r v i c e  and w i l l  be c o r r e l a t e d  w i t h  

mechanical property and f r a c t u r e  mode work on the  same samples  t o  

e s t a b l i s h  the  phys ica l  processes  c o n t r o l l i n g  t h e  proper ty  changes. 

The range of parameters included a r e  i r r a d i a t i o n  temperatures t h a t  

bracket  the  p o s s i b l e  range of a p p l i c a t i o n  temperatures ,  55 t o  7 O O 0 C ,  

and f luences  producing 2 to 22 dpa and 100 t o  5600 a t .  ppm He. 

4 .1 .3  Summary 

I n i t i a l  experiments have begun on the  e f f e c t s  of HFIR i r r a d i a t i o n  

of PE-16, where l a r g e  amounts of helium are produced i n  t h e  a l l o y .  

I r r a d i a t i o n  a t  400 and 650'C produced c a v i t i e s  coated wi th  the  y' 

p r e c i p i t a t e  phase. Af te r  i r r a d i a t i o n  a t  400°C and a helium content  

of 370 a t .  ppm, the  average c a v i t y  s i z e  w a s  16.5 nm; a t  650°C and a 

helium content  of 1030 a t .  ppm, a bimodal c a v i t y  d i s t r i b u t i o n  was 

c rea ted  wi th  average s i z e s  of 3 1 . 3  and 124.0 nm. 

formed a t  400°C bu t  not a t  650'C. A new observat ion f o r  i r r a d i a t e d  

PE-16 was the  p r e c i p i t a t i o n  of M z 3 C 6  i n  t h e  g r a i n  boundaries a t  65OOC. 

Experiments under way should h e l p  exp la in  many of t h e  m i c r o s t r u c t u r a l  

changes i n  these  exp lora to ry  PE-16 specimens. 

Faulted loops were 

4 .1 .4  Progress  and S t a t u s  

During t h i s  r e p o r t i n g  period we  have examined s e v e r a l  s o l u t i o n  

annealed and t e n s i l e  t e s t e d  specimens a s  w e l l  a s  two i r r a d i a t e d  

specimens. The t e s t  cond i t ions  f o r  these  specimens bracket  a l a r g e  
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por t ion  of t h e  PE-16 test matrix. The m i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n  

of these  specimens by t ransmiss ion e l e c t r o n  microscopy ind ica ted  what 

t o  expect i n  PE-16 a f t e r  i r r a d i a t i o n  i n  HFIR. Examination of the  next 

series of specimens should show, i n  d e t a i l ,  the  e f f e c t  of i r r a d i a t i o n  

temperature from about 55 t o  700‘C on the  micros t ruc tu re  and swel l ing  

of PE-16 wi th  a helium content  of about 900 a t .  ppm. 

The composition of PE-16 (heat  NNW-2282) used i n  t h i s  i n v e s t i g a t i o n  

i s  : 

Element : N i  C r  Fe Mo A 1  T i  S i  C Mn 

w t  %: 4 3 . 1  16.5  b a l  3 . 2  1.24  1.18 0 . 2 1  0.05 0 . 0 4  

This composition produces an a u s t e n i t i c  a l l o y  t h a t  can be hardened by 

the  p r e c i p i t a t i o n  of y’ phase. 

Ni3(Al,Ti) and an ordered f c c  s t r u c t u r e  wi th  LZ2 symmetry. A c o n t r o l  

sample t h a t  had been s o l u t i o n  annealed f o r  4 hr  a t  1 0 8 O O C  but  not  aged 

showed i s o l a t e d  i n c l u s i o n s  throughout the  micros t ruc tu re  and no y’. 

This was the  s t a r t i n g  s o l u t i o n  annealed micros t ruc tu re .  A second specimen 

of PE-16 was s o l u t i o n  annealed f o r  2 h r  a t  1121OC and t e n s i l e  t e s t ed  

a t  500°C. Se lec ted  a r e a  e l e c t r o n  d i f f r a c t i o n  (SAD) produced very f a i n t  

(110) y’ super l a t t i c e  r e f l e c t i o n s ,  b u t  i t  was very d i f f i c u l t  t o  image 

the  p a r t i c l e s  under e i t h e r  b r i g h t  f i e l d  o r  dark  f i e l d  condi t ions ,  

apparen t ly  because s o  l i t t l e  p r e c i p i t a t e  was p r e s e n t .  

The y’ phase has  a composition of 

Two a d d i t i o n a l  PE-16 specimens were annealed f o r  2 h r  a t  1 1 2 1 ’ C  

and i r r a d i a t e d  i n  HFIR  under the  condi t ions  l i s t e d  i n  Table 4.1 .1 .  

I r r a d i a t i o n  a t  400’C produced a c a v i t y  concen t ra t ion  of 1 .49  X I O 2 l / m 3 ,  
with an average diameter of 16.5 nm (see  Table 4 . 1 . 1 ) .  The measured 

d i s t r i b u t i o n  of cav i ty  s i z e s  i s  given i n  F i g .  4.1 .1 .  The c a v i t i e s  were 

q u i t e  uniformly d i s t r i b u t e d  throughout the  micros t ruc tu re  and were o f t e n  

found on gra in  boundaries.  Figure  4.1.2 shows some of the  smal l ,  elongated 

c a v i t i e s  l i n i n g  a g r a i n  boundary. 

t h e  c a v i t i e s  dur ing i r r a d i a t i o n ,  a s  shown by t h e  b r i g h t  f i e ld- dark  f i e l d  

s e r i e s  shown i n  Fig.  4 .1 .3  

d i s l o c a t i o n  segments. A l a r g e  number of f a u l t e d  loops were c rea ted  

dur ing  the  i r r a d i a t i o n  and were most c l e a r l y  imaged under weak-beam 

dark- f ie ld  condi t ions .  Figure  4 .1 .4  shows some of these  f a u l t e d  loops 

The y’ phase had p r e c i p i t a t e d  on 

We a l s o  found some i s o l a t e d  y’ p a r t i c l e s  on 



98 

0 N 

- 0  m 
" * 
0 0  0 
d d W  - 0  

d m 
X X d  X M  

U 
<* - 1 1 1  m r l  
m m 2  r l m  
. .  

d d  N 

0 
r- m 

'3 
-3 

/D 
N 
0 
-i 

X 

10 
Ln 

0 

0 
0 
-J 

.a 
0 
m 
0 
d 

r. 

m 

0 
N 
0 
d 

X 

10 
0 

ri 

0 
Ln 
10 



0.- 

0.28 

Y 
0 

$ 0.24 = 
Y 

N - 0.20 z 
Ly 
k 0.16 
4 

u) 

L 0.12- 

2 0.08 
z 
r 
s 

e li 

0.n 

YE-11574 

OIINL.D*O IS>! 

- 

I 
- 

- 
400°C - :I 0' 

I J  
;I 
1 : "  
I &'I 
, I  

~ I I 
l 
I 
I 

1 1  
I )  

6MDC 
- 1  ', ' 

0 - *  ' ' 1 I I 
0 20 40 80 80 100 120 140 1M 180 : 

GRAIN BOUNDARY CAVITIES 

Fig. 4.1 .2 .  Grain Boundary Cavities i n  PE-16 After Irradiation 
i n  HFIR a t  40OoC (4.4 dpa, 370 a t .  ppm He). 



100 

YE-11575 
-1 

II 

P 

I 

Cavities i n  PE-16 After Irradiation in  HFIR a t  400'C 
ppm He) Viewed in  (a) Bright F i e l d ,  and (b) Dark F i e l d  

ef lect ion.  This shows that the cav i t ies  were coated 
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FA ULTED LOOP 

020 zoo YE-1- 

220 

200 020 
Fig. 4 .1 .4 .  Faulted Loops i n  PE-16 After Irradiation a t  400'C ( 4 . 4  dpa, 

370 a t .  ppm He). (a) Imaging with a s a t e l l i t e  spot near a ( i l l )  re f lec t ion  
under weak-beam dark-field conditions shows that loops l i e  on (111) planes. 
(b) Selected-area diffraction pattern showing streaking due to  faulted 
loops i n  [220] directions a t  matrix ref lect ions.  
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under such condi t ions  a long wi th  t h e  SAD p a t t e r n  f o r  t h e  area. 

s t r e a k i n g  a t  t h e  mat r ix  spo t s  i n  t h e  [ 2 2 0 ]  d i r e c t i o n s  w a s  due t o  t h e  

f a u l t e d  loops t h a t  had formed on {111> h a b i t  planes.  

observed any y’ p a r t i c l e s  a s s o c i a t e d  wi th  t h e  f a u l t e d  loops.  

The 

W e  d id  not  

The second specimen examined w a s  i r r a d i a t e d  a t  650’C t o  a h igher  

f luence  and developed a considerably  g r e a t e r  helium content  (see  

Table 4.1.1). 

shown i n  t h e  s i z e  d i s t r i b u t i o n  p l o t s  i n  Fig.  4.1.1 and t h e  micrographs 

i n  Fig. 4.1.5. 

d i s t r i b u t i o n s  were 31.3 and 124.0 nm, r e s p e c t i v e l y .  

l a r g e  c a v i t i e s  were coated w i t h  y’, as demonstrated by t h e  b r i g h t  f i e l d -  

dark- fie ld  series i n  Fig.  4.1.5. Large p r e c i p i t a t e  p a r t i c l e s  on t h e  

g r a i n  boundaries a r e  s h a m  i n  Fig. 4.1.6. 

f i e d  as Mz3Cs by SAD. 

found a t  v a r i o u s  p o i n t s  a long g r a i n  boundaries and e s p e c i a l l y  a t  t r i p l e  

po in t  junc t ions .  

and v i r t u a l l y  a l l  t h e  y’ w a s  loca ted  on t h e  c a v i t i e s .  

The micros t ruc tu re  contained a bimodal c a v i t y  d i s t r i b u t i o n  

The average diameters f o r  t h e  small and l a r g e  c a v i t y  

Both small and 

The p r e c i p i t a t e s  were i d e n t i-  

Large i r r e g u l a r l y  shaped c a v i t i e s  w e r e  a l s o  

No loops  w e r e  observed f o r  t h i s  i r r a d i a t i o n  temperature,  

The observat ion of cavities coated wi th  y’ is c o n s i s t e n t  w i t h  t h e  

observat ions  of Sklad e t  al . , ’”  who found y’-coated voids  i n  PE-16 

i r r a d i a t e d  i n  EBR-11. 

t h i s  - b u t  only a t  t h e  lower i r r a d i a t i o n  temperature.  

y. on l a r g e ,  p e r f e c t  loops ,  whi le  t h e  HFIR i r r a d i a t i o n  a t  400°C produced 

f a u l t e d  loops wi thout  y’ a t tached .  

are seen i n  m i c r o s t r u c t u r a l  response of PE-16 t o  EBR-I1 and HFIR 

i r r a d i a t i o n ,  many d i f f e r e n c e s  are a l s o  c l e a r l y  seen. 

s u r p r i s i n g  s i n c e  t h e  HFIR i r r a d i a t i o n  produced much more helium. 

S i g n i f i c a n t l y ,  l a r g e  q u a n t i t i e s  of M23C6 p r e c i p i t a t e d  o u t  i n  t h e  g r a i n  

boundaries a t  650’12. This is be l ieved  t o  be the f i r s t  t i m e  t h a t  t h i s  

ca rb ide  h a s  been observed i n  i r r a d i a t e d  PE-16. 

d i s t r i b u t i o n  a t  650’12 i s  a l s o  an important  observat ion.  

e a r l y  t o  s p e c u l a t e  on t h e  mechanisms causing these  changes i n  PE-16 

dur ing i r r a d i a t i o n ,  Kut upcoming experiments should h e l p  shed some 

l i g h t  on‘them. 

Sklad found Y’ on d i s l o c a t i o n s ,  and we observed 

Sklad a l s o  found 

Therefore,  whi le  some similarities 

This is n o t  too 

The bimodal c a v i t y  

It is too  
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F i g .  4 . 1 . 5 .  Cavities i n  PE-16 After Irradiation i n  HFIR a t  650°C 
( 8 . 7  dpa, 1030 a t .  ppm He). (a) Bright f i e l d  view. (b) Dark f i e l d  imaged 
dith a (110) y -  ref lect ion,  showing that the cav i t ies  were coated with 
y’. C = reference point. 
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LARGE‘S. b. CAVITY M2\3 ‘6 

MATRIX - 
M23 ‘6 -1 
7- 
M23 ‘6 - 

Fig. 4.1.6. Large Irregular Cavity and M23C6 Precipitate in Grain 
Boundary of PE-16 After Irradiation in HFIR (8.7 dpa, 1030 at. ppm He). 
Selected area diffraction pattern of area shows matrix, M23C6) and y’ 
reflections. 
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The c a v i t y  p r o p e r t i e s  measured by transmission e l e c t r o n  micros- 

copy lead t o  a calcu1a:ed swel l ing of 0.35% f o r  i r r a d i a t i o n  a t  400°C 

and 2.59% f o r  i r r a d i a t i o n  a t  650°C. Immersion d e n s i t y  measurements 

on t h e  same samples gave swel l ing va lues  of 0.32 and 0.51%, r e s p e c t i v e l y .  

The agreement f o r  t h e  sample i r r a d i a t e d  a t  400°C i s  exce l l en t .  

the  sample i r r a d i a t e d  a t  65OoC, we have not  y e t  been a b l e  t o  r e s o l v e  

the  source of the  discrepancy.  Measurement of the  l eng th  change 

produced by the  i r r a d i a t i o n  of the  sample ind ica ted  only a small amount 

of swel l ing  i n  t h i s  sample, l e s s  than 0.1%. The r e l a t i v e  agreement 

of the  d e n s i t y  and geometry measurements i n d i c a t e  t h a t  the  problem i s  

i n  t h e  q u a n t i t a t i v e  microscopy. More work w i l l  be required t o  s o r t  

ou t  t h i s  discrepancy.  

For 

4.1.5 Conclusions 

1. I r r a d i a t i o n  of PE-16 in HFIR a t  400 and 650°C produced 

c a v i t i e s  coated wi th  y' phase. 

2 .  A s i n g l e  c a v i t y  s i z e  d i s t r i b u t i o n  with an average diameter 

of 16.5 nm was produced a t  4 O O 0 C ,  whi le  a bimodal d i s t r i b u t i o n  wi th  

average s i z e s  of 31.3 and 124.0 nm w a s  produced a t  650'C. 

3. Faulted loops with a {111} h a b i t  plane were produced a t  

4 O O 0 C ,  bu t  none were found a f t e r  i r r a d i a t i o n  a t  650'C. 

4 .  During i r r a d i a t i o n  a t  65OoC, M 2 3 C 6  p r e c i p i t a t e d  ou t  on the  

g r a i n  boundaries of PE-16. 

i r r a d i a t i o n  a t  400'C. 

The ca rb ide  w a s  n o t  observed a f t e r  
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5. PATH C ALLOY DEVELOPMENT - REACTIVE AND REFRACTORY ALLOYS 

Two d i s t i n c t  and s e p a r a t e  subgroups f a l l  under t h e  broad c l a s s i -  

f i c a t i o n  of pa th  C a l l o y s .  

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

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

reg ions  of fu s ion  r e a c t o r s  and assessments of t h e  known and ex t r apo la t ed  

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  reactive metal a l l o y s  

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

t h e  most promise f o r  fus ion  r e a c t o r  a p p l i c a t i o n s .  For both t h e  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 ,  t h e r e  i s  an  extreme l a c k  of d a t a  t h a t  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 rengthened ,  s i n g l e  o r  mul t iphase) .  In 

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

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

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

mechanical behavior  are not  adequately known, perhaps t h e  most alarming 

de f i c i ency  i s  t h e  near  t o t a l  l a c k  of base- l ine  information on t h e  e f f e c t s  

of c y c l i c  ( f a t i gue )  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 h e  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  

experience,  t he se  a l l o y s  a r e  s t i l l  i n  a "scoping study" phase of t h e i r  

eva lua t ion  as candida tes  f o r  fu s ion  r e a c t o r  f i r s t - w a l l  ma te r i a l s .  

These subgroups are convenient ly c l a s s i f i e d  

Analyses 

The ADIP 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 t w o  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 genera l ly  c l a s s i f i e d  according t o  the  

r e l a t i v e  amounts of u (hcp) and 6 (bcc) phases t h a t  they conta in .  The 

t i t an ium a l l o y s  s e l e c t e d  r ep re sen t  the  t h r e e  a l l o y s  ( types  ci p l u s  8 ,  
u r i c h ,  and f? r i c h ) .  Vanadium and niobium a l l o y s  are no t  i n  cormnercial 

use  as a r e  t h e  o ther  a l l o y  systems i n  t h e  program. Se l ec t ion  of t h e  

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

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

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

5% T i ,  and Vanstar 7 .  The b inary  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  bu t  

is r a t h e r  weak. The tern-ary V-1576 Cr-5% T i  and prec ip i ta t ion --s t rengthened  

107 
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Vanstar 7 alloys are significantly stronger. 

alloy is included as a reference material, since a significant 

amount of data exists for this alloy irradiated in fast reactors. 

The alloy Nb5% M + l %  Zr is much stronger than the binary and can be 

developed for applications near 800°C. 

The Nbl% Zr binary 

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

data on the unirradiated mechanical properties, corrosion and com- 

patibility, 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 
(Hejdpa production). The objective is to develop sufficient under- 
standing of the behavior of path C alloy systems (Ti, V, and Nb alloys) 

to allow selection of path C base research alloys. 
composition and microstructure on alloy performance will then be 

investigated in the base research alloys. 

The effects of 
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5 .1  SELECTION OF TITANIUM ALLOYS FOR PATH C SCOPING STUDIES - 
J .  W .  Davis (McDonnell Douglas As t ronau t ics  Company - S t .  Louis) .  

5 .1 .1  ADIP Task 

Tasks 1.B.3, 1 . B . 7 ,  1 . B . 1 1 ,  1.B.15, 1 . C . 4 ,  and 1.C.8 c o l l e c t i v e l y  

t o  provide b a s i c  understanding of f a t i g u e  crack propagation (FCP), s t r a i n  

c o n t r o l l e d  f a t i g u e  (SSCF), s t r e s s  rup ture  r e s i s t a n c e  (SR) ,  t e n s i l e  

s t r e n g t h  and d u c t i l i t y ,  swel l ing,  and i r r a d i a t i o n  creep of Path C a l l o y .  

Task 1 . D . 1  - To provide a s t o c k  p i l e  source  of common material t o  

be used i n  a l l  phases of the  Off ice  of Fusion Energy Research Program. 

5.1.2 Object ive  

To s e l e c t  r e p r e s e n t a t i v e  t i t an ium a l l o y  systems and heat  t rea tments  

f o r  t h e  Path C scoping s t u d i e s .  

5 .1 .3  Summary 

Titanium a l l o y s  o f f e r  p o t e n t i a l  f o r  use a s  fus ion  r e a c t o r  s t r u c t u r e  

based on t h e i r  s t r e n g t h ,  low thermal s t r e s s e s ,  and coolant  c o m p a t i b i l i t y .  

However, l i t t l e  o r  nothing is known about the  mechanical proper ty  response 

of t i tanium alloys t o  r a d i a t i o n  damage. To provide more information,  

t i t an ium a l l o y s  were included a s  p a r t  of t h e  Path C Refractory/React ive  

metal  scoping s t u d i e s .  The o b j e c t i v e  of t h e s e  s t u d i e s  i s  t o  assess t h e  

general  response o f  t h e  Path C m a t e r i a l s  t o  t h e  r a d i a t i o n  environment. 

In  s e l e c t i n g  t h e  t i t an ium a l l o y s  t o  be included i n  these  s t u d i e s ,  a 

wide v a r i e t y  of compositions and heat  t r ea tments  were c a r e f u l l y  examined 

before  t h e  f i n a l  6 a l l o y s / h e a t  t r ea tments  were s e l e c t e d .  

s e l e c t e d  a r e  Ti- 6242s (Ti-6A1-2Sn-4Zr-ZMo-O.O9Si), Ti-5621s (Ti-5A1-6Sn- 

2Zr-lMo-0.25Si). Ti-38-6-44 (Ti-3A1-8V-6Cr-4Mo-4Zr) and Ti-6A1-4V. They 

a r e  r e p r e s e n t a t i v e  of t h e  t h r e e  major c l a s s e s  of t i t an ium a l l o y s ,  i d e n t i-  

f i e d  by t h e i r  primary phase c o n s t i t u e n t ,  a lpha ,  be t a ,  and a lpha p lus  be ta .  

Since t h e  m e t a l l u r g i c a l  cond i t ion  may a f f e c t  t h e  r a d i a t i o n  damage response,  

t h r e e  d i f f e r e n t  hea t  t r ea tments  (which produce t h r e e  d i s t i n c t  micro- 

s t r u c t u r e s )  were s e l e c t e d  f o r  t h e  alpha p lus  b e t a  a l l o y  Ti-6A1-4V. 

The a l l o y s  

Af te r  t h e  a l l o y s  and t h e i r  compositions were i d e n t i f i e d ,  a l e t t e r  

desc r ib ing  t h e  requirements f o r  t h e  t i t an ium a l l o y s ,  along wi th  t h e  
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s e l e c t e d  a l l o y s  and heat  t r ea tments  was s e n t  t o  va r ious  l a b o r a t o r i e s ,  

i n d u s t r i e s ,  and u n i v e r s i t i e s  s o l i c i t i n g  t h e i r  comments. In  genera l ,  

t h e r e  is  concurrence w i t h  t h e  a l l o y s  s e l e c t e d  and no s i g n i f i c a n t  d i s -  

agreements have surfaced.  A s  a r e s u l t ,  a t i t an ium inventory has been 

e s t a b l i s h e d  conta ining 0.8-1.2 mm shee t  of t h e  four  a l l o y s  and s i x  heat  

t reatments .  

5.1 .4  Progress  and S t a t u s  

Titanium a l l o y s  a r e  one c l a s s  of m a t e r i a l s  t h a t  a r e  c u r r e n t l y  being 

considered f o r  f u s i o n  r e a c t o r  f i rs t  wal l  and blanket  s t r u c t u r e .  However, 

l i t t l e  i s  known about t h e  r e l a t i v e  r e s i s t a n c e  of t i t an ium a l l o y s  t o  

r a d i a t i o n  damage, e s p e c i a l l y  a t  t h e  f l u e n c e  and temperature l e v e l s  of 

i n t e r e s t .  The purpose of t h e s e  s t u d i e s  i s  t o  a s s e s s  t h e  genera l  response 

of t h e  Path C metals  t o  t h e  r a d i a t i o n  environment, then a t  a l a t e r  da t e ,  

s p e c i f i c  a l l o y s  and systems w i l l  be s e l e c t e d  f o r  base  research  s t u d i e s .  

Over t h e  pa s t  20 y e a r s  a cons iderab le  e f f o r t  has  been devoted t o  

developing t i t a n i u m  a l l o y s  f o r  aerospace a p p l i c a t i o n s .  These s t u d i e s  have 

revealed t h a t  s p e c i f i c  phases o r  mic ros t ruc tu re  p resen t  i n  t i t an ium can 

a f f e c t  p r o p e r t i e s ,  such a s  creep,  f a t i g u e  and t e n s i l e  s t r eng th .  It i s  f o r  

t h i s  reason  t h a t  t h e  m i c r o s t r u c t u r a l  changes brought about by a l l o y i n g  

a r e  t h e  b a s i s  f o r  t h e  c l a s s i f i c a t i o n  of t i t an ium a l l o y s  i n t o  a lpha (HCP), 

b e t a  (BCC) o r  alpha- beta groups. In  genera l ,  t h e  s i n g l e  phase and near  

s i n g l e  phase a lpha a l l o y s  ( t he se  a l l o y s  have a smal l  amount of b e t a  phase 

p resen t )  e x h i b i t  good w e l d a b i l i t y  and are n o t  h e a t  t r e a t a b l e .  

medium s t r e n g t h ,  good notch toughness and creep r e s i s t a n c e  a t  e leva ted  

temperatures ,  e s p e c i a l l y  i f  they con ta in  s i l i c o n  which enhances t h e  creep 

s t r e n g t h  of t h i s  type of a l l o y .  Near alpha o r  super  a lpha type of a l l o y s  

were developed f o r  s t a b i l i t y  and s t r e n g t h  a t  e leva ted  temperatures 

(400-500°C). 

cool ing from t h e  s o l u t i o n  t r e a t i n g  temperature a r e  r e f e r r e d  t o  a s  b e t a  

a l l oys .  Beta o r  near- beta a l l o y s  a r e  not  considered a s  weldable, however, 

t h e r e  are some except ions .  

capable  of high s t r e n g t h s ,  f a i r  creep r e s i s t a n c e ,  and good fo rmabi l i ty .  

These a l l o y s  a r e  genera l ly  not  s t a b l e  f o r  long t imes above 4OOOC. 

They have 

The a l l o y s  t h a t  c o n s i s t  l a r g e l y  of t h e  b e t a  phase on a i r -  

They are h igh ly  h e a t  treatable and a r e  



The d p h a - b e t a  a l l o y s  usua l ly  c o n t a i n  10-50% b e t a  phase a t  room tempera- 

tu r e .  They are  heat  t r e a t a b l e  and a r e  usua l ly  weldable i f  t h e  amount of 

b e t a  phase i s  kept  below 20%. They have good f a b r i c a t i o n  c h a r a c t e r i s t i c s ,  

high room temperature s t r e n g t h  and moderate e leva ted  temperature s t r eng th .  

The creep s t r e n g t h  of t h e s e  a l l o y s  is usua l ly  not as high a s  t h e  near  

alpha a l l o y s .  

Since r e p r e s e n t a t i v e  a l l o y s  of each of these  types  have p r o p e r t i e s  

o r  c h a r a c t e r i s t i c s  which o f f e r  advantage i n  t h e  f u s i o n  a p p l i c a t i o n ,  

without an i n d i c a t i o n  on how t h e  mechanical p r o p e r t i e s  might change dur ing  

i r r a d i a t i o n ,  i t  i s  impossible t o  make a judgement regarding which a l l o y s  

o r  type of a l l o y s ,  o f f e r  t h e  most p o t e n t i a l .  A s  a r e s u l t ,  t h e  t i t a n i u m  

a l l o y s ,  f o r  t h e  scoping s t u d i e s  should inc lude  a l l o y s  which a r e  represen-  

t a t i v e  of a broad range of promising compositions and micros t ruc tu res .  

Towards t h i s  end i t  w a s  determined t h a t  a l l o y s  r e p r e s e n t a t i v e  of t h e  

a lpha ,  be t a ,  and a lpha p lus  b e t a  c l a s s e s  of t i t an ium a l l o y s  should be 

included i n  t h e  scoping s t u d i e s .  

5.1.4.1 Alpha Alloy S e l e c t i o n  

A t  t h e  p resen t  time t h e r e  a r e  a l a r g e  number of a lpha o r  near  a lpha 

a l l o y s  t h a t  are commercially a v a i l a b l e  o r  have been developed t o  t h e  

e x t e n t  t h a t  they have a reasonable  d a t a  base  behind them. These a l l o y s  

range from t h e  s i m p l e  t e r n a r y  (Ti-3A1-2.5V) to t h e  higher  s t r e n g t h  complex 

a l l o y s  such a s  T i- 1 1  (Ti-6Al-2Sn-1.5Zr-1Mo-0.35 Bi-O.1Si). Of t h e s e  

a l l o y s ,  two appear t o  o f f e r  a good combination of s t r e n g t h  and w e l d a b i l i t y .  

These a l l o y s  a r e  Ti-6242s (Ti-6Al-ZSn-4Zr-ZMo-0.09Si) and Ti-5621s 

(Ti-5A1-6Sn-2Zr-lMo-0.25Si). 

temperature j e t  engine s e rv i ce .  

temperature s t r e n g t h  and s t a b i l i t y  than p rev ious ly  developed a l l o y s  f o r  

temperatures up t o  550°C. The Ti-5621s a l l o y  w a s  developed, t o  achieve 

higher  creep s t r e n g t h  than Ti- 6242  i n  t h e  temperature range of 450-5OO0C. 

T h i s  is l a r g e l y  accomplished by t h e  a d d i t i o n  of s i l i c o n  which is a s o l i d  

s o l u t i o n  s t reng thener .  

r e t e n t i o n  of d u c t i l i t y  ( s t a b i l i t y )  f o r  a i r  exposures of >lo00 hours a t  

48OoC, under a s t r e s s  t o  y i e l d  0.1% deformation. 

began t o  l o s e  d u c t i l i t y  ( reduc t ion  i n  a r e a  decras ing from 24 t o  10%) f o r  

The Ti-6242 a l l o y  was developed f o r  high 

A s  such it possesses  b e t t e r  e leva ted  

E a r l y  eva lua t ion  of t h i s  a l l o y  i n d i c a t e d  good 

Above 50OoC t h e  a l l o y  . 



5000 hours a t  0.1% creep s t r a i n .  There i s  a quest ion,  however, whether 

o r  not  t h i s  l o s s  i n  d u c t i l i t y  was a r e s u l t  of phase i n s t a b i l i t y  because 

of t h e  combined high l e v e l s  of aluminum, t i n ,  and s i l i c o n  o r  promoted by 

t h e  presence of oxygen from t h e  high temperature oxidat ion.  Since t h i s  

a l l o y  has good s t a b i l i t y  up t o  500°C and w i l l  no t  be i n  an ox id iz ing  

environment, i t  was recommended t o  include i t  as p a r t  of t h e  scoping 

s t u d i e s .  I n  add i t i on ,  t h e  lower concen t ra t ion  of molybdenum (0.5-0.9%) 

than Ti-6242 (1.75-2.25%) r e s u l t s  i n  a s l i g h t  reduct ion i n  r a d i o a c t i v i t y  

and may g ive  i n s i g h t  i n t o  t h e  e f f e c t  of e l imina t ing  molybdenum from 

t i tanium.  Subsequent t o  t h e  development of Ti-5612S, a s i m i l a r  s i l i c o n  

a d d i t i o n  was made t o  Ti-6242 w i t h  t h e  r e s u l t a n t  improvement i n  creep 

s t r eng th .  With t h e  improvement i n  creep s t r e n g t h  of Ti-62425 and t h e  

l a r g e r  d a t a  base  than Ti-5621S, i t  was a l s o  recommended f o r  t h e  scoping 

s t ud i e s .  

Even though t h e  a lpha a l l o y s  are not  hea t  t r e a t a b l e ,  t h e  small 

amounts of b e t a  phase p resen t  i n  t h e  near  o r  super- alpha a l l o y s  al lows 

some response t o  heat  t reatment .  These heat  t rea tments  which are modi- 

f i c a t i o n s  of t h e  anneal ing c y c l e  help  t o  enhance c e r t a i n  p r o p e r t i e s  such 

a s  c reep  o r  f r a c t u r e  toughness. P o s s i b l e  hea t  t rea tments  c o n s i s t  of s in-  

g l e  (mill),  duplex,  t r i p l e x  and b e t a  anneals .  

cond i t ion  is t h e  one most commonly used because it provides  a reasonable  

balance between e leva ted  temperature s t r e n g t h ,  s t a b i l i t y ,  and f r a c t u r e  

toughness. The t r i p l e x  anneal  p r imar i ly  improves room temperature 

s t r e n g t h  and s i n c e  most of t h e  f u s i o n  r e a c t o r  des igns  a r e  no t  room 

temperature s t r e n g t h  l i m i t e d  t h e r e  does no t  appear t o  be any advantage i n  

us ing t h i s  heat  t r ea tment .  The b e t a  anneal  has been recommended by t h e  

people a t  t h e  Naval Research Laboratory (NRL) i n  p lace  of t h e  duplex 

annea1.l  This  recommendation i s  based on flaw growth d a t a  developed by 

NRL on Ti-6A1-4V which shows t h a t  t h e  growth r a t e  i s  decreased by an 

order  of magnitude below t h a t  of a m i l l  anneal . '  

meeting a s e r i e s  of d i scuss ions  were held wi th  t i t an ium research  personnel 

and t h e  t i t an ium supp l i e r s .  9 These d i scuss ions  considered proposed 

opera t ing  environments, p roper ty  requirements and hea t  t reatment .  Based 

on t h e s e  d i scuss ions  both TIMET and RMI independently recommended t h a t  

t h e  Beta anneal  only be evaluated i n  conjunct ion wi th  t h e  duplex anneal .  

Of t hese  4 anneals  t h e  duplex 

Subsequent t o  t h e  NRL 
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However, i f  only one hea t  t rea tment  can be considered,  ( t h e  case  f o r  

the  scoping s t u d i e s )  they recommended t h e  duplex anneal .  Their  chief  

concern over t h e  b e t a  anneal  i s  t h a t  it reduces t h e  d u c t i l i t y  which may 

be a problem a f t e r  i r r a d i a t i o n .  A s  an a l t e r n a t e  they proposed a modified 

duplex annea l  which c o n s i s t s  of s o l u t i o n  t r e a t i n g  15-30 degrees below t h e  

b e t a  t ransus  followed by a s t a b i l i z a t i o n  t reatment .  

t h a t  t h i s  hea t  t rea tment  w i l l  improve t h e  flaw growth c h a r a c t e r i s t i c s  

without degrading t h e  d u c t i l i t y .  Based on t h e i r  recommendation, i t  was 

concluded t h a t  t h e  modified duplex anneal  hea t  t rea tment  b e  used f o r  

Ti-5621s and Ti-6242s. 

It i s  t h e i r  opinion 

5.1.4.2 Beta Alloy S e l e c t i o n  

The c u r r e u t  b e t a  a l l o y s  do not  appear t o  have t h e  s t a b i l i t y  o r  t h e  

s t r e n g t h  f o r  t h e  long term s e r v i c e  a t  temperatures >4OO0C.  

b e t a  a l l o y s  a r e  of i n t e r e s t  because of a concern t h a t  t h e  h.c.p.  s t r u c t u r e  

of t i t an ium may exper ience t h e  same a n i s o t r o p i c  growth t h a t  occurs i n  
i r r a d i a t e d  zirconium. Since t h e  b e t a  a l l o y s  have a higher  percentage of 

b e t a  phase (bcc) than t h e  a lpha a l l o y s ,  t h i s  growth should be minimized 

i f  it occurs.  Of t h e  a v a i l a b l e  b e t a  a l l o y s ,  t h e  Beta I11 (Ti-11.5Mo-6Zr- 

4.5Sn), Ti-38-6-44 (Ti-3A1-8V-6Cr-4Mo-4Zr), and Ti-15-3 (Ti-15V-3Cr- 

3A1-3Sn) appear t o  have good s t a b i l i t y .  The Ti-38-6-44 a l l o y  appears 

t o  have a s l i g h t l y  more b e t a  s t a b i l i z e d  composition than t h e  Beta 111. 
Both t h e  Beta I11 and t h e  Ti-38-6-44 have a f a i r l y  w e l l  developed 

d a t a  base.  The Ti-15-3 is a r e l a t i v e l y  new a l l o y  and as such does 

no t  appear t o  have as good a d a t a  base  as e i t h e r  Ti-38-6-44 o r  Beta 

111. Afte r  reviewing t h e  a v a i l a b l e  informat ion on t h e  b e t a  a l l o y s ,  

and t h e i r  a v a i l a b i l i t y ,  it w a s  recommended t h a t  t h e  Ti-38-6-44 a l l o y  i n  

t h e  s o l u t i o n  t r e a t e d  and over-aged condi t ion  be used i n  t h e  scoping 

s t u d i e s .  

However, t h e  

5.1.4.3 

Of t h e  a v a i l a b l e  a lpha  p lus  b e t a  a l l o y s ,  Ti-6Al-4V appears t o  be t h e  

Alpha P l u s  Beta Alloy S e l e c t i o n  

b e s t  a l l o y  f o r  t h e  scoping s t ud i e s .  

1954 and is r e p r e s e n t a t i v e  of an a l l  purpose a l l o y .  

This  a l l o y  was f i r s t  developed i n  
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It has been and i s  s t i l l  being ex tens ive ly  used i n  t h e  aerospace 

indus t ry .  It  is commercially a v a i l a b l e  i n  s tandard m i l l  forms, i s  weld- 

a b l e  and has a l a r g e  d a t a  base .  

which d i f f e r  from one another  p r imar i ly  i n  i n t e r s t i t i a l  and i r o n  con ten t .  

Because i m p u r i t i e s  can in f luence  t h e  f r a c t u r e  toughness of t i t a n i u m  

a l l o y s ,  t h e  e x t r a  low i n t e r s t i t i a l  grade ( E L I )  i s  p r e f e r r e d  even though 

t h e  s t r e n g t h  w i l l  be lower than t h e  more conventional  grades.  

Several  grades a r e  c u r r e n t l y  produced 

Since Ti-bA1-4V i s  a heat  t r e a t a b l e  a l l o y ,  t h e r e  a r e  a v a r i e t y  of 

d i f f e r e n t  heat  t r ea tments  a v a i l a b l e ,  each of which produces a d i f f e r e n t  

mic ros t ruc tu re  and improves a d i f f e r e n t  proper ty .  The m i l l  anneal  

( t y p i c a l l y  2 hours a t  730°C followed by a i r  or  rap id  furnace cool)  

e s s e n t i a l l y  r e s u l t s  i n  moderate s t r e n g t h  bu t  good d u c t i l i t y .  The low 

temperature anneal  i n  t h e  a lpha p lus  b e t a  reg ion  produces a micros t ruc tu re  

c o n s i s t i n g  of equiaxed alpha and i n t e r g r a n u l a r  b e t a  (See Figure  5 .1 .1a) .  

This heat  t rea tment  and t h e  r e s u l t a n t  p r o p e r t i e s  are w e l l  charac te r ized  

and covered by var ious  m i l i t a r y  and aerospace handbooks and s p e c i f i c a-  

t i o n s .  5 9 6 9  

ness ,  s p e c i a l i z e d  anneal ing t rea tments  have been developed such a s  t h e  

r e c r y s t a l l i z a t i o n  anneal ,  the  duplex anneal ,  and t h e  b e t a  anneal .  The 

r e c r y s t a l l i z a t i o n  anneal  usua l ly  c o n s i s t s  of 4 o r  more hours a t  925"C, 

followed by a furnace coo l  t o  7 6 O 0 C ,  a rap id  cool  t o  350"C, and a i r  cool- 

ing  t o  room temperature.  The higher  temperature anneal  i n  t h e  alpha p l u s  

b e t a  reg ion  a l s o  produces a micros t ruc tu re  similar t o  t h e  m i l l  anneal  

m a t e r i a l ,  equiaxed a lpha  and i n t e r g r a n u l a r  b e t a  ( see  Figure  5 .1 .1 .b) .  

The duplex anneal  c o n s i s t s  of 10 minutes a t  940"C, followed by a i r  cool ing 

and a s t a b i l i z a t i o n  of 4 hours a t  675"C, and a i r- cool ing  t o  room tempera- 

t u r e .  By s o l u t i o n  t r e a t i n g  t h e  m a t e r i a l  j u s t  below t h e  b e t a  t r a n s u s  and 

a i r  o r  r a p i d  cool ing,  produces a mic ros t ruc tu re  c o n s i s t i n g  of primary 

a lpha i n  a matrix of transformed be t a ;  t h i s  l a t t e r  c o n s t i t u e n t  i s  referred.  

t o  a s  a c i c u l a r  a lpha.  The subsequent aging o r  s t a b i l i z i n g  a t  a lower 

temperature i n  t h e  a lpha p lus  b e t a  f i e l d  s t a b i l i z e s  t h e  micros t ruc tu re  by 

al lowing t h e  super  s a t u r a t e d  a lpha phase t o  achieve equ i l ib r ium through 

t h e  p r e c i p i t a t i o n  of b e t a  ( see  Figure  5 .1 . l . c ) .  

accomplished by s o l u t i o n  t r e a t i n g ' a t  1040°C f o r  30 minutes,  followed by 

a i r  cooling and over-aging a t  730°C f o r  2 hours and a i r  cool ing t o  room 

For higher  t e n s i l e  s t r e n g t h s  and improved f r a c t u r e  tough- 

The b e t a  anneal  is 



115 

(b) RECRYSTALLIZATION ANNEAL 

400 X 
(C) DUPLEX ANNEAL 

13- 1437 

200 x 
(d) BETA ANNEAL 

Figure 5.1.1 Microstructures of Ti-GA I-4V After various Heat Treatments 

temperature. Solution treatment above the beta transus eliminates the 

primary alpha constituent in the microstructure and leaves an acicular 

alpha (transformed beta) structure, with alpha at the prior beta grain 

boundaries. On aging, this structure is stabilized through the precipi- 
tation of minor amounts of beta (see Figure 5.1.1.d). 
differs from the duplex annealed structure in that no primary alpha is 

present. 

This structure 

For the highest t'ensile strength, there is a heat treatment 
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eferred to as solution treat and age (STA), however, this heat treatment 

ends to lower toughness and ductility and as a result was not considered. 

Studies on the life limiting failure modes of typical first walls, 

evealed that the most likely failure was crack-induced coolant leakage. 
,9,10 

itanium alloys and heat treatments. 

n the mechanical properties of Ti-6Al-4V (and to gain an understanding of 
icrostructure-irradiation effects relationships) it was recommended that 

t least two flaw growth resistant heat treatments be included in the 

coping studies. The two selected were the beta anneal and the duplex 

nneal. To serve as a reference the mill anneal was also recommended. 

Therefore, flaw growth will be an important parameter in selecting 
To evaluate the effect of irradiation 

.1.4.4 Coordination with Titanium Community 
Subsequent to the above recommendation of titanium scoping alloys 

nd heat treatments, a letter was sent to the various laboratories, 
itanium producers, and members of the titanium metallurgy committee of 

he AIME. In the letter the requirements of the titanium alloys, along 

Lth some of the rationale for their selection was described and their 

Esponse or comments were solicitated. 

Lgnificant disagreements were found with the exception of N U ' S  comments, 

Srt of which were discussed earlier. Their specific comments were to 

ibstitute a recrystallization anneal for the mill annealed condition of 

L-6A1-4V and a beta anneal in place of the duplex anneal of Ti-6242s. 

iey recommended that the Ti-5621s alloy be eliminated in favor of Ti-6211 

Pi-fiA1-2Cb-lTa-0.8Mo). 

$commendation for Ti-6211 and instead suggested Ti-662 (Ti-6Al-6V-ZSn) 

3 a substitute.ll 

reatments was discussed earlier. 

52 for Ti-5621S, the 662 is a heat treatable titanium alloy of the alpha 

Lus beta class. It is similar to the Ti-6Al-4V alloy except that it is 

)t classified as a weldable alloy even though some welds have been 

iccessfully made. 

le elevated temperature creep strength of Ti-5621S, its' substitution 

or "-5621s is not advantageous. Since it is not a weldable alloy, it 

id not appear feasible to substitute it for the other alpha plus beta 

l10y Ti-6Al-4V. 

Of the people who responded, no 

Subsequent to that meeting they withdrew the 

The response to the recommended substitution of heat 

With respect to the substitution of 

Since it is not a near alpha alloy and does not have 



117 

TI-62425 
TI-56215 
Ti-38644 

With respect to the substitution of the recrystallization anneal for 

the mill anneal, after careful consideration, the mill anneal was selected. 

The recrystallization anneal primarily increases fracture toughness and 

two other heat treatments that improve fracture toughness are already 

included. 

annealed material are Well documented and in several design handbooks 

whereas the recrystallization anneal is not. 

The second reason is that the properties of specific mill 
697 

T4-6A I -2%-4Zr-2Mo-0.0951 DUPLEX ANNEAL 
T1-5A I-6S-2Zr-1 Mo-0.2551 DUPLEX ANNEAL 
TI-% I -8V-6Cr-ZMo-4Zr SOLUTION TREAT AND AGE 

5.1.4.5 Titanium Inventory 
In order to fulfill the requirements of-the various experiments, a 

titanium inventory has been established. This inventory contains all 

of the recommended scoping alloys and their respective heat treatments. 

While the majority of the alloys are in the form of 0.8-1.2 mm sheet, 

heavier gauges are being added such as 2.5 and 5 mm Ti-5621s and 3.2 mm 

Ti-6242s. In order to accommodate the pressurized tube tests, rod stock 

has been ordered for all of the alloys with the exception of Ti-6242s 

which will not be available in time for the planned EBR-I1 irradiation 

tests. 

5.1.5 Conclusions 

The recommended titanium alloys for the Path C scoping studies and 
their respective heat treatments are presented in Table 5.1.1. These 
recommendations are based on careful consideration of the comments and 

suggestions of people from the national laboratories, titanium industry, 
and other experts in the field of titanium. 

Table 5.1.1 Recommended Titanium Alloys and Heat Treatments for Scoping Studies 

I ALLOY DESIGNATION I COMPOSITION %BY WEIGHT 1 CONDITION 
I I TI-6T4 I Ti-6A I-4V I MILLANNEAL 

I 

DUPLEX ANNEAL 
BETA ANNEAL 
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5.2 TECHNICAL ASSESSMENT O F  VANADIUM-BASE ALLOYS FOR FUSION REACTOR 

APPLICATIONS - .  R. E. Gold, D. L. Harrod, R. L. Ammon, R. W. Buckman, 
Jr., and R. C. Svedberg (Westinghouse Electric Corporation) 

5.2.1 ADIP Tasks 

I.A.l. Define material property requirements (Path C) 

I.A.2. Define test matrices and procedures (Path C) 
I.A.3. Chemical/metallurgical compatibility analyses (Path C)  

5.2.2 Objective 

The available literature and technical data on vanadium and vanadium- 

base alloys were compiled, reviewed and summarized for the purpose of 

establishing an informed, current basis of understanding of the mechanical, 

chemical and irradiation response characteristics of vanadium-base alloys 

in the context of their potential application to fusion reactor develop- 

ment. Specific objectives included identification of critical vanadium 

alloy data needs for life assessment models used in parametric systems 

and design studies, and the development of the rationale and criteria 

appropriate to the selection of alloy compositionalfmetallurgical vari- 

ables, the evaluation of alloy performance, and recommendations for 

laboratory/reactor test requirements and controls. 

5.2.3 Summary 

A large data base has been compiled on vanadium-base alloys but the 

data base on any one alloy is quite limited. Great flexibility exists 

in the composition-microstructure-property relationship and this facili- 

tates alloy optimization to meet diverse property requirements. Tensile 

properties and creep properties of existing alloys exceed likely require- 

ments. Fatigue strength, including crack growth rate, is probably the 

most critical material property but no data exists for vanadium alloys. 

Swelling and irradiated ductility behavior look promising but require 

further evaluation. Vanadium alloy-liquid metal compatibility, parti- 

cularly interstitial mass transfer, may be equally as critical as fatigue 

behavior; viability cannot be established with the existing data base. 
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Fabricability must be given early consideration in alloy selection to 
guard against potentially serious problems in subsequent scale-up and 

production. 

5 . 2 . 4  Progress and Status 

Fusion reactor systems/design studies have suggested promising 

performance from the use of vanadium-base alloys as the structural 

material for the first-wall/blanket assembly. 

material life assessments of the type performed at MDAC-E and ANL give 

further support to the potential superiority of vanadium-base alloys 

over stainless steels. In fact, these assessments show that stainless 

steel has severe life limitations. The stainless steel results are 

based on a rather large data base covering all likely modes of failure. 
The potential superiority of vanadium-base alloys, by contrast, rests 
upon a very limited data base covering only a few modes of failure. 

Moreover, the failure mode found to be life limiting in stainless steel, 

namely fatigue crack growth, was not evaluated in the vanadium alloy 

assessments because of a complete lack of data. Yet, this mode of 

failure might also be life limiting in vanadium-base alloys. Addition- 

ally, the use of vanadium-base allsys requires careful consideration of 

various factors which are not normally accounted for in conventional 

laboratory tests; factors such as liquid metal corrosion, gas-metal 

interactions and fabricability, for example. 

More recent first-wall 

In order to improve the vanadium alloy data base a literature 

search was made which resulted in a substantially broader data base than 

previously existed in a single compilation. This new data base, in 

conjunction with the existing life assessment analytical methodology, 

provides a reasonably sure identification of the current critical data 

needs. 

The final report describing this work was presented in two volumes. 

Volume 1 contains a summary of the literature review, an assessment of 
information and data needs, and recommendations for future research and 

development efforts. Volume 2 contains the results of the literature 

review which covers mechanical properties of unirradiated vanadium and 
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vanadium-base alloys, irradiation effects, liquid metal corrosion/compat- 

ibility, gas-metal reactions and fabricability. Only a synopsis of the 

results are given here. 

5.2.4.1 Radiation Effects 

Radiation effects in vanadium and vanadium-base alloys can be sepa- 

rated into the following categories: 

e Radiation anneal hardening (RAH) 

0 Void swelling, precipitation, and other microstructural features 

e Mechanical property characterizations 

e Ion irradiation-simulations. 

Radiation anneal hardening (RAH) is a phenomenon unique to the bcc 

metals and certsin of their alloys, and just as the name implies, 

describes an additional hardening o r  strengthening which occurs due to 

post-irradiation annealing. It is a low fluence phenomenon which satur- 

ates at %lOzon/cmz. Maximum strengthening occurs after annealing at 

%16O0-2OO0C where strengthening increments of up to 30 ksi have been 

observed in impure vanadium. 
The mechanism for RAH appears to be the migration and subsequent 

trapping of interstitial impurity elements at radiation-produced defect 

sites. Hence, alloying elements which affect t h e  level of interstitial 

impurity in solution will also affect RAH. The only study to date on a 
vanadium alloy (a V-Ti binary) revealed no RAH. Hence, this factor and 

the saturation at low fluence suggest RAH phenomena are of little 

technological significance to high temperature reactor design. 

Void formation and void-related swelling in unalloyed vanadium 

follows the same general trends as other pure metals, with void concen- 

trations and sizes dependent on both dose and irradiation temperature. 

For fluences up Po %lozz n/cm2 (En>O.l MeV), peak swelling is about 2% 

and occurs for irradiations at 550"-6OO0C. Binary alloys containing 

more than about 3% Ti are virtually completely resistant to swelling. 

Ternary V-Ti-Cr alloys, VANSTAR-7 (V-Cr-Fe-Zr-C), VANSTAR-9 (V-Fe-Nb- 

Zr-C), and V-Cr binary alloys are also quite resistant t o  swelling f o r  

irradiation temperatures up to 600°C. The maximum neutron induced void 
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swelling yet observed in these alloys is only 211% (for V-1C)Cr irradiated 

at 70O0-80OoC). 

Void swelling results from energetic ion irradiation experiments 

are generally consistent with those of neutron irradiations. Peak 

swelling of up to 3% in unalloyed vanadium occurs at irradiation 

temperatures of 65O"-75O0C but this swelling is virtually suppressed by 

Ti additions. 

Low temperature (5O0-1OO0C) neutron irradiation of vanadium-base 

alloys produces significant radiation hardening with an associated 

decrease in ductility. Elevated temperature tensile tests indicate 

recovery of the irradiation damage begins at a temperature of about 

400°C and is complete at 650°-7500C. Irradiation at elevated tempera- 

tures yields somewhat different behavior. In V-Ti and V-Ti-Cr alloys 
no hardening was observed in subsequent room temperature tensile tests, 

whereas marked hardening was observed in VANSTAR-7. 
hardening is observed in tests conducted at elevated temperatures near 

that of the irradiation. Little change in ductility is associated with 

this elevated temperature hardening. 

recovery following elevated temperature irradiation is much higher than 

the recovery temperature of 65O"-75O0C observed for low temperature 

irradiations. 

In all alloys, 

The temperature for complete 

5.2.4.2 Unirradiated Mechanical Properties 

The tensile properties of vanadium, including interstitial effects, 

are quite well defined. Though not extensive, sufficient creep data 

exists to characterize the general behavior of vanadium. Fatigue data 

is extremely limited; only one study at room temperature has been con- 

ducted. Elastic properties and diffusion data (self and interstitial) 

are satisfactorily defined. In order to reinforce the data base in 
support of alloy development efforts, there is need only for, (1) 
additional fatigue testing at elevated temperatures, and (2) further 

evaluation of interstitial and environmental effects on high temperature 

creep and fatigue. 
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The spectrum of vanadium-base alloys has been surveyed experiment- 

ally and composition and mechanical property behavior trends established 

for tensile and creep properties. No fatigue data has been reported for 

any vanadium-base alloy. The solutes Cr, Ti, Mo, Fe, Ni, Nb, W and Ta 

are all potent solid solution hardeners. Their relative strengthening 

effect is somewhat uncertain but perhaps increases in the order listed 

(Cr least, Ta greatest). Precipitation or dispersion hardening effects 

are not well defined, nor have they been studied in any detail. Cold 

work or thermal/mechanical processing can produce extremely high strength 

levels in short time tests at temperatures below the recrystallization 

temp era t ure . 
The range of tensil~e and creep properties attainable is very large. 

Even for nominally solid solution alloys the existing range of properties 

is too large to be accounted for in terms of kind and amount of substitu- 

tional solute. Precipitation, substitutional-interstitial solute inter- 

actions and other microstructural features have significant effects but 

these effects are not yet sufficiently well understood to be controlled 

and utilized in large scale commercial alloys. Titanium, as an alloy 

addition, has dominated the development of vanadium-base alloys. The 

so-called Ti weakening effect in creep is now well known; the mechanism 

of this effect is important to the future development of vanadium-base 
alloys. 

The great flexibility in the composition-microstructure-mechanical 

property relationship in vanadium-base alloys offers considerable poten- 
tial for alloy optimization for radiation response, liquid metal 

corrosion, gas-metal reactions and fabricability. 

5.2 .4 .3  Corrosion and Compatibility 

Conceptual fusion reactor designs to date have employed both liquid 

alkali metals and high pressure helium as the coolant. Of the liquid 

alkali metals, lithium offers the dual advantage of being an excellent 

neutronic breeder of tritium as well as an excellent heat transfer fluid. 

The use of a single working fluid to achieve both the cooling and breed- 

ing functions of the blanket'has obvious advantages. 
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In addition to lithium, the alkali liquid metal sodium has also 

been suggested for the blanket coolant. 

over lithium are related to its slightly lower corrosive properties, 

although most of this advantage applies more to the austenitic stainless 

steels or nickel-base alloys than to the refractory metals. 

The major advantages of sodium 

High pressure helium has also been suggested as a blanket 

coolant. While this gas is nominally inert, trace concentrations of 

active impurities, which are always present and essentially impossible 

to monitor and control, will react unfavorably with vanadium alloys at 

the temperatures of interest (to 650 C). It is generally recognized 

that blanket/first wall designs of systems employing high pressure 

helium will not be designed with refractory metal alloys. 

review or discussion of these compatibility concerns was conducted. 

0 

Hence, no 

Little experimental data concerning the compatibility of vanadium 

alloys with lithium have been reported. The most profound effects on 

the corrosion behavior of vanadium and vanadium alloys that have been 

revealed experimentally are attributed to interstitial-solute inter- 

actions. These results have come primarily from experiments which 

utilized small capsules with tests conducted for relatively short times; 

<lo00 hours. 

reported. Many questions regarding the effects of interstitial impuri- 

ties in a vanadium alloy/lithium system operating for an extended time, 

on the order of several years, at a peak temperature of 650 C, remain 

to be answered. 

Only one forced convection loop experiment has been 

0 

Consideration of the equilibrium distribution coefficients for 

oxygen, carbon, and nitrogen in vanadium/lithium systems indicate oxygen 

transport will be from vanadium to lithium whereas carbon and nitrogen 

will proceed in the opposite direction. This implies that oxygen- 

enhanced corrosion will most likely not occur in these systems. Rather, 

a more pertinent concern is the question of the change in mechanical 

properties which will result due to the loss of oxygen from the alloys. 

The implications of carbon and/or nitrogen pickup by the alloy are very 

important because they could lead to embrittlement. 

The substitutional solutes such as Ti, Nb, Mo, and Cr do not alter 

the direction of interstitial mass transfer in Li systems, but may alter 
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the rate of transfer, the interstitial solute distribution (solid solu- 

tion or precipitate), and features of grain boundary penetration, forma- 

tion of surface layers of interstitial compounds, and spalling. 

Vanadium and vanadium alloys behave differently in sodium than in 

lithium at elevated temperatures. The most important factor influencing 

this difference is the fact that oxygen is absorbed from sodium, while 

it is lost to lithium. At 650"C, the partitioning of oxygen is so pro- 

nounced in the direction of vanadium that a 1 pprn oxygen level in 

liquid sodium leads to an equilibrium oxygen concentration in vanadium 

of about 5000 ppm. Maintaining the oxygen concentration in sodium at 

less than 1 ppm is not trivial, even on a laboratory scale. For a 

reactor-size coolant, heat-exchange system, the difficulties are enormous.* 

The transport of nitrogen and carbon has not been as thoroughly 

investigated as oxygen. However, these elements can harden and embrittle 

vanadium to an extent comparable with oxygen and therefore must be 

carefully controlled as well. 

crucial in view of the much lower solubility of this element in vanadium 

relative to oxygen and nitrogen. 

Carbon accumulations may be particularly 

To an extent, alloying additions can modify the compatibility of 

vanadium with sodium. For  example, titanium, zirconium, and aluminum 

additions to vanadium have been shown to increase the rate and level of 

oxygen picked up by vanadium. In addition, these elements can produce a 
subsurface hardened zone which can drastically affect mechanical 

properties, particularly the ductility. The levels of these elements 

which can be tolerated has not been determined. Elements such as Cr, Mo, 

Fe, Nb, and Ta appear to lower the apparent solubility of oxygen in vana- 

dium and should therefore enhance the performance of vanadium in sodium 

systems. 

A dominant element affecting the overall compatibility of struc- 

tural alloys within liquid metal systems is the choice of materials for 

the balance of the coolant-heat exchange subsystem. The selection of 

materials and components, including the hot or cold trapping methods and 

other features of the heat exchange subsystem, will ultimately control 
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the level and identity of interstitial impurities present in the recir- 

culating liquid metal. Therefore, even if substantial progress can be 

realized in modifications of the primary structural alloy, the ultimate 

success of these efforts will require attention to the system as a whole. 

5.2.4.4 Data Needs and Recommendations 

The only  material property data required to establish stress/temp- 

erature loading conditions for the design of fusion reactor structural 

components are thermal conductivity, thermal expansivity, elastic con- 

stants and yield strength. Yield strength is needed o n l y  to set an upper 

limit on allowable thermal stresses. In the designs studied to date, the 

'thermal stresses are much less than the yield strength of many candidate 

vanadium alloys; hence, yield strength poses no limitation. On the 
contrary, the more important problem is to define the maximum yield 

strength that is needed so that alloy selection can be based on optimi- 

zation of other properties. 

For structural material/wall-life analyses, specific mechanical 

property data are necessary, i.e. fatigue, creep, etc. Numerous vanadium- 

base alloys have creep strength in excess of what will likely be required. 

Here too, the problem is to determine the maximum creep strength needed 

so that still other properties can be optimized. 

Irradiation effects on mechanical properties constitute one of the 

critical data needs.. A l l  of the existing data base suggests that swelling 

and irradiated ductility problems will be manageable. 

data on post-irradiation thermal creep behavior is also promising. 

The very limited 

No fatigue data exists for vanadium-base alloys, yet this will 

likely be the life-limiting property. Fatigue life and fatigue crack 

growth rate data constitute the current mast critical property need; both 

unirradiated and irradiated data are needed. 

Next to fatigue, the most critical need is for additional infor- 

mation and data on the compatibility of vanadium-base alloys with Li and 

Na liquid metals. Interstitial mass transfer is particularly important. 

A major difierence between Li and Na is that Li getters orygen from 

vanadium while vanadium removes oxygen from Na. Of the two, it is better 
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for Lhe vanadium alloy to lose oxygen than to gain it. Yence, Li might 

be preferred on this simple argument. Vanadium getters carbon and 

nitrogen from both Li and Na and possible embrittlement due to excessive 

pickup of these interstitials poses serious concern. Alloying elements 

affect the kinetics of interstitial mass transfer but do not change the 

direction of transfer. 

Gas-metal environmental interactions may be important in actual 

fusion reactor applications. 

reactor property evaluations and in alloy consolidation and fabrication, 

and extreme care must be exercised in their control. 

They are certainly important in laboratory/ 

The very high strength levels attainable in some vanadium-base 

alloys could lead to serious fabrication problems. It is essential in 

alloy selection that early emphasis be given to fabricability. A low 

bend-ductile-brittle-transition-temperature accompanied by little or no 

change due to gas-tungsten-arc welding is suggested as a suitable 

criterion of good fabricability. 

5.2.5 Conclusions 

The viability of vanadium-base alloys for fusion reactor first-wall/ 

blanket assembly structural components cannot yet be proved L f  consider- 

ation is given to all possible failure modes. Conversely, no part of the 

existing data base shows vanadium alloys to be deficient for these appli- 
cations. Vanadiun-base alloys, therefore, still hold forth great promi~se. 

Tensile property and creep property requirements are easily met. 
behavior, irradiation effects and liquid metal compatibility represent 
the most critical areas of data needs. No present need exists for a 

conventional alloy development program wherein broad ranges of new com- 

positions are explored for mechanical property behavior trends. Rather, 

the present need is for more detailed evaluations of select existing 

alloys in the crj.tical property areas. 

Fatigue 



128 

5.3 1 6  MeV PROTON CREEP I N  A Ti-6AL/4V SPECIMEN - E. K. Opperman, 

(Hanford Engineering Development Laboratory) 

5 .3 .1  ADIP Task 

Task I .C.8,  I r r a d i a t i o n  Creep of Reactive and Refractory Alloys 

(Path C). 

5 .3 .2  Objective 

The o v e r a l l  o b j e c t i v e  of t h i s  s tudy was t o  develop and u t i l i z e  a 

proton accelera tor- based creep system f o r  fus ion  m a t e r i a l s  research .  

o b j e c t i v e s  of the  work repor ted  here  a r e  t o  determine t h e  i r r a d i a t i o n  

creep behavior of a t i tanium a l l o y  (Ti-6AL/4V) and t o  compare t h e s e  re-  

s u l t s  w i t h  t h o s e  from s i m i l a r l y  i r r a d i a t e d  AIS1 20% CW 316 SS specimens. 

The 

5.3.3 Summary 

A Ti-6AL14V t o r s i o n  creep specimen w a s  i r r a d i a t e d  wi th  1 6  M e V  protons  

u t i l i z i n g  the  isocronous cyclot ron loca ted  a t  t h e  Crocker Nuclear Labora- 

tory  i n  Davis, C a l i f o r n i a .  The wi re  specimen was s t r e s s e d  t o  138 MPa 

(shear)  throughout p r e i r r a d i a t i o n  thermal creep t e s t i n g  and t h e  f i r s t  50 

hours  of i r r a d i a t i o n  creep t e s t i n g .  Following the  f i r s t  50 hours of 

i r r a d i a t i o n ,  the  s t r e s s  was reduced t o  zero  f o r  t h e  subsequent 4 hours 

of i r r a d i a t i o n .  The t e s t  was conducted i n  a helium atmosphere a t  a nominal 

i r r a d i a t i o n  temperature of 325'C. 

0.35 dpa (of which 0 .31  was i n  a s t r e s s e d  condi t ion)  a t  a rate of approxi-  

mately 2 .4  x dpa/sec .  

The specimen received a t o t a l  dose of 

R e s u l t s  of t h i s  s i n g l e  test i n d i c a t e  t h e  presence of a primary 

i r r a d i a t i o n  creep regime followed by a " steady- state ' '  regime i n  which 

the  creep r a t e  slowly decreased wi th  dose. 

creep r a t e  i n  Ti-6AL/4V was found t o  be 2-5 t i m e s  t h a t  of s i m i l a r l y  i r r a -  

d i a t e d  s t a i n l e s s  s t e e l  specimens. By the  end of the  test (%0.31 dpa) t h e  

i r r a d i a t i o n  creep r a t e  i n  Ti-6ALJ4V was w i t h i n  a f a c t o r  of two of t h a t  

found i n  20% CW Type 316 s t a i n l e s s  s t e e l .  

Below%0.1 dpa the  i r r a d i a t i o n  

P r i o r  t o  the  f i n a l  4 hours of i r r a d i a t i o n  t e s t i n g  t h e  stress was 

reduced t o  zero.  The r e s u l t s  i n d i c a t e  a s u b s t a n t i a l  amount of negat ive  

s t r a i n  o r  r e v e r s a l .  The magnitude of t h i s  nega t ive  s t r a i n  decreased wi th  
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dose and decreased s i g n i f i c a n t l y  when the  proton beam was turned o f f .  A 

number of mechanisms a r e  considered a s  pos s ib l e  explanat ions  f o r  t he  zero- 

s t r e s s  s t r a i n  recovery,  

5.3.4 Progress and S t a t u s  

An understanding of mechanical p rope r t i e s  under i r r a d i a t i o n  condi- 

t i o n s  is fundamental t o  the development of m a t e r i a l s  f o r  r e a c t o r  s t r u c-  

t u r a l  components. 

under stress is one such mechanical p roper ty  r ece iv ing  cons iderab le  

a t t e n t i o n  i n  in- reac tor  s t u d i e s  aimed a t  f a s t  breeder r e a c t o r  ma te r i a l s  

development. 

The p l a s t i c  deformation o r  creep of ma te r i a l s  i r r a d i a t e d  

The development of fu s ion  r e a c t o r  s t r u c t u r a l  m a t e r i a l s ,  however, 

must p r e sen t ly  r e l y  on da t a  from s p e c t r a  considerably d i f f e r e n t  from 

those pred ic ted  i n  fus ion  r eac to r s .  This r e p o r t  descr ibes  the  r e s u l t s  

from an i r r a d i a t i o n  creep measurement of a Ti-6AL/4V a l l o y  consideredl  

a p o t e n t i a l  f i r s t  wal l  ma te r i a l .  The ma te r i a l  was i r r a d i a t e d  wi th  16  MeV 

protons.  

knock-on s p e c t r a  similar2 t o  t h a t  produced by 1 4  MeV neutrons.  

This p a r t i c l e  produces the  high energy po r t i on  of i t s  primary 

e l e c t r i c a l l y  con t ro l l ed  load c e l l  shown i n  
gas d i r e c t e d  normal t o  the  specimen removed 

5.3.4.1 Experimental 

D e t a i l s  of the appara tus  development and experimental techniques 

can be found i n  Reference 3 and the re fo re  only a b r i e f  summary of 

experimental  f e a t u r e s  w i l l  be given here .  The experiment cons i s ted  of 

i r r a d i a t i n g  a s i n g l e  Ti-6AL/4V specimen with  a beam of 1 6  MeV protons  

t o  a maximum dose of 0.35 doa. The wire  soecimen was loaded i n  t o r s i o n  

by t h e  Figure 1. A j e t  of 

helium t h e  excess  hea t  

cont 1 0.127 mm diameter 

therUEYCVUpLS b-sLLcsIsu CL.S pLyLvLL Yrau rYdi t ioned 1 . 0  mm from 

i by 
Lour cuarge-seuairrvr rniiLarum raua ii-igure s i ,  Derure passing rnrough 

t h e  specimen and i n t o  the  Faraday cup. 

i n  o rder  t o  determine beam l o c a t i o n  and t o  de f ine  t h e  i r r a d i a t e d  s e c t i o n  

of t he  specimen. 

Accurate co l l imat ion  is necessary 

the  i r r a d i a t e t l  specimen. The i n c i d e n t  proton beam was coll imatec 
c _L _I__ _ _ _ _  _IL,.._ ------..- IT.,. ~ _ _  ? \  L . C  -... _.__ 2.- -1 
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Fig.  1. Torsion Creep Loading System w i t h  Proton Beam Col l imators .  

The proton beam i n t e n s i t y  w a s  determined by a combination of two 

measurements. 

through co l l imat ion  t ab s  of a known area .  

i s  determined by r e l a t i n g  the output  of t h e  i r r a d i a t e d  thermocouple 

(Figure  2) t o  the l o c a l  beam i n t e n s i t y .  The der ived  proton f l u x  is 

shown i n  Figure  3 .  

The f i r s t  is t h e  measure of t h e  t o t a l  charge pass ing 

The second measure of f l u x  
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Fig ,  2 .  Strain- time h i s t o r y  of t h e  Ti-6ALJ4V i r r a d i a t i o n  along 
wi th  the  temperature h i s t o r y  of t h e  i r r a d i a t e d  thermocouple and helium 
gas.  

The creep specimen was f a b r i c a t e d  from a 0 .76  nun diameter w i r e  by 

chemical m i l l i n g  s o  t h a t  the  l e n g t h  of the  a x i a l  region over which ro- 

t a t i o n  occurs corresponds t o  the  he igh t  of the  col l imated proton beam 

a s  i l l u s t r a t e d  i n  F i g u r e  4 .  The specimen diameter p r o f i l e  was measured 

by a commercially a v a i l a b l e  l a s e r  diameter measuring system. Following 

t h e  chemical m i l l i n g  procedure, t h e  specimen was s o l u t i o n  t r e a t e d  and 

aged. 

ha l f  hour i n  an i n e r t  atmosphere. This w a s  followed by a quick coo l  

wi th  a i r  t o  room temperature. The specimen was then aged a t  525 'C f o r  

4 hours i n  a vacuum. This hea t  t rea tment  r e s u l t s  i n  an even d i s t r i b u t i o n  

of t h e  Beta phase (bcc) wi thin  t h e  Alpha (hcp) matr ix .  The g r a i n  s i z e  

was f i n e r  than ASTM 1/12. 

So lu t ion  t r e a t i n g  was c a r r i e d  ou t  a t  9 2 7 O C  f o r  approximately one- 
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Displacement r a t e s  were c a l c ~ l ' a t e d ' ~ )  us ing a code developed by 

Logan") a t  t h e  Lawrence Livermore Laboratory. The code c a l c u l a t e s  t h e  

damage energy when given the  average proton energy wi th in  the  specimen, 

which was 1 5  MeV i n  t h i s  case.  To s impl i fy  c a l c u l a t i o n s  i t  was assumed 

t h e  specimen was pure t i tanium.  For the  above condi t ions  the  c a l c u l a t e d  

damage energy was 435 x 

r a t e  of 3.4 x lo-'  dpalsec  f o r  a beam i n t e n s i t y  of 10  uA/cm2. 

eV-cm', which corresponds t o  a displacement 

5 . 3 . 4 . 2  Resul t s  

The p r i n c i p l e  r e s u l t  of t h i s  test i s  t h e  s i m i l a r i t y  of creep r a t e s  

between s o l u t i o n  t r e a t e d  and aged Ti-6AL/4V and 20% CW 316 SS. 

dpa t h e  creep r a t e  of the  t i tanium specimen was wi th in  a f a c t o r  of two of 

the  averaged s t r a i n  r a t e s  of f i v e  s i m i l a r l y  i r r a d i a t e d  s t a i n l e s s  s t e e l  

t o r s i o n  specimens a s  shown i n  Figure  5 .  

l e s s  s t e e l  w a s  obtained a t  temperatures from 240°C t o  40OoC and was 

normalized t o  a s t r e s s  of 138 MF'a and a f l u x  of 5 0  uA/cm2. 

A t  0.3  

The s t r a i n  r a t e  da ta  from s t a i n -  

S t r a i n  r a t e  



133 

l i n e a r i t y i n  both f l u x  and s t r e s s  were assumed. 

r a t e s  were 2-5 t imes higher i n  t i t an ium than i n  s t a i n l e s s  s t e e l ,  however, 

the  s t r a i n  r a t e  i n  t i tanium decreased more r a p i d l y  than t h a t  of s t a i n l e s s  

s t e e l  wi th  inc reas ing  dose. 

magnitude by t h e  end of t h e  test (Figure 5 ) .  

I n i t i a l  t r a n s i e n t  s t r a i n  

This r e s u l t e d  i n  s t r a i n  rates of s i m i l a r  

HEDL 7803-76 

Fig.  4 .  The specimen diameter p r o f i l e  showing the  region where 

maximum r o t a t i o n  occurs and t h e  i r r a d i a t e d  region of the  specimen. 
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Fig.  5.  Shear s t r a i n  r a t e  ve rsus  dose f o r  i r r a d i a t e d  T i - 6 A L / 4 V  and 
s t a i n l e s s  s t e e l .  The second t r a n s i e n t  i n  the  t i tanium da ta  occurred 
a f t e r  a system shutdown. 

To i n v e s t i g a t e  the  e f f e c t  of a s t r e s s  change under i r r a d i a t i o n  condi- 

t i o n s  t h e  load on t h e  t i t an ium specimen was reduced t o  zero a f t e r  an 

accumulated dose of 0 .31 dpa. The s t r e s s  was reduced a t  a r a t e  of 1 Mf'a 

per  second whi le  mainta ining cons tan t  flux and temperature.  Figure  2 

i l l u s t r a t e s  the  load r e v e r s a l  along with t h e  output  from the  i r r a d i a t e d  

thermocouple a q u a n t i t y  p ropor t iona l  to  beam i n t e n s i t y  and specimen 

temperature.  Figure  6 shows a s t r a i n  versus  time p r i o r  t o  and a f t e r  t h e  

s t r e s s  reduct ion.  The t o t a l  shear  s t r a i n  recovered during t h e  four  hours 

of zero stress i r r a d i a t i o n  was 0.052%. The magnitude of t h i s  s t r a i n  i s  

s i m i l a r  (wi th in  20%) to  t h a t  a t t a i n e d  dur ing t h e  i n i t i a l  four  hours of 

"load-on'' t e s t i n g  i n d i c a t i n g  a n e l a s t i c  behavior.  Upon turning the  beam 

o f f ,  the  ze ro- s t ress  s t r a i n  r a t e  decreased abrup t ly  a s  shown i n  Figure  6 .  

This i n d i c a t e s  t h e  recovery i s  i r r a d i a t i o n  dependent. 
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Fig.  C .  S t r a i n  versus  time i l l u s t r a t i n g  t h e  e f f e c t  of a load 
change dur ing beam-on condi t ions  followed by beam-off condi t ions .  

Figure  7 s h o w s  the p r e i r r a d i a t i o n  thermal creep curve f r o m  t h e  

t i t an ium specimen. The thermal s t r a i n  r a t e  p r i o r  t o  beam-on w a s  an 

order-of-magnitude l e s s  than t h e  minimum s t r a i n  r a t e s  dur ing i r r a d i a t i o n .  

The measured s t r a i n  dur ing i r r a d i a t i o n  were thus  assumed t o  be t h e  r e s u l t  

of i r r a d i a t i o n  creep only .  

5.3.4.3 Discussion 

One of the  key r e s u l t s  of t h i s  experiment i s  the  s i m i l a r i t y  i n  creep 

rates between the  Ti -6AL/4V and 316 SS specimens. However, t h i s  d iscus-  

s ion  s e c t i o n  w i l l  be devoted t o  models desc r ib ing  t h e  a n e l a s t i c  behavior 

exh ib i t ed  by t h e  t i t an ium specimen. 

important  i n  long-term s teady- s ta te  t e s t i n g .  However, under t h e  c y c l i c  

opera t ing  t o n d i t i o n s  expected i n  fus ion  r e a c t o r s  the  magnitude of t r a n s i e n t  

Such behavior may no t  be p a r t i c u l a r l y  
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s t r a i n s  fol lowing beam, temperature or s t r e s s  changes may s i g n i f i c a n t l y  

a f f e c t  t h e  t o t a l  deformation occurr ing i n  s t r u c t u r a l  components. Even 

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

source  of t h i s  a n e l a s t i c  behavior a number o f  p o s s i b l e  mechanisms w i l l  be 

explored.  

Sophis t i ca ted  models5 of t h e  SIPA6* mechanism of i r r a d i a t i o n  creep 

i n d i c a t e  t h a t  a d i s t r i b u t i o n  of loops  wi th  p r e f e r r e d  o r i e n t a t i o n  should 

develop under an app l ied  stress. Af te r  r e l e a s e  of t h e  stress, the  o r i e n t e d  

micros t ruc tu re  is gradual ly  replaced by a new d i s t r i b u t i o n  t h a t  is more 

random i n  n a t u r e .  This process ,  however, would no t  l e a d  t o  s t r a i n  recovery 

a s  t h e  o r i e n t e d  d i s t r i b u t i o n  is no t  d i s so lved  bu t  i s  replaced by t h e  growth 

of a new d i s t r i b u t i o n .  

The formation of vacancy loops  a s  a r e s u l t  of cascade c o l l a p s e  may 

c o n t r i b u t e  t o  t h e  a n e l a s t i c i t y .  Work by Lewthwaite* and Heald and Speight5  

40 
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shows t h a t  s t r e s s  a s s i s t e d  d i s s o l u t i o n  of cascade produced vacancy loops 

does no t  r e s u l t  i n  enhanced s teady- s ta te  creep rates,however, i t  w i l l  add t o  

t r a n s i e n t  deformation. A q u a l i t a t i v e  view of t h i s  e f f e c t  may b e  obtained 

by consider ing a simple s i t u a t i o n  involving loops  wi th  only two p o s s i b l e  

o r i e n t a t i o n s .  To f u r t h e r  s impl i fy  the  s i t u a t i o n  i t  w i l l  be assumed t h a t  

one o r i e n t a t i o n  i s  such t h a t  the  mechanical work done a s  vacancies a r e  

p r e f e r e n t i a l l y  absorbed i s  the  product of the  s t r e s s  m u l t i p l i e d  by the  

atomic volume (on). 
A r a t e  equat ion f o r  t h i s  model c o n s i s t s  of a simple loop genera t ion  

The r a t e  equat ion i s  w r i t t e n  a s  term G and a removal term C L / T .  

d C  
d t  

= G - C L / T  

where CL i s  t h e  concen t ra t ion  of loops  p r e f e r e n t i a l l y  a l igned  t o  the  

stress and T=loop l i f e t i m e .  Under s teady- s ta te  i r r a d i a t i o n  condi t ions  

the  loop concen t ra t ion  i s  

The loop l i f e t i m e  i s  es t imated by d iv id ing  the  loop s i z e  (number of 

vacancies)  by t h e  average d i s s o l u t i o n  r a t e  of t h e  vacancies  from the  

loop. The d i s s o l u t i o n  r a t e  may be considered a s  t h e  sum of two p a r t s :  

-&/KT d i s s o l u t i o n  rate = I) + gD, e 

where JI is t h e  n e t  a r r i v a l  r a t e  of i n t e r s t i t i a l s  (e.g.  i n t e r s t i t i a l  a r r i v a l  

r a t e  - vacancy a r r i v a l  r a t e )  and gDs e -“IKT i s  the  d i s s o l u t i o n  r a t e  due 

t o  thermal emission of vacancies ,  g = geometrical  cons tan t ,  Ds = vacancy 

s e l f- d i f f u s i o n  c o e f f i c i e n t ,  o=external  s t r e s s  and ‘=atomic volume. T may 

thus  be expressed a s :  

where N=the number of vacancies i n  t h e  loop. 

thermal emission t o  be t h e  dominant d i s s o l u t i o n  mechanism. This r e s u l t s  

i n  a s i m p l i f i e d  expression f o r  T which i s  w r i t t e n  a s  

For small loops w e  assume 
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Having defined T ,  G and C t h e  ra te  equat ion  may be solved by i n t e g r a t i o n .  

The r e s u l t i n g  express ion  f o r  t h e  loop concent ra t ion  i s  
L'  

which combined wi th  t h e  s teady- sta te  boundary cond i t i ons  from Equation [2 !  

g ives  

- t /T )  [61  
- s s  CL - CL (I- e 

Equation [ 6 ]  is thus  an express ion  f o r  t h e  t r a n s i e n t  build-up of preferen-  

t i a l l y  a l igned  l o o p s  which c o n t r i b u t e  t o  t r a n s i e n t  s t r a i n s .  The build-up 

and decay of t h e  l o o p  concent ra t ion  i s  i l l u s t r a t e d  i n  Figure 8.  The shape 

of t h e  curve i l l u s t r a t e d  i n  F igure  8 i s  s imi la r  t o  t h e  measured a n e l a s t i c  

recovery curve shown i n  Figure 6 .  

An estimate of the magnitude of s t r a i n  r e s u l t i n g  from the  l o o p  re- 

d i s t r i b u t i o n  i s  obtained by cons ider ing  t h e  d i f f e r e n c e  between t h e  

s t r e s s e d  (CL1) and zero stress ( C , ' )  loop concent ra t ions  f o r  s t eady- s ta t e  

condi t ions .  The d i f f e r e n c e  i n  l o o p  concent ra t ion  i s  

- l - C o = G (  7 1  - t o )  i 7 1  a CL - CL 
L 

which combined wi th  t h e  express ion  f o r - r  (Equation 3 )  becomes 

Since 09 << KT f o r  t h e  condi t ions  of t h i s  experiment,  Equation [8]  may be 

s imp l i f i ed  and w r i t t e n  a s  

GN uCl 
KT 

Equation [ 9 ]  s t a t e s  t h a t  the  t r a n s i e n t  strain. (AC ) i s  a func t ion  of stress 

and temperature. The model thus  p r e d i c t s  the  magnitude of t h e  t r a n s i e n t  

s t r a i n  t o  be dependent upon t h e  stress cliange and i n v e r s e l y  propor t iona l  

t o  remperature. Since thermal emission i s  the dominant mechanism cont ro l-  

l i n g  recovery,  t h i s  mode? does n o t  p r e d i c t  a s t r a n g  i r r n d i a t i o n  dependence. 

L 
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To f u r t h e r  develop models desc r ib ing  t r a n s i e n t  phenomena a d d i t i o n a l  

experimentation w i l l  be requ i red .  The s i n g l e  stress change conducted 

during t h i s  t e s t  i n d i c a t e s  t h e  a n e l a s t i c  behavior to  be beam r e l a t e d .  

However, a more d e f i n i t i v e  r e l a t i o n  between i r r a d i a t i o n  e f f e c t s  and 

recovery would be obtained by terminat ing the  i r r a d i a t i o n  e a r l i e r  i n  

the  t r a n s i e n t  s t age .  Conversely, by extending t h e  dura t ion  of t h e  zero-  

S t r e s s  condi t ions  an es t imate  of the  t o t a l  amount of recovery could be 

made. Stress and temperature e f f e c t s  r e f e r r e d  t o  i n  t h e  model d iscus-  

s i o n  a l s o  r e q u i r e  experimental  v e r i f i c a t i o n .  If t h e  r e s i d u a l  stress 

model was the  dominant mechanism one might expect  g r a i n  boundary c a v i t a-  

t i o n  t o  occur under c y c l i c  opera t ing  condi t ions .  Elect ron microscopy 

could v e r i f y  t h i s .  

5.3.5 Conclusion 

I r r a d i a t i o n  creep r a t e s  measured i n  a t i t an ium a l l o y ,  Ti-6AL/4V 

( s o l u t i o n  t r e a t e d  and aged condi t ion) ,  w e r e  t h e  same order-of-magnitude 

as creep rates from s i m i l a r l y  i r r a d i a t e d  s t a i n l e s s  steel specimens. 

The primary creep r a t e s  i n  t i t an ium were 2-5 times higher  than s t a i n l e s s  

s t e e l  f o r  doses less  than 0 . 1  dpa., The s t r a i n  r a t e  i n  t i t an ium s t e a d l y  

decreased wi th  inc reas ing  1 6  MeV proton dose and by t h e  end of t h e  
i r r a d i a t i o n  t e s t  (0.31 dpa) the  t i t an ium s t r a i n  r a t e s  were wi thin  a f a c t o r  

of two of t h e  s t a i n l e s s  steel creep r a t e s .  

S t r a i n  measured during t h e  f i n a l  four  hours  of ze ro- s t ress  i r r a d i a -  

t i o n  i n d i c a t e s  a s u b s t a n t i a l  amount of s t r a i n  recovery or a n e l a s t i c i t y .  

The rate of a n e l a s t i c  recovery was s i m i l a r  t o  the  t r a n s i e n t  creep r a t e  

t h a t  occured during t h e  i n i t i a l  f o u r  hours of i r r a d i a t i o n  t e s t i n g .  The 

zero- s t ress  s t r a i n  r a t e  abrup t ly  decreased when t h e  beam was turned o f f  

i n d i c a t i n g  an i r r a d i a t i o n  dependence. Two models, one based on t h e  

stress a s s i s t e d  d i s s o l u t i o n  of vacancy loops and the  o t h e r  based on resi- 

dual  stresses a r e  considered a s  p o s s i b l e  mechanisms descr ib ing  t h i s  

a n e l a s t i c  behavior.  
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5.4 PLASTIC INSTABILITY I N  NEUTRON-IRRADIATED NIOBIUM ALLOYS - 
F. W .  Wiffen (OWL) 

5 . 4 . 1  ADIP Task 

ADIP Task I.B.15, Tens i l e  P r o p e r t i e s  of React ive and Refrac tory  

Alloys.  

5.4.2 Object ive 

The ob jec t ive  of t h i s  work i s  t o  e s t a b l i s h  t h e  mechanisms c o n t r o l l i n g  

p l a s t i c  i n s t a b i l i t y  i n  neut ron- ir rad ia ted  niobium a l l o y s  and t o  examine 

t h e  dependence of t h i s  i n s t a b i l i t y  on i r r a d i a t i o n  and tes t  condi t ions .  

5.4.3 Summary 

I r r a d i a t i o n  of niobium and N b l %  Z r  a t  about 7O0C followed by 

t e n s i l e  tests  a t  about 35Oc has shown no i n t r i n s i c  d i f f e r e n c e  i n  t h e  t e n s i l e  

behavior of t he se  two materials. The onse t  of p l a s t i c  i n s t a b i l i t y  i n  

both occurs  a t  about 0 .1  dpa, w i t h  s t rengthening  cont inuing  f o r  i r r a d i a t i o n  

beyond a t  leas t  0.36 dpa. Although t h e  uniform e longat ion  goes t o  near  

ze ro ,  t h e  t o t a l  e longat ion  remains high,  and t h e  f r a c t u r e  mode i s  f u l l y  

d u c t i l e .  D u c t i l i t y  l o s s  through p l a s t i c  i n s t a b i l i t y  i s  r e l a t e d  t o  

deformation by d i s l o c a t i o n  channeling. 

5.4.4 Progress  and S t a t u s  

5.4.4.1 Background 

P l a s t i c  i n s t a b i l i t y ,  f o r  t h e  present  purpose, i s  def ined  a s  t h e  

type  of  t e n s i l e  test i n  which t h e  maximum load occurs  a t  the y i e l d  p o i n t ,  

w i th  less  than 0.5% uniform e longat ion ,  but  w i th  the t o t a l  e longat ion  

remaining high.  Ear l ier  work’ had shown t h a t  i r r a d i a t i o n  i n  t h e  temper- 

a t u r e  range 390 t o  460°C t o  f l uences  i n  t h e  range 1.9 t o  3.7 X l o z 6  n/m2 

(>0.1 MeV) r e s u l t e d  i n  p l a s t i c  i n s t a b i l i t y  a t  t h e  y i e l d  load i n  N&1% Z r ,  

while  unalloyed niobium re t a ined  apprec iab le  uniform elongat ion.  These 

e a r l i e r  r e s u l t s  a r e  i l l u s t r a t e d  i n  Fig.  5.4.1. Low-fluence i r r a d i a t i o n  

a t  r e a c t o r  ambient temperatures  (>55’C) had no t  given any i n d i c a t i o n  

of p l a s t i c  i n s t a b i l i t y  i n  niobium,’ and h igher  f luence  r e s u l t s 3  on both 
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Example of P l a s t i c  I n s t a b i l i t y  i n  Nb-1% Z r  but  not  

t h e  niobium and Nb-1% Z r  showed smal l  but  nonzero uniform elongat ion,  

wi th  some i n d i c a t i o n  of p l a s t i c  i n s t a b i l i t y  i n  t h e  N b l %  Z r  only.  

These experiments a r e  d i r e c t e d  a t  answering s e v e r a l  quest ions  

r e l a t e d  t o  p l a s t i c  i n s t a b i l i t y  and d u c t i l i t y  l o s s  by o t h e r  mechanisms 

i n  niobium a l l oys .  These include:  

1. Is t h e  behavior of N b l %  Z r  i n t r i n s i c a l l y  d i f f e r e n t  than 

t h a t  of niobium a f t e r  neutron i r r a d i a t i o n ?  

2. What i s  t h e  f luence  dependence of t h e  hardening and d u c t i l i t y  

l o s s  i n  niobium and Nb-1% Z r  f o r  i r r a d i a t i o n  a t  r e a c t o r  ambient 

temperature? 

3. 

4 .  

i n s t a b i l i t y ?  

5 .  

What i s  t h e  mechanism of p l a s t i c  i n s t a b i l i t y ?  

Does a change i n  f r a c t u r e  mode r e f l e c t  t h e  onse t  of p l a s t i c  

Can a d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT) above 

room temperature r e s u l t  from neutron i r r a d i a t i o n  of niobium o r  N b- 1 %  Z r ?  
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5.4.4.2 Tens i le  P r o p e r t i e s  

Two s i z e s  of rod t e n s i l e  specimens were used i n  these  experiments. 

The l a r g e r  specimen had a 25-mm-long reduced gage s e c t i o n  3.2 mm i n  

diameter;  t h e  smal ler  sample had a gage s e c t i o n  18 mm by 2 mm diam. 

Samples t o  be i r r a d i a t e d  were sealed i n t o  aluminum i r r a d i a t i o n  capsu les ,  

one sample per  capsule ,  wi th  e x t r a  space f i l l e d  wi th  aluminum powder 

and helium a t  about 0.1 MPa (1 atm). These capsules  were i r r a d i a t e d  

i n  t h e  ORR o r  HFIR hydraul ic  tubes.  

t h e  r e a c t o r  cooling water a t  about 55'C during i r r a d i a t i o n .  The 

specimen temperature dur ing i r r a d i a t i o n s  was est imated to be near  70°C. 

The capsu les  were immersed i n  

P o s t i r r a d i a t i o n  tests were conducted on an I n s t r o n  machine. S t r a i n  

va lues  were c a l c u l a t e d  from t h e  crosshead motion. All tests were con- 

ducted a t  hot  c e l l  ambient temperature,  which i s  i n  t h e  range 20 t o  

359c. 

The specimen m a t e r i a l s  were from commercially produced h e a t s  of 

niobium and N b l %  Z r .  All specimens were given a r e c r y s t a l l i z a t i o n  

anneal  i n  vacuum before  i r r a d i a t i o n .  The niobium w a s  annealed 1 h r  

a t  115OoC, and t h e  Nb-1% Z r  1 h r  a t  1275'C. 

5.4.4.3 Resul t s  

The r e s u l t s  of t e n s i l e  tests a r e  given i n  Figs .  5.4.2 and 5.4.3. 

The d a t a  a r e  p l o t t e d  a s  a funct ion of dpa l e v e l  achieved i n  the  

i r r a d i a t i o n ,  c a l c u l a t e d  from t h e  neutron spectrum a t  t h e  i r r a d i a t i o n  

p o s i t i o n  f o r  an e f f e c t i v e  displacement energy of 60 e V .  

ponding neutron f luence  is ind ica ted  f o r  r e f e r e n c e  a t  one po in t  on 

t h e  a b s c i s s a . )  

(The cor res-  

Simi la r  t r ends  a r e  shown f o r  t h e  s t r e n g t h  i n c r e a s e s  of .n iobium 

and N b - 1 %  Z r  wi th  inc reas ing  dpa l eve l .  For t h e  range of f luences  

a v a i l a b l e  (up t o  0.36 dpa) t h e r e  is no i n d i c a t i o n  of s a t u r a t i o n  of 

t h e  s t reng then ing  e f f e c t  of i r r a d i a t i o n .  D u c t i l i t y  va lues  f o r  both  

m a t e r i a l s  a l s o  show s i m i l a r  behavior wi th  f luence .  The uniform 

elongat ion drops t o  zero for both m a t e r i a l s  and t h e  t o t a l  e longa t ion  

remains w e l l  above zero.  There i s  some i n d i c a t i o n  i n  t h e  d a t a  t h a t  t h e  

t o t a l  e longat ion may be approaching a lower bound, but  h igher  f luence  

da ta  would be requ i red  t o  v e r i f y  t h i s .  
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In i r r a d i a t e d  niobium (Fig. 5 . 4 . 2 )  t h e  s t r e n g t h  i n c r e a s e s  a s  a 

smooth func t ion  of dpa l e v e l  up t o  0.36 dpa. The y i e l d  s t r e n g t h  (YS) 

i n c r e a s e s  more r a p i d l y  than t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS), wi th  

t h e  two equal  a t  about 0.1 dpa. The hardening r a t e  f o r  these  i r r a d i a t i o n s  

a t  about 70'C ex t rapo la ted  t o  higher  dpa l e v e l s  pass  above t h e  YS and 

below t h e  UTS f o r  t h e  sample i r r a d i a t e d  t o  12 .3  dpa a t  460OC. 

d u c t i l i t y  va lues  f o r  t h e s e  same samples show t h a t  zero  uniform elon- 

ga t ion  i s  reached a f t e r  i r r a d i a t i o n  t o  about 0 . 1  dpa. That i s ,  the  

t e n s i l e  behavior is p l a s t i c a l l y  uns tab le  a t  t h e  y i e l d  po in t  f o r  70'C 

i r r a d i a t i o n s  producing a t  l e a s t  0 .1  dpa. This  f i g u r e  a l s o  emphasizes 

t h a t  t h e  higher  temperature i r r a d i a t i o n  of niobium d id  not  r e s u l t  i n  

t h e  same uns tab le  behavior.  The lowest t o t a l  e longa t ion  measured i n  

t h e  niobium samples was about 10%. The s c a t t e r e d  d a t a  suggests  t h a t  t h i s  

may be a lower bound. 

The 

The s t r e n g t h  v a l u e s  f o r  Nbl% Z r  a r e  given i n  Fig .  5.4.3.  Three 

h e a t s  of m a t e r i a l  t e s t e d  show similar behavior ,  and t h e  hardening r a t e  

with dpa l e v e l  appears t o  be s l i g h t l y  lower than f o r  t h e  unalloyed 

niobium. A s  with  t h e  niobium, t h e  YS and UTS become equal a f t e r  i r r a d i a t i o n  

t o  about 0.1 dpa. I n  c o n t r a s t  t o  t h e  niobium, however, e x t r a p o l a t i o n  

of t h e  hardening r a t e  f o r  t h e  i r r a d i a t i o n  a t  about 70OC p r e d i c t s  much 

too low a s t r e n g t h  l e v e l  f o r  i r r a d i a t i o n  of t h e  same a l l o y  t o  higher  

f luences  a t  394 and 448°C. D u c t i l i t y  va lues  of a l l  t h e  N&l% Z r  t e s t e d  

i n d i c a t e  s i m i l a r  behavior.  The uniform e longa t ion  drops t o  zero f o r  

i r r a d i a t i o n s  producing over 0.02 dpa. 

l e a s t  10% f o r  a l l  cond i t ions  t e s t e d .  In t h e  case  of t h e  d u c t i l i t y  

v a l u e s  of Nb-1% Z r ,  t h e  higher  f luence ,  h igher  temperature da ta  f a l l  

on the  e x t r a p o l a t i o n  of the  70°C da t a .  

The t o t a l  e longa t ion  remains a t  

Reduction of a r e a  a t  t h e  f r a c t u r e  was high f o r  a l l  t h e  samples t e s t e d .  

These r e s u l t s  are not  presented because of t h e  large s c a t t e r  produced 

by t h e  d i f f i c u l t y  of a c c u r a t e l y  measuring f r a c t u r e  diameters  i n  t e s t e d  

samples. 
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5 .4 .4 .4  Frac ture  Mode 

Examination of s e l e c t e d  f r a c t u r e  s u r f a c e s  by scanning e l e c t r o n  

microscopy showed s i m i l a r  f r a c t u r e  appearance of u n i r r a d i a t e d  and 

i r r a d i a t e d  samples. A t y p i c a l  f r a c t u r e  i s  shown i n  F i g .  5.4.4 f o r  

a sample t h a t  was p l a s t i c a l l y  uns tab le  a t  t h e  y i e l d .  

f a i l e d  a f t e r  extensive  deformation w i t h  a well-formed neck, wi th  an 

es t imated 94% reduct ion of a r ea .  

t h e  dimples c h a r a c t e r i s t i c  of d u c t i l e  f r a c t v r e s ,  without any cleavage 

f a c e t s ,  g r a i n  boundary separa t ions  or t h e  r e l a t i v e l y  f l a t  channel 

f r a c t u r e  f a c e t s .  None of t h e  f r a c t u r e s  examined showed any of t h e  

i n d i c a t i o n s  of t h e  b r i t t l e  or low- duct i l i ty  f r a c t u r e  modes. 

The sample had 

The f r a c t u r e  s u r f a c e  shows only 

5.4 .4 .5  Deformation Mode 

Examination of s e c t i o n s  of s e l e c t e d  samples by t ransmiss ion e l e c t r o n  

microscopy showed t h a t  t h e  only i r radia t ion- produced d e f e c t s  i n  t h e s e  

samples appeared t o  be a very  high concen t ra t ion  of smal l  d i s l o c a t i o n  

loops.  Af te r  ex tens ive  deformation, a s  i n  t h e  unnecked reg ion  of a 

sample t h a t  d isplayed ex tens ive  uniform e longa t ion ,  Fig.  5 . 4 . 5 ,  t F  r e  

i s  l i t t l e  or no evidence of t h e  i r radia t ion- produced damage. It has 

been replaced by a f i n e  s c a l e  network of d i s l o c a t i o n s  r e s u l t i n g  from 

t h e  deformation. 

o u t s i d e  t h e  neck on samples  t h a t  d isplayed l e s s  than 0.5% uniform 

elongat ion,  a l l  deformation has occurred by d i s l o c a t i o n  channeling.  

Figure  5.4 .6  shows an example of t h i s  channeling behavior.  

s t r u c t u r e  con ta ins  mainly a r ea s  of a s- i r r a d i a t e d  d i s l o c a t i o n  loops ,  

separa ted  by channels swept c l e a r  of t h e  i r r a d i a t i o n  damage by t h e  

passage of m u l t i p l e  s l i p  d i s l o c a t i o n s .  

been observed, '"  but  t h e r e  is not  a f u l l y  accepted model of t h e  processes  

occurr ing.  

t h e  t r a c e s  of a number of t h e  IllO) and {112) s l i p  planes  i n  t h i s  sample. 

While many of t h e  channels f i t  t h e s e  expected s l i p  p lanes ,  not  a l l  channels 

can be matched t o  these  systems. A number of t h e  channels a l s o  show 

s i g n i f i c a n t  curva ture .  

systems and c ross- s l ip  processes  must have been o p e r a t i v e  i n  t h e  defor-  

mation of t h i s  sample. 

I n  reg ions  t h a t  have experienced much less deformation,  

The micro- 

This  type of behavior has f requen t ly  

The "map" of t h e  deformation channels i n  Fig. 5 .4 .6  shows 

These f e a t u r e s  i n d i c a t e  t h a t  a number of s l i p  
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Fig. 5.4.5. Micros t ruc ture  of an N b l %  Z r  Sample I r r a d i a t e d  t o  
Reduction 0.005 dpa a t  About 7 O o C  and Tens i l e  Tested a t  About 35'C. 

of a r e a  of t h i s  sample s e c t i o n  was about 22%. 

5.4.5 Conclusions and Future Work 

I r r a d i a t i o n  a t  about 70'C followed by t e n s i l e  t e s t s  a t  about 35°C 

showed: 

1. 

2. 

The behavior of niobium and -1% Z r  is nea r ly  i d e n t i c a l .  

Hardening cont inues  beyond 0.36 dpa, and probably extends 

beyond 15 dpa. 

3. D u c t i l i t y  l o s s  by p l a s t i c  i n s t a b i l i t y  is r e l a t e d  t o  d i s l o c a t i o n  

channeling.  S l i p  d i s l o c a t i o n s  c l e a r  swaths through t h e  d i s l o c a t i o n  

loops produced by i r r a d i a t i o n .  

4. Although uniform elongat ion goes t o  zero a t  about 0.05 dpa, 

total e longa t ion  remains high. 

5. The f r a c t u r e  mode remains d u c t i l e .  

6. The DBTT remains below room temperature f o r  condi t ions  i n v e s t i -  

gated. 

Future  experiments a r e  planned t o  e s t a b l i s h  t h e  in f luence  of s t r a i n  

r a t e  during t e s t i n g  and of p l a s t i c  s t r a i n  before  i r r a d i a t i o n  on the  

p l a s t i c  i n s t a b i l i t y  behavior of N b 1 %  Z r .  
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5.5 MECHANICAL PR@PERTY TESTING OF PATH C ALLOYS IN UNIRRADIATED 
CONDITION - K. C.  Liu (ORNL) 

5.5.1 ADIP Task 

ADIP Task I.B.3, Fatigue Crack Growth in Reactive and Refractory 

Alloys. 

5.5.2 Objective 

Fatigue and crack growth behavior are among the most important 

properties of an alloy to be used in a fusion reactor. There is 

essentially no information on these properties for refractory metal 

alloys. The objective of this work is to develop base-line information 
for the path C refractory metal scoping alloys in the unirradiated 

condition. 

5.5.3 Sumary 

Equipment for conducting tensile, fatigue, and crack growth tests 

on refractory scoping alloys in vacuum is currently being assembled 

at ORNL. 

5.5.4 Progress and Status 

A multipurpose tension-torsion biaxial testing system with closed- 
loop servo-control capabilities, as shown in Fig. 5.5.1, w i l l  be used 

to determine the mechanical properties of a scoping set of unirradiated 

reactive and refractory alloys. This is a complex-load tester, which 
can independently apply axial or torsional loading as well as a combined 
axial-torsional static and dynamic loading. 

The atmosphere, oxygen in particular, will significantly influence 

the fatigue properties of alloys at elevated temperatures. Since these 

alloys will be used in the oxygen-free environment of a fusion reactor, 

samples must be tested in vacuum. The system available for conducting 

these tests.presently lacks the capability for testing samples in con- 

trolled environments at elevated temperatures. A n  appropriate environmental 

chamber and associated equipment are currently being designed. 
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*INDICATES COMPONENTS TO BE ADDED IN EXISTING SYSTEM 

F i g .  5.5.1.  Block Diagram f o r  Multipurpose B i a x i a l  Test ing System. 

The specimen design f o r  va r ious  t e s t s  w i l l  be determined by t h e  

product form a v a i l a b l e  and t h e  d e s i r e  t o  have t h e s e  r e s u l t s  s e r v e  a s  

base- l ine  da ta  f o r  i r r a d i a t i o n  e f f e c t s  s t u d i e s .  Only shee t  m a t e r i a l  

w i l l  be a v a i l a b l e ,  and r e s t r i c t i o n s  imposed by t h e  i r r a d i a t i o n  

experiments d i c t a t e  t h a t  t h e  specimens be a s  smal l  a s  p o s s i b l e .  

Figure  5.5.2 shows a shee t  f a t i g u e  specimen designed by McDonnell- 

Douglas Corporation.  This  specimen has  been designed wi th  rounded 

shoulder f i l l e t s  t o  minimize t h e  s t r a i n  concen t ra t ion  a t  t h e  incep t ion  

of t h e  e l l i p t i c a l  t r a n s i t i o n  so t h a t  r e p r e s e n t a t i v e  f a t i g u e  behavior 

and d a t a  can be observed a t  the  gage s ec t i on .  A drawback t o  t h e  shee t  

specimen design i s  t h a t  i t  p e r m i t s  f a t i g u e  loading i n  t ens ion  only 

t o  avoid buckling.  Center-cracked shee t  specimens w i l l  be used f o r  

c rack  growth s t u d i e s .  

Spec ia l  specimen g r i p s  and s t r a i n  measurement devices  f o r  use 

i n  t h e  environment chamber a r e  being developed. 
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ALL DIMENSIONS ARE I N  MILLIMETERS 

Fig.  5.5.2.  Fa t igue  Specimen wi th  Grodzinski E l l i p t i c a l  F i l l e t .  

Path C scoping a l l o y s  i d e n t i f i e d  by t h e  Alloy Development Task 

Group inc lude  three vanadium a l l o y s :  V-20% T i ,  V-15% C r - 5 %  T i ,  and 

Vanstar 7 ;  and two niobium a l l o y s :  N b 5 %  M e 1 %  Z r  and W l %  Z r .  

Because of the complete absence of d a t a  on t h e  response of t h e s e  

a l l o y s  t o  c y c l i c  loading ,  which is  considered as the most damaging 

mode t o  t h e  s t r u c t u r a l  i n t e g r i t y  of a fu s ion  r e a c t o r ,  c r ack  growth 

and f a t i g u e  tests w i l l  b e  emphasized. 

t e n s i l e  tests.  A t en ta t ive  tes t  matrix i s  shown i n  Table 5.5.1. 

These w i l l  be supplemented by 

Table 5.5.1. T e s t  Matr ix of Pa th  C (Vanadium, Niobium) Scoping A l l o y s  

Test Specimen Material Temperature Test Test 
Property ("C) Parameters Environments Conditions 

Tensile room L = ~ I m i n  i ne r t  sheet 6 
350 
450 
550 
650 
750 

Fatigue room A€ = 2% vacuum 
550 1 
650 0.5 

0.3 

Crack growth room 
550 
650 

sheet 12 

vacuum Center crack 3 
specimen 
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5.5.5 Conclusions 

A t e n t a t i v e  test matr ix  intended t o  provide base- l ine  information 

on t h e  f a t i g u e ,  t e n s i l e ,  and crack growth p r o p e r t i e s  of u n i r r a d i a t e d  

r e f r a c t o r y  metal  scoping a l l o y s  has  been i d e n t i f i e d .  Equipment f o r  

t e s t i n g  these  a l l o y s  i s  being assembled and assoc ia ted  f i x t u r i n g  and 

ins t rumentat ion a r e  being developed. 



6. PATH D ALLOY DEVELOPMENT - INNOVATIVE MATERIAL CONCEPTS 

Innovative material concepts are included as a path in the alloy 

development program because the fusion reactor environment is extremely 

demanding on materials in the high-flux region and the more conventional 

materials and metallurgical concepts may not be adequate. 
to alloy design, nonconventional material processing t o  tailor properties, 

or alternate materials such as structural ceramics and fiber composites 

will be considered. 

Novel approaches 
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6.1 DEVELOPMENT OF ALLOYS WITH LONG-RANGE ORDEX;' - c .  T. Liu (ORNL) 

6.1.1 ADIP Task 

Task 1.B.16, Tensile Properties of Special and Innovative Materials, 

and Task 1.C.5, Microstructures and Swelling i n  Special and Innovative 

Materials. 

6 . 1 . 2  Objective 

The objective of this study is to determine the potential of alloys 

with long-range order (LRO) for high-temperature energy systems such as 

fusion reactors. These alloys have excellent high-temperature strength 

properties, and on the basis of electron and heavy i on  simulation experiments 

appear to have good swelling resistance. Samples of LRO alloys w i l l  be 
included in alloy development irradiation experiments to assess the effects 

of irradiation on tensile properties and stability. 

6.1.3 Summary 

Two long-range ordered alloys with compositions 36.1% F c 1 9 . 7 %  Ni--21.4% 

C c ~ 2 2 . 8 %  V (LRO-15) and 4 6 %  Fe31% Ni--23% V (LRO-16) were prepared and * 

fabricated into 0.8-mm-thich sheets. Tensile tests indicate that these 

alloys are ductile, with elongation in excess of 35% at room temperature. 

The ordered alloys have very attractive high-temperature mechanical 

properties; that i s ,  the'ir strength increases with test temperature, 

instead of decreasing like that of conventional alloys. These two 

alloys will be irradiated i n  the ORR-MFE-2 experiment. 

6 .1 .4  Progress and Status 

Long-range ordered (LRO) alloys offer a significant advantage over 

the conventional or disordered alloys for high-temperature applications. 

This is because ordering reaction produces stronger binding and closer 

packing between atoms. As a result, any kinetic processes involving 

diffusion, such as creep or migration of point defects, are reduced. 

-k 
This work is entirely supported by the Nuclear Research and Applications 

Materials Programs sponsored by the Division of Advanced Systems and 
Materials, Department of Energy. 



Also ,  unusual dislocation motion characteristics of the ordered lattice 

give the LKO alloys excellent high-temperature strength’ and fatigue 

resistance.’ 

experiments have dem~nstrated~’~ that alloys with LRO structure are more 

resistant to radiation-induced swelling. This provides incentive to 

examine the potential of LRO alloys for the potential fusion reactor 

applications. 

Furthermore, recent electron irradiation and ion bombardment 

One of the major obstacles to more widespread use of ordered alloys 

and intermetallic compounds is their brittleness. However, our recent 

work on the Co-Fe-Ni-V alloy system has demonstrated5 that the ductility 

of the ordered alloys can be controlled by adjusting the composition 

and ordered structure. The alloys with controlled ordered structure have 

more than 40% elongation at room temperature. In this study, the alloy 

compositions are modified for nuclear power applications in the temperature 

range 300 to 7 O O O C .  

Two alloys with compositions 36.1% Fe19.7% Ni-21.4% Cw22.8% V 
(designated as LRO-15) and 46% Fe31% Ni-23% V (LRO-16) were prepared by 
arc-melting and drop casting. The ingots were wrapped in molybdenum 

sheet and then rolled to 0.8-mm-thick sheet at 1000 to 1100°C. The sheets 

have good quality with no indication of surface or edge cracks. 

To characterize the ordering behavior and mechanical properties, 
tensile specimens were blanked from the LRO- 15 and -16 sheets and then 
heat-treated at 600 to llOO°C to produce disordered (quenching from llOO°C) 

and ordered structures. 

properties of LKO- 15 and -16 alloys. Formation of LRO significantly 

increases the work-hardening rate and tensile strength but only slightly 

affects the yield strength. As shown in the table, both alloys are 

ductile, and had 35 to 55% elongation in the ordered state. 

Table 6.1.1 shows the room-temperature tensile 

Figure 6.1.1 shows the yield strength of LRO-15 and -16 alloys as a 
function of test temperature. The results are mainly obtained from 

consecutive testing in the temperature range 400 to 1000°C. 

feature of this plot is that the yield strength of the ordered alloys 
increases with test temperature, instead of decreasing as that of 

conventional alloys (such as type 316 stainless steel). The ordered 

The striking 
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Table 6.1.1. Room-Temperature Properties of LRO-15 and -16 
In Ordered and Disordered States 

I /- I Tensile Yield 

LRO-15 Disordered 881 .2  394.1  5 1 . 1  
-15 Ordered 1 3 2 9 . 1  354.2 54.7 

LRO-16 Disordered 858.5 392.7 48 .0  
-16 Ordered 1070.7 4 2 3 . 1  35.2  

ORNL-DWG 78-5548 
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alloys are much stronger than type 316 stainless steel in the annealed 

condition and also stronger than the ZO%-cold-worked 316 stainless steel 

at temperatures above 600°C. The yield strength of LRO-15 reaches 593 MPa 

at 780°C, which is 6 times that of annealed type 316 stainless steel and 

almost 3 times that of ZO%-cold-worked type 316 stainless steel. The 

yield strength of the ordered alloys drops sharply beyond a critical 

temperature as a result of disordering. The critical ordering temperatures 

of the ordered alloys LRO-15 and -16 are estimated to be 790 and 710°C, 

respectively. 

6.1.5 Conclusions and Future Work 

Two-long range ordered alloys with compositions 36.1% Fe19.7% Ni- 

21.4% Ccr22.8% V (LRO-15) and 46% Fe31% Ni-23% V (LRO-16) were hot rolled 

into sheets at 1000 to 1100°C. 

elongation in excess of 35% at room temperature. The alloys have very 

attractive high-temperature mechanical properties; that is, their 

strength increases with test temperature instead of decreasing as that 

of conventional alloys. The peak strength is located just below the 

critical ordering temperature, which is estimated to be 790 and 710°C 

for the alloys LRO-15 and -16, respectively. The yield strength 

drops sharply beyond these temperatures as a result of disordering. 

The alloys are ductile with tensile 
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7. STATUS OF IRRADIATION EXPERIMENTS 

Irradiation experiments are presently being conducted in the ORR and 

HFIR, which are mixed-spectrum fission reactors, and in the EBR-11, which 

is a fast-spectrum reactor. Experiments are generally cooperative between 

several program participants. Experiment plans, test matrices, etc. are 

reviewed by the Alloy Development for Irradiation Performance Task Group. 
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7.1 STATUS OF ORR-MFE-1 AND -2 IRRADIATION EXPERIMENTS - J .  W. Woods, 
A .  F. Zulliger., and E. E. Bloom (ORNL) 

7.1.1 ADIP Task 

These two experiments support those tasks of the ADIP Program Plan 

that require neutron irradiations to accomplish their objectives. The 

experiments contain alloys from each alloy development path. 

7.1.2 Objective 

The ORR-MFE-1 and ORR-MFE-2 irradiation experiments are vehicles for 

irradiation of samples for postirradiation testing and examination 

(e.g., tensile, creep-rupture, and fatigue testing; measurkment of irradiation 

creep; and microstructural examination). The objectives of these experiments 

from the viewpoint of alloy development are to examine: 
1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

effects of composition on the tensile properties of stainless steels 

with nominal compositions near that of type 316 stainless steel; 

effects of preirradiation heat treatment on the tensile properties of 

type 316 stainless steel; 

effects of irradiation on the tensile properties of type 316 and 

16-8-2 stainless steel welds; 

effects of irradiation on the tensile properties of representative 

path B alloys; 

effects of irradiation on the tensile, creep-rupture, and fatigue 

properties and on the microstructures of representitative titanium 

alloys, vanadium alloys, and niobium alloys; 
irradiation creep of type 316 stainless steel and Nimonic PE-16, 

path A and B alloys, respectively; 

postirradiation fatigue properties of type 316 stainless steel, 

Nimonic PE-16, and high-nickel alloys X-750 and Inconel 600; 

effects of irradiation on tensile and creep-rupture properties of 

alloys with long-range order (path D). 

7.1.3 Summary 

Irradiation of OM-MFEsl in position C-7 of the ORR began on 

February 8 .  This experiment contains microstructural and composition 
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variations on type 316 stainless steel (path A ) ,  several precipitation- 

strengthened Fe-Ni-Cr alloys (path B ) ,  and titanium alloys (path C). 
With the initial core configuration (fuel surrounding the experiment) 

the desired low irradiation temperatures, particularly 250 and 35OoC, 

could not be attained. 
temperatures were raised. The experiment is now in the reactor. The 

irradiation time will be determined when neutron flux, spectrum, and 

damage production calculations are complete. 

being redesigned for more efficient heat removal. 

ORR-MFE-1 and -2 test matrices will be accomplished in the redesigned 

experiment. The ORR-MFE-2 schedule will be delayed about two months. 

The core configuration was changed and control 

Experiment ORR-MFE-2 is 

Most of the original 

7.1.4 Progress and Status 

7.1 .4 .1  Introduction 

The number of times each atom is displaced from its normal lattice 

site (dpa) and the amount of helium produced by (??,a) transmutations are 
felt to be the most critical quantities for description of damage produced 

by a fusion reactor neutron spectrum. Mixed-spectrum fission reactors 

(those having high fluxes of both fast and thermal neutrons) provide an 

approximation of the damage created in a fusion reactor for materials 

containing nickel. Fast neutrons generate atom displacements, and thermal 
neutrons produce helium by the two-step reaction sequence 

"Ni + n + 59Ni , 

59Ni + n + 56Fe + 'He . 

By controlling the fast and thermal fluxes, the He-to-dpa production ratio 
can be matched to that in a fusion reactor. Since all path A and B alloys 

contain nickel, a good approximation of fusion reactor helium and dpa 

production can be obtained. 

in a fission reactor is much lower than in a fusion reactor. Without 

techniques to produce the needed helium [e.g., preinjection, doping with 

isotopes having desired (n,a) cross sections, etc.] fission reactors 

For path C alloys the helium production rate 
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provide only atom displacements.  U n t i l  these  techniques a r e  developed 

and proven, f i s s i o n  r e a c t o r s  can provide only b a s i c  r a d i a t i o n  e f f e c t s  

d a t a  on path  C a l l o y s .  These da ta  a r e ,  however, important ,  p a r t i c u l a r l y  

i n  the  scoping phase of a l l o y  development and a s  concerns e l imina t ion  of 

unacceptable a l l o y s ,  heat  t reatments ,  e t c .  

7 . 1 . 4 . 2  Sta tu s  of ORR-MFE-1 

This i s  the  f i r s t  experiment i n  support  of f u s i o n  r e a c t o r  m a t e r i a l s  

development t o  be conducted i n  the  ORR. The experiment v e h i c l e  i s  s i m i l a r  

t o  t h a t  used i n  previous  experiments on o ther  m a t e r i a l s  development programs. 

The s i g n i f i c a n t  d i f f e r e n c e  between O m - M F E - 1  and previous experiments was 

the  p o s i t i o n  i n  t h e  r e a c t o r .  This experiment was placed i n  p o s i t i o n  C 7  

and had f u e l  elements on four  s i d e s  [ s ee  F i g .  7 . 1 . 1 ( a ) ] .  A l l  previous 

experiments had been conducted i n  p o s i t i o n  B 8  and genera l ly  had f u e l  o n l y  

on two s i de s .  It i s  d e s i r a b l e  t o  maximize the  amount of f u e l  around the  

experiment t o  i n c r e a s e  t h e  f a s t  neutron f l u x  and thus  the  displacement 

production r a t e .  With t h e  r e a c t o r  core  conf igura t ion  shown i n  F i g .  7 . 1 . 1 ( a ) ,  

temperatures i n  t h e  experiment exceeded the  d e s i r e d  c o n t r o l  temperature by 

a s  much a s  3 0 0 ' C  with t h e  r e a c t o r  opera t ing  a t  30 MW. 
taken t o  maximize t h e  use fu lness  of t h e  experiment: (1)  t h e  c o r e  configu-  

r a t i o n  was changed t o  t h a t  shown i n  F i g .  7 .1 .1(b) ,  and ( 2 )  some c o n t r o l  

temperatures were r a i s e d .  The f i n a l  l ayout  of t h e  experiment and i r r a d i a t i o n  

temperatures a r e  shown i n  Table 7 . 1 . 1 .  I r r a d i a t i o n  temperatures c a l l e d  

f o r  i n  t h e  i n i t i a l  experiment planning are a l s o  shown. Alloy compositions 

and heat  t r ea tments  included i n  t h e  experiment a r e :  

Two a c t i o n s  were 

Type 316 S t a i n l e s s  S t e e l  Micros t ruc tu re  Se r i e s .  This  s e r i e s  inc ludes  

t e n s i l e  samples from t h e  MFE r e f e r e n c e  h e a t  of type 316 s t a i n l e s s  s t e e l  

(composition given i n  T a b l e  7 . 1 . 2 ) .  

the  fol lowing hea t  t rea tments  before  sample f a b r i c a t i o n :  

Micros t ruc tu res  were developed by 

annealed a t  1 0 5 0 ° C  + 20% cold work 
annealed a t  1 1 5 0 ' C  + 20% cold work 
annealed a t  1 0 5 0 ° C  + 30% cold work 
annealed a t  1 O 5 O 0 C  + 50% cold work 
annealed a t  1050'C + 10 hr a t  800°C 
annealed a t  1 0 5 O O C  + 10  h r  a t  8 0 0 ° C  + 20% cold work 
annealed a t  1 0 5 0 ' C  + 20% warm work a t  3 0 O o C  
annealed a t  1 O 5 O 0 C  
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Fig.  7 . 1 . 1 .  F u e l  Element Loadings of the  ORR f o r  Experiment ORR-MFE-1. 
The experiment i s  i n  p o s i t i o n  C- 7.  
used as follows: HT = hydraul ic  tube,  B e  = beryl l ium element,  Exp = 
experiment, number = loading i n  g 2351J i n  f u e l  element. 
s tart  of experiment. (b) Revised loading.  

The code i n  each l a t t i c e  p o s i t i o n  is 

(a)  Loading a t  
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Table 7.1.1. Plan of ORR-MFE-1 Experiment, Showing Material 
Variables and Planned and Final Irradiation Temperatures 

Irradiation Temperature, 'C ,  in Each Quadrant 
Final Control and (Planned) 

North WeSf South East 

Leve l  Samples Irradiated (Quadrants) 

350 ( 3 5 0 )  

350 ( 2 5 0 )  

4 5 0  ( 2 5 0 )  

6 0 0  ( 3 5 0 )  

500 ( 4 5 0 )  

525 ( 3 5 0 )  

525 ( 3 5 0 )  

500 ( 4 5 0 )  

4 5 0  ( 4 5 0 )  

4 5 0  (350) 

375 ( 3 5 0 )  

575 ( 4 5 0 )  

500 ( 3 5 0 )  

575 ( 4 5 0 )  

475 ( 3 5 0 )  

4 5 0  ( 3 5 0 )  

550 ( 5 5 0 )  

550 ( 4 5 0 )  

550 ( 4 5 0 )  

6 2 5  ( 5 5 0 )  

550 ( 4 5 0 )  

575 ( 4 5 0 )  

575 ( 4 5 0 )  

550 ( 4 5 0 )  

6 5 0  ( 6 5 0 )  

650 ( 5 5 0 )  

6 5 0  ( 5 5 0 )  

6 5 0  ( 6 5 0 )  

6 0 0  (550) 

6 5 0  ( 5 5 0 )  

6 5 0  ( 5 5 0 )  

6 0 0  ( 5 5 0 )  

Samples from damage a n a l y s i s  and fundamental 
studies programs (all) 

Path B alloy series ( a l l )  

Samples from damage analysis and fundamental 
studies programs (all) 

Samples from damage analysi9 and fundamental 
studies programs (all) 

Ti alloys - fatigue samples (N) 

Type 316 stainless steel composition series  ( a l l )  

Type 316 veld samples (all) 

T i  a l loys  ~ fatigue samples (N) 

tensile samples (W,S,E) 

creep samples (W) 
tensile samples ( S , E )  

Table 7.1.2. Composition of MFE Reference Heat of 
Type 316 Stainless Steel, Heat X-15893' 

Content ,  w t  X 

Ni Cr Mo Mn Si C P S 

Mill analysis 12.4 17.3 2.1 1.8 0.65 0.05 0.03 0 . 0 2  

Vendor overcheck 1 2 . 8  1 7 . 5  2.2 1.8 0.64 0.05 0.03 0.02 

O W L  overcheck 12 .4  17.3 2 . 1  1.7 
a Titanium not reported. 

Type 316 Stainless Steel Composition Series. This series includes 

tensile samples of alloys having the nominal composition of type 316 stain- 

less steel with systematic variations in Si, Mo, Ti, C ,  and P. All samples 

are in the 20%-cold-worked condition. These alloys were supplied by the 

Breeder Reactor Cladding and Duct Materials Development Program supported by 

the Division of Reactor Research and Technology, Department of Energy. 

Type 316 Stainless Steel Weld. This series consists of tensile samples 
from welds made with type 316 and 16-8-2 stainless steel filler metal on 

type 316 stainless steel plate. It includes both longitudinal samples, 

which are all weld metal, and transverse samples. which include weld metal, 

heat-affected zone, and base metal. 
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Path B Alloy Series. The path B alloy series consists of tensile 

samples of Nimonic PE-16 in three heat treatment conditions and four 

developmental precipitation-strengthened alloys, also supplied by the 

Breeder Reactor Cladding and Duct Materials Development Program of the 

Division of Reactor Reasearch and Technology. 

Titanium Alloys. The titanium alloy test matrix is summarized in 

Table 7.1.3. The alloys and heat treatments were selected to explore 

a-rich, B-rich, and (a  + 5) structures. Tensile, creep-rupture, and 

fatigue samples are included. 

Table 7.1.3. Test Matrix f o r  Titanium Alloys in ORR-MFE-1 

Relative Irradiation Temperatures, "C  
Alloy Designation Heat Treatment Neutron 

Flux Tensile Fatigue Creep 

Ti&% A l 4 %  V 
( a  + I3 Alloy) 

T i 4 2 4 2  S 
( a  Rich) 

Ti- 5621 S 
( a  Rich) 

Ti-38 6 4 4  
( 5  Rich) 

Duplex Anneal High 
LOW 

6 Anneal High 
Low 

Mill Anneal High 
LOW 

Duplex High 
LOW 

Duplex High 
LOW 

Stabilized High 
LOW 

5 0 0 ,  5 5 0 ,  600 
4 5 0 ,  5 5 0 ,  600 

5 0 0 ,  5 5 0 ,  600 
4 5 0 ,  5 5 0 ,  600 

5 0 0 ,  5 5 0 ,  600 
4 5 0 ,  5 5 0 ,  600 

5 0 0 ,  5 5 0 ,  600 
4 5 0 ,  5 5 0 ,  600 

5 0 0 ,  5 5 0 ,  600 
4 5 0 ,  5 5 0 ,  600 

5 0 0 ,  5 5 0 ,  600 
4 5 0 ,  5 5 0 ,  600 

500 
500 450 

500 
500 450  

500 
500 450 

500 
5 0 0  4 5 0  

7 . 1 . 4 . 3  Description of Experiment ORR-MFE-1 
An aluminum framework, constructed as shown by the sketch in 

Fig. 7.1.2 was used to position the heaters and specimens, as well as to 
support the heater leads and thermocouples. The length of the mounting 

frame was divided into eight levels, each containing four subassemblies. 

Each subassembly had a carousel-type spacing frame, which would hold up 

to 16 miniature sheet specimens. In some subassemblies a tube of electron 
microscopy specimens replaced three sheet specimens. Figure 7.1.3 shows 
the components of a typical subassembly. 
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COMPLETED 
SUBASSEMBLY 

Y-151437 

f 

LOADED CAROUSEL 
W I T H  THERMOCOUPLE 

I 

SPECIMENS HEATER 

Fig.  7.1.3. Components of a Subassembiy f o r  ORR-WE-1 Experiment. 

Ldly a t t ached  t o  i t ,  

mnocouple l e ads .  FJ _ -  - .  

The 32 subassemblies were pos i t ioned  on t h e  mounting frame, t h e  

h e a t e r  ends were r i g :  and then connections were made 

t o  t h e  h e a t e r  and the .gure 7.1.4 shows t h e  assembled 

experiment. Figure  i . i . 5  IS a cIose-uD of one subassemblv. 

Af te r  a l l  t h e  sub ment con ta iner  

w a s  pos i t ioned  over th-  .-_-..____ -___ _ _  t h e  top and 

bottom p l a t e s .  A l l  e l e c t r  ' passed 

through t h e  t op  p l a t e  t o  t l r s  S L C C S D ~  cuvS LL.LICLLLJ LSL,,,LL,SL,ed i n  t h e  

junct ior  

thermoci 

control :  

Ne t  

L. R. Greenwood of Argonne Nat ional  Laboratory.  P lans  include a s h o r t  

i r r a d i a t i o n  i n  t h e  E-7 p o s i t i o n  f o r  s p e c t r a l  mapping. For t h e  long 

i r r a d i a t i o n s  i n  both C-7 and E-7 p o s i t i o n s ,  g r a d i e n t  wires of Fe,  Co-Al, 

i c a l  l e a d s  from t h e  experiment were 
I.,. .. ^^^^"  *..l-̂  .̂.A Ci..",,.. C .̂.-*..̂ C 

i box l o c a t e d  above the water a t  poo ls ide .  

iup le  i n  each subassembly was fed  t o  a propor t ioning on-off 
Ler, which ad jus ted  t h e  power input  t o  t h a t  h e a t e r .  

i t r o n  dosimetry f o r  both  ORR-MFE-1 and -2 was planned by 

The output  of one 
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NL-PHOTO 0643-78 

Fig. 7.1.5. Close-Up of Subassembly f o r  ORR-MFE-1 Experiment. 
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Ni, and Ti will be used to obtain the total fluence. The spectral mapping 

, 2381J, and Sc monitors in addition to the irradiation will use 237Np, 23SU 

gradient wires, He monitors, and bare and Cd-covered Au foils. 

7.1.4.4 Status of ORR-MFE-2 

If ORR-MFE-2 were of the same design as used for ORR-MFE-1, the 

desired lower irradiation temperatures could not be obtained unless the 

number of samples were drastically reduced. We decided to redesign 

ORR-MFE-2 rather than accept this penalty. 

That portion of the specimen mounting frame occupied by levels 1 
through 6 will be replaced with an aluminum core piece that contains 
cooling water channels as well as four 25-mm-diam by 0.31-m-long holes. 

This core piece will accommodate 16 gas-gap capsules. 
designed to accommodate either 22 tensile samples or 12 pressurized 

tubes. 

a gas annulus between the capsules and the cooled core piece. 

capsule is designed to run below its control temperature with nuclear 

heating at 30 MW reactor power. Desired control temperatures, in the 

range 250 to 65OoC, are attained with electrical heaters in the center of 

each capsule. 

located at the center of the gage section of the tensile samples. 

specimen mounting frame in levels 7 and 8 also will be replaced by a 
core piece similar to the one described above. 

sodium-filled capsules will be irradiated in this section. 

measurement and control are similar to those described above. These 

capsules will contain refractory metal specimens. 

Capsules are being 

The capsules will be centered in the 25-m-diam holes to provide 

Each 

Temperature is measured and controlled by thermocouples 

The 

Four doubly encapsulated 

Temperature 

The redesign of ORR-MFE-2 enables us to irradiate 432 sheet specimens, 
48 pressurized tubes, and up to 1000 TEM disks at the desired test 
temperatures instead of 352 sheet specimens as were placed in ORR-MFE-1. 

Although there will be some modification of the test matrix, we believe 

that the major goals of ORR-MFE-1 and -2 can be accomplished with the 

redesigned ORR-MFE-2. 

Irradiation of ORR-MFE-2 was originally scheduled to begin March 27, 1978. 

As a result of the necessary redesign, irradiation of the experiment is now 
planned to begin with Cycle 145, June 2,  1978. 
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7 .1 .5  Conclusions and P lans  f o r  Future  Work 

The high temperatures i n  t h e  ORR-MFE-1 i r r a d i a t i o n  experiment r e s u l t e d  

from nuclear  hea t ing  r a t e s  higher than had e x i s t e d  f o r  t h e  core  conf igura t ions  

and i n  t h e  p a r t i c u l a r  core  p o s i t i o n  i n  which experiments of t h i s  des ign 

w e r e  previously  used. Estimated neutron energy spectrum and helium and 

displacement production r a t e s  f o r  the  p resen t  core  conf igura t ion  w i l l  be 

c a l c u l a t e d ,  and recommendations f o r  proceeding wi th  Om-MFE-1 w i l l  be 

developed. When an experiment of t h i s  des ign i s  surrounded wi th  f u e l ,  

temperatures a t  t h e  lower p a r t  of the  range of i n t e r e s t  a r e  very d i f f i c u l t  

t o  o b t a i n .  Rather than d r a s t i c a l l y  reduce t h e  number of samples i n  t h e  

experiment, an  a c t i o n  required t o  reach the  low temperatures wi th  the  

p resen t  des ign,  we decided t o  design an experiment wi th  more e f f i c i e n t  

hea t  removal. This design is now w e l l  under way and w i l l  be used. In 
ORR-MFE-2 t h e  more e f f i c i e n t  heat  removal w i l l  a l low i r r a d i a t i o n  of about 

4 3 2  shee t  t e n s i l e  samples  and 48 pressur ized  tube samples .  

the  o r i g i n a l  ORR-MFE-1 and -2 t e s t  matr ix  can thus  be accomplished i n  

t h e  redesigned ORR-MFE-2. 

by t h i s  a c t i on .  

Nearly a l l  

The experiment w i l l  be delayed about two months 
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7.2 CAPSULE DESIGN FOR IRRADIATION OF FATIGUE CRACK PROPAGATION 

SPECIMENS I N  OF3 - H. E. Watson, J. A. Sprague, and D. J. 

Michel (Naval Research Laboratory) 

7 . 2 . 1  ADIP Task 

The work descr ibed i n  t h i s  r e p o r t  is being performed as p a r t  of 

t h e  following ADIP Program P l a n  Tasks: I.A.2, Define Test Matrices 

and Test Procedures; I . B . l ,  Fat igue Crack Growth i n  Aus ten i t i c  Alloys 

(Path A); I . B . 2 ,  Fat igue Crack Growth i n  High Strength/High Temperature 

Fe-Ni-Cr Alloys (Path  B); I.B.3, Fat igue Crack Growth i n  React ive/  

Refractory  Alloys (Path C). 

7.2.2 Object ives  

The o b j e c t i v e  of t h i s  work i s  t o  des ign a capsule  f o r  i r r a d i a t i o n  

of compact- tension geometry f a t i g u e  crack propagation specimens a t  con- 

t r o l l e d  e leva ted  temperatures i n  t h e  high- flux reg ions  of ORR. 

7.2.3 Summary 

The capsule  has  been designed t o  a l low t h e  i r r a d i a t i o n  of f a t i g u e  

c rack  propagation specimens wi th  t h e  0.5T compact t ens ion  (0 .5T  CT) 

geometry a t  e leva ted  temperatures i n  t h e  high- flux reg ion  of t h e  ORR 

core .  

heat  genera t ion  i n  t h e  specimens and hea t  l o s s  t o  t h e  r e a c t o r  cool ing 

water through an e x t e r n a l l y  c o n t r o l l e d  v a r i a b l e  gas gap. The des ign  of 

t h e  ORR capsu le  has been der ived from NRL capsu les  used t o  i r r a d i a t e  

r e a c t o r  p ressure  v e s s e l  steels i n  a number of r e s e a r c h  r e a c t o r s ,  wi th  

modif icat ions  t o  t h e  geometry t o  a l low f o r  t h e  high g a m a  hea t ing  r a t e  

encountered i n  t h e  core  of ORR. The f i r s t  assembly of t h i s  des ign  

w i l l  be i r r a d i a t e d  as experiment MFE-3, scheduled f o r  i n s e r t i o n  i n  OW 

by t h e  end of  FY 78. 

Temperature c o n t r o l  w i l l  be achieved by a balance between gamma 
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7.2.4 Progress  and S t a t u s  

7.2.4.1 In t roduc t ion  

The f i r s t  wal l  s t r u c t u r e  of a magnetic-confinement f u s i o n  r e a c t o r  

(MFR) i s  expected t o  experience combined c y c l i c - s t a t i c  loading a t  ele- 

vated temperatures,  whi le  being subjected t o  i n t e n s e  neutron and ion  

i r r a d i a t i o n .  Under t h o s e  condi t ions ,  t h e  propagation of cracks  from 

flaws i s  expected t o  be a n  important p o t e n t i a l  f a i l u r e  mechanism. The 

h igh  helium concen t ra t ions  and high displacement damage l e v e l s  p ro jec ted  

f o r  f i r s t - w a l l  materials may adversely  a f f e c t  t h e i r  c rack  propagation 

r e s i s t a n c e  by t h e  combined e f f e c t s  of mat r ix  hardening and weakening of 

t h e  g r a i n  boundaries.  It i s ,  t he r e fo r e ,  important  t o  use  t h e  high helium 

generat ion r a t e s  a v a i l a b l e  f o r  n ickel- bear ing a l l o y s  i n  high- flux mixed- 

spectrum r e a c t o r s  such a s  O F 3  t o  s imulate  t h e  e f f e c t s  of f u s i o n  r e a c t o r  

i r r a d i a t i o n  on f a t i g u e  crack propagation.  

c lude t i tanium-base a l l o y s  i n  t h e s e  experiments a t  an e a r l y  d a t e ,  s i n c e  

no b a s e l i n e  d a t a  e x i s t  on t h e i r  i r r a d i a t i o n  performance. To f u l f i l l  

these  goals ,  a capsule  has been designed t o  a l low t h e  i r r a d i a t i o n  of 

small fracture-mechanics- type c rack  propagation specimens a t  c o n t r o l l e d  

e leva ted  temporatures i n  t h e  core  of ORR. 

It i s  important a l s o  t o  in-  

7.2.4.2 Capsule Design Considerat ions  

I n  des igning an i r r a d i a t i o n  capsu le  f o r  t h e s e  experiments,  severa l  

requirements of t h e  specimen type,  t h e  i r r a d i a t i o n  environment, and t h e  

experiment mat r ix  had t o  be considered.  

be 0.5T CT crack propagation specimens of t h e  WOL design,  which have a 

c ross- sec t ion  of 40.64 mm (1.60 i n . )  x 30.5 mm (1.2 i n . )  and a th ickness  

of 12.7 mm (0.5 i n . ) .  Some th ickness- ef fec t  specimens were a l s o  t o  be 

included wi th  t h e  same c ross- sec t ion ,  and th icknesses  of 2.5 mm (0.1 i n . ) ,  

5.0 mm (0.2 i n . ) ,  7.5 mm (0.3 i n . ) ,  and 10.2 IMO (0.4 i n . ) .  The mass of a 

f u l l  0.5T specimen ranges from s50 gm f o r  Ti-base a l l o y s  t o  %90 gm f o r  

Fe-Ni-Cr a l l oys .  

t o  be used f o r  t h e  MFE-3 experiment, i s  charac te r ized  by a peak thermal 

neutron f l u x  of %2 x 1014 n/cm2-sec, peak f a s t  neutron f l u x  b 0 . 1 8  MeV) 

of s3 x 10" n/cm2-sec, a gamma hea t ing  r a t e  of 28 w a t t s  pe r  gm, and 

The p r i n c i p a l  specimens were t o  

The i r r a d i a t i o n  environment i n  t h e  E-3 p o s i t i o n  of Om, 
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0 cooling by low pressure  water a t  60 C. The proposed experiment mat r ix  

c a l l e d  f o r  i r r a d i a t i o n  f o r  approximately one year a t  temperatures be- 

tween 350 and 55OoC. 

Of t h e  above cons idera t ions ,  t h e  s i z e  of t h e  specimens and the  high 

gamma hea t ing  r a t e  have t h e  s t r o n g e s t  impl ica t ions  f o r  t h e  capsu le  design.  

For 0 .5T  CT specimens t o  opera te  a t  a constant  temperature,  720 w a t t s  

m u s t  be removed from each Fe-Ni-Cr specimen, and 400 w a t t s  from each T i -  

a l l o y  specimen. Because of t h i s  high heat  inpu t  from gamma hea t ing ,  i t  

was decided t o  c o n t r o l  the  experimental  temperatures by r e g u l a t i n g  t h e  

heat  l o s s  t o  t h e  r e a c t o r  cool ing water .  Based on previous  experience 

with e levated temperature i r r a d i a t i o n s  i n  water-cooled r e a c t o r s ,  t h e  

v a r i a b l e  gas gap  (vgg) method of temperature c o n t r o l  was chosen. 

I n  p r i n c i p a l ,  t h e  opera t ion  of a vgg capsule  i s  q u i t e  simple,  a s  

i l l u s t r a t e d  i n  F i g .  7 .2 .1 .  The capsule  is cons t ruc ted  w i t h  a f l e x i b l e  

REACTOR 
COOLANT 
PRESSURE 

H EAT1 NG SITUATION COOLING SITUATION 
(OUTER SHEATH EXPANDED) (OUTER SHEATH COLLAPSED) 

Fig.  7 . 2 . 1  Schematic i l l u a t r a t i o n  of t h e  opera t ing  p r i n c i p l e  of 
t h e  v a r i a b l e  gas gap i r r a d i a t i o n  capsule .  The width of t h e  gap, and thus  
t h e  heat  t r a n s f e r  t o  t h e  cool ing w a t e r , i s  c o n t r o l l e d  by a balance between 
the  p ressures  of t h e  r e a c t o r  coolant  and t h e  c o n t r o l  gas .  
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o u t e r  sheath ,  and the  spnce between t h i s  shea th  and t h e  specimens i s  

connected t o  a con t ro l l ed- pressure  gas source  o u t s i d e  of t h e  r e a c t o r .  

The width of t h e  gas gap between t h e  ou te r  and inner  sk in s  i s  c o n t r o l l e d  

by t h e  balance between t h e  gas p ressure  and t h e  p ressure  of t h e  r e a c t o r  

cool ing water.  This gap a c t s  a s  a v a r i a b l e  h e a t  l eak ,  s i n c e  t h e  thermal 

conduc t iv i ty  of t h e  gas (5 x lo-' t o  3 x wattsjcm OK) i s  much lower 

than t h a t  of t h e  metal  specimens and capsu le  components (%0.2 wattsjcm OK 

f o r  s t a i n l e s s  s t e e l s ) . A n  i n c r e a s e  i n  t h e  width of t h e  gap (shown g r e a t l y  

exaggerated i n  Fig.  7.2.1), t h e r e fo r e ,  causes  an i n c r e a s e  i n  t h e  e q u i l i -  

br ium opera t ing  temperature of t h e  experiment. 

console permits  t h e  use of a s i n g l e  gas or  t h e  mixing of two gases t o  

improve t h e  heat removal r a t e .  

The experiment c o n t r o l  

The high gamma hea t ing  i n  t h e  E-3 p o s i t i o n  of ORR required t h a t  t h e  

experiment be designed f o r  maximum a v a i l a b l e  heat  t r a n s f e r  t o  t h e  cool ing 

water.  

capsules ,  each one of which i s  t h e  th ickness  of one 0 . 5 T  CT specimen. 

This  al lows t h e  heat  t o  be removed from both  s i d e  faces  of each specimen. 

For t h i s  geometry, t h e  temperature r i s e  a s  a f u n c t i o n  of gas gap width 

could be  approximated by assuming one-dimensional heat  flow normal t o  the  

specimen faces .  

The i r r a d i a t i o n  assembly was t h e r e f o r e  designed wi th  t h r e e  sub- 

Figure  7 . 2 . 2  shows t h i s  temperature r i s e  c a l c u l a t e d  f o r  316 SS and 

Ti -6Al-4V,  wi th  8 wattsjgm gamma hea t ing  and He c o n t r o l  gas ( .OOZE watts/gm 
0 K thermal conduc t iv i ty ) .  Three des ign i m p l i c a t i o n s  a r e  apparent from 

these p l o t s .  

s e n s i t i v e  c o n t r o l  s y s t e m  w i l l  be required t o  avoid undes i rab le  temperature 

f l u c t u a t i o n s .  Second, g r ea t  ca re  w i l l  be requ i red  i n  t h e  des ign and as-  

sembly of t h e  subcapsules t o  avoid large temperature g r ad i en t s .  F ina l l y ,  

t h e  Fe-Ni-Cr and Ti- al loy specimens w i l l  have t o  be separated i n t o  d i f f e r -  

e n t  subcapsules t o  avoid t h e i r  running a t  much d i f f e r e n t ,  unplanned tempera- 

t u r e s .  

F i r s t ,  t h e  smal l  va lues  of t h e  gap width i m p l y  t h a t  a very 

The high gamma hea t ing  r a t e  causes  an a d d i t i o n a l  problem t h a t  i s  

fundamental t o  t h e  specimen geometry and cannot be solved by capsule  de- 

s ign .  Since t h e  heat  i s  generated f a i r l y  uniformly through the  th ickness  

of a specimen, and i t  i s  removed a t  t h e  su r f ace s ,  t h e  temperature d i s t r i -  

but ion ac ross  t h e  th ickness  w i l l  be approximately parabo l ic .  In  t h e  worst 
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G A S  G A P  (mm) 

Fig.  7 . 2 . 2  The temperature r ise a c r o s s  a helium gas gap c a l c u l a t e d  
f o r  316 S S  and Ti-6Al-4V 0.5T CT specimens i n  t h e  MFE-3 capsule  design.  
A gamma hea t ing  r a t e  of 8 w a t t s  per  gram was assumed. 

case ,  assuming uniform 8 watts/gm gamma hea t ing ,  t h e  temperature a t  t h e  

c e n t e r  could be as much a s  5OoC higher  than t h a t  a t  t h e  su r faces .  

t o  s e l f- s h i e l d i n g  by t h e  specimens, t h e  a c t u a l  g r a d i e n t s  may no t  be t h i s  

l a r g e ,  but  d i s c u s s i o n s  a r e  i n  progress  wi th  t h e  ORR s t a f f  t o  a t tempt  t o  

t a i l o r  t h e  E-3 p o s i t i o n  somewhat t o  reduce t h e  gamma hea t ing  r a t e  i n  t h e  

E-3 p o s i t i o n  a s  much as poss ib le .  

i r r a d i a t i o n  w i l l  be monitored by thermocouples embedded i n  test blocks  i n  

each of t h e  subcapsules.  

Due 

The specimen-center temperatures dur ing 

7.2.4.3 Descr ip t ion  of Capsule Design 

The above c r i t e r i a  l e d  t o  an i r r a d i a t i o n  assembly f o r  MFE-3 t h a t  

c o n s i s t s  of t h r e e  subcapsules,  each con ta in ing  t h e  equ iva len t  of 1 2  0 .5T 

CT specimens. A plan  of on$ of t h e s e  subcapsules i s  shown i n  Fig.  7.2.3. 

The specimens a r e  l a i d  f l a t  i n  two rows, wi th  a c e n t r a l  open channel l e f t  

f o r  g a s  tubes  and thermocouple wires. The t h i n n e r  specimens are t o  be 
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stacked i n  p a i r s  t o  g ive  t h e  same t o t a l  th ickness  a t  each specimen posi-  

t i on .  

v e r t i c a l l y  i n t o  two s e c t i o n s ,  g iving a t o t a l  of s i x  independently con- 

t r o l l e d  s e c t i o n s  i n  t h e  complete assembly. Temperatures w i l l  be monitored 

a t  s e v e r a l  p o s i t i o n s  i n  each s ec t i on .  

To improve t h e  temperature uniformity ,  t h e  subcapsule i s  divided 

Before loading i n t o  t h e  subcapsules,  specimens w i l l  be ground t o  a 

uniform th ickness .  Following welding of t h e  inner  sk in ,  i t  w i l l  be shrunk 

onto t h e  specimens i n  a high p ressure  chamber t o  a s s u r e  good thermal con- 

t a c t .  

outer  sk ins .  The t h r e e  subcapsules w i l l  be we lded  toge ther  i n t o  an assembly 

t o  hold them i n  t h e  proper p o s i t i o n  i n  t h e  ORR core  p iece ,  and w i l l  then 

be shipped t o  Oak Ridge f o r  f i n a l  assembly t o  a s tandard ORR l e a d  tube and 

core  'piece. 

The subcapsule assembly w i l l  then be completed by welding on t h e  

7 .2 .5  Conclusions 

An assembly has been designed f o r  t h e  i r r a d i a t i o n  of 0.5T CT c rack  

propagation specimens a t  c o n t r o l l e d  e leva ted  temperatures i n  t h e  high- flux 

core  region of ORR. 
CT specimens i n  t h r e e  subcapsules,  wi th  a t o t a l  of s i x  independently con- 

t r o l l e d  s ec t i ons .  Temperature c o n t r o l  i n  each s e c t i o n  i s  maintained by 

varying the width of a g a s  gap us ing  p ressure  con t ro l .  

been designed t o  a l low t h e  maximum p o s s i b l e  hea t  removal from t h e  0.5T CT 

geometry t o  account f o r  t h e  high gamma hea t ing  r a t e  encountered i n  t h e  

core- center  p o s i t i o n s  i n  ORR. 

be  i r r a d i a t e d  a s  experiment MFE-3, scheduled f o r  l n s e r t i o n  i n  ORR by t h e  

end of FY 78. 

The assembly w i l l  c o n t a i n  t h e  equ iva len t  of 36 0.5T 

The assembly has 

The f i r s t  exper-ment us ing t h i s  des ign w i l l  
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8. CORROSION TESTING AND HYDROGEN PERMEATION STUDIES 

Corrosion, erosion, and mass transfer are processes that may 

degrade mechanical properties, alter heat transfer characteristics of 

heat transport systems, and present maintenance problems when radio- 

active nuclides are involved. The importance of hydrogen permeation 

and the behavior of hydrogen in the alloy systems under development 

is clear from consideration of tritium inventory, containment, etc. 

In the early stages of the development program, base-line information 

is required to define compatible or noncompatible alloy systems and 

coolants. A s  optimized alloys are developed, more detailed data on 

effects of adjustments in alloy composition or structure may be 

required. 

on the final optimized alloys. 

Extensive engineering compatibility data will be required 
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8.1 CAPSULE TESTS OF IRON-BASE ALLOYS IN LITHIUM - J. H. Devan and 
J. R. DiStefano (ORNL) 

8.1.1 ADIP Task 

Task 1 . A . 3 ,  Perform Chemical and Metallurgical Comptability 

Analyses. 

8.1.2 Objective 

The purpose of this program is to determine the chemical compati- 

bility of iron-base alloys with metallic lithium. Structural steel 

specimens are exposed to static lithium containing selected solute 

additions to identify the kinetics and mechanism that govern the 

corrosion of steels by lithium. Specific program objectives are 
(1) to determine the effects of N ,  C ,  H, and 0 on apparent solubilities 
of stainless steel components in lithium; (2)  to determine the C and 

N partitioning coefficients between stainless steels and lithium; 
(3 )  to determine the effects of soluble (Ca, Al) and solid (Y, Zr, Ti) 

active metal additions on corrosion of stainless steels by lithium; 

and ( 4 )  to determine the tendencies for dissimilar-metal mass transfer 

between stainless steel and Mo, Nb, and Co. 

8.1.3 Summary 

Data on the mechanisms and kinetics of the corrosion of stainless 

steels by lithium were obtained from a series of 150 capsule tests at 

temperatures from 500 to 700°C and for times to 10,000 hr .  One of the 

primary objectives of the program was to evalugte the effects of N, 0, 

C, and H on compatibility and to determine if impurity getters will 
successfully inhibit impurity effects. 

Base-line capsule tests conducted to 10,000 hr showed no measurable 

corrosion of type 316 stainless steel in lithium up to 700°C. 
in lithium strongly promoted the corrosion of type 316 stainless steel 
at 500, 600, and 700°C. At 500'C calcium, a soluble getter in lithium, 

effectively inhibited corrosion by nitrogen but was relatively ineffec- 

tive at 600 and 700°C. Yttrium, a solid, relatively insoluble getter, 

was ineffective at inhibiting corrosion by nitrogen at all temperatures. 

Nitrogen 
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8.1.4 Progress  and S t a t u s  

8 .1 .4 .1  In t roduc t ion  

For reasons d iscussed  i n  Sec t .  8 .2.4.1,  compa t ib i l i t y  w i th  l i q u i d  

l i t h i u m  i s  an important  proper ty  i n  the development of path A and B 

a l l o y s .  The degree t o  which these  a l l o y s  w i l l  resist  co r ros ion  by 

l i t h i u m  is a func t ion  of both t h e  a l l o y  composition and t h e  p u r i t y  

of t h e  l i th ium.  Thus the i n t e r a c t i o n  of n a t u r a l l y  occurr ing  impur i t i e s  

i n  l i t h i u m  wi th  components of pa th  A and B a l l o y s  and t h e  p a r t i t i o n i n g  

of minor and major a l l o y i n g  elements t o  t h e  l i t h i u m  must be determined 

i n  o rde r  t o  achieve a l l o y  compositions t h a t  are optimized f o r  l i t h ium 

se rv i ce .  

S t a t i c  capsules  of the type shown i n  Fig.  8 .1 .1  are being used 

t o  s tudy  impurity- induced r e a c t i o n s  of a u s t e n i t i c  s t a i n l e s s  s t e e l s  i n  

l i th ium.  Sheet specimens i d e n t i c a l  i n  composition t o  t h e  capsule  w a l l  

A 

ORNL-DWG 78-6194 

C---STAINLESS S T E E L  TUBING 
25mm x 1.65mm WALL 

- ARGON 

Fig.  8.1.1.  S t a t i c  Capsule 
Used f o r  Tes t ing  A u s t e n i t i c  S ta in-  
less Steels i n  Lithium. 

-LITHIUM 

- SPECIMEN 
13 x 25 x 1.65mrn 
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are included wi th in  t h e  capsule  t o  f a c i l i t a t e  weight change and 

magnetic permeabil i ty  measurements. A measured weight of s o l i d  

l i t h i u m  is placed i n  t h e  capsule  along wi th  any impuri ty add i t i ons  

be fo re  t h e  t op  end cap i s  welded. The f i l l i n g  ope ra t ion  and f i n a l  

weld are conducted under an  i n e r t  atmosphere. Singly and doubly 

encapsulated tes t  systems have been used t o  determine t h a t  d i f f u s i o n  

of n i t rogen  through the  capsule  w a l l  i s  n o t  a f a c t o r  i n  any of t h e  

tests .  

8 .1 .4 .2  Resul t s  

Previous work on t h e  compa t ib i l i t y  of iron-base a l l o y s  w i t h  

l i t h i u m  w a s  reviewed’ be fo re  t h i s  program s t a r t e d .  A capsule  test  

mat r ix  based on t h i s  backgound i s  summarized i n  Table 8.1.1. Over 

Table 8.1.1.  Summary of Capsule Tests of S t a i n l e s s  S t e e l s  in Lithium 
a t  500, 600, and 700°C f o r  T i m e s  from 1000 t o  10,000 h r  

Capsule 
Material Addit ion t o  Lithium Object ive 

316 SS 

316L SS 
304L SS 
310 SS 
321 SS 

316 SS 

316 SS 

316 SS 

316 SS 

316 SS 

None 

None 
None 
None 
None 

L i 3 N ,  L i H ,  L i 2 0 ,  C 

L i 3 N  + Y ,  L i 3 N  + C a ,  
L i 3 N  + T i ,  Li3N + Z r ,  
Liz0 + Y 

Y ,  C a ,  A l ,  T i ,  Z r ,  S i ,  
Mg, 

Pb, Sn,  In 

Nb, Mo, Co 

Base- line co r ros ion  d a t a  

Base- line co r ros ion  tests t o  
compare several  s t a i n l e s s  s tee ls  

E f f e c t  o f  i n t e r s t i t i a l  i m p u r i t i e s  
on co r ros ion  

Ef fec t  of i n t e r s t i t i a l  impuri ty 
g e t t e r s  on co r ros ion  

E f f e c t  of a c t i v e  metals on 
co r ros ion  

Ef fec t  of heavy metals on 
co r ros ion  

D i s s i m i l a r - m e t a l  mass t r a n s f e r  
de terminat ion  
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150 capsu le  tests were conducted i n  t h e  temperature range 500 t o  700°C. 

Base- line cor ros ion  tests and t e s t s  of a d d i t i o n s  of n i t rogen  and n i t rogen  

g e t t e r s  a r e  e s s e n t i a l l y  complete, and these  w i l l  b e  discussed below. 

r e p o r t  summarizing the  r e s u l t s  from a l l  the  t e s t s  i s  now i n  p repara t ion .  

A 

Specimens from these  t e s t s  were examined pr imar i ly  f o r  weight 

change and metal lographic  appearance. Table 8 . 1 . 2  summarizes t h e  

weight changes i n  type type 316 s t a i n l e s s  s t e e l  a f t e r  exposure t o  

l i t h i u m  t h a t  had been g e t t e r e d  wi th  zirconium before  t e s t ,  L i  + L i 3 N ,  

L i  + L i 3 N  + Y ,  and L i  + L i 3 N  + Ca. 

weight changes were very s m a l l  and t he r e  was l i t t l e  o r  no evidence of 

g r a i n  boundary a t t a c k  (Table 8 .1 .3  and F i g .  8 .1 .2 ) .  Adding about 

5% L i 3 N  t o  l i t h i u m  markedly increased the  weight l o s s  i n  type 316 

s t a i n l e s s  s t e e l  a t  a l l  temperaure- time combinations. 

added along wi th  the  5% L i 3 N ,  t h e  r e s u l t s  were almost unchanged. 

I n  these  base- l ine  tests, t h e  

When 1 9 %  Y was 

Table 8.1.2. E f f e c t  of Nitrogen and Nitrogen Get te r  on Weight 
Change i n  Type 316 S t a i n l e s s  S t e e l  Exposed t o  Lithium 

Weight Change, g/m2 Temp e r a  t u re  Time 

("C) (h r )  Base l i n e  L i 3 N  L i 3 N  + Y L i 3 N  + Ca 

500 1000 H. 3 -51.5 4 1 . 1  +6.9 
2000 0 -49.8 748.5 +5.5 

600 1000 4.1 -39.0 -30.9 -2.9 
2000 -0.1 -43.0 -31.8 -5.0 

700 1000 4 . 3  -51.0 -39.7 -5.1 
2000 4 . 7  7 4 4 . 8  -30.3 -5.6 

However, adding about 13% C a  r e s u l t e d  i n  small weight gains  a t  500°C 

and small weight l o s s e s  a t  600 and 700'C. 

and L i  + L i 3 N  + Y a t  50OoC had a 25-um (1-mil) s u r f a c e  l a y e r  (Fig. 8 .1 .3) ,  

which x-ray a n a l y s i s  i n d i c a t e d  t o  be a- i ron wi th  n i t rogen  i n  so lu t i on .  

Nitrogen i n  l i t h i u m  appears t o  i n c r e a s e  t h e  s o l u b i l i t y  of chromium and 

n i c k e l ,  thereby d e p l e t i n g  a near- surface  zone of t h e s e  elements. 

Calcium, which i s  s o l u b l e  i n  l i t h ium,  i n h i b i t e d  a t t a c k  by n i t rogen  

Samples exposed t o  L i  + L i 3 N  
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4 

' . .' ,. 
Fig. 8 .1 .2 .  

10,000 hr. (Base-line capsule tests.) 500x. Exposed at  (a) 5 O O 0 C ,  
(b) 6OO0C, (c) 7OOOC. 

Type 316 Stainless  Steel After Exposure t o  Lithium for 
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a t  5OO0C, but  s o l i d  y t t r i um d i d  not  (Fig. 8.1.4). A t  600°C t h e  add i t i on  

of L i 3 N  r e s u l t e d  i n  a very t h i n  su r f ace  l a y e r ,  and a l l  specimens showed 

evidence of g r a i n  boundary a t t a c k  (Fig. 8.1.3). Specimens exposed t o  

L i  + L i 3 N  + Ca a t  600°C showed l e s s  evidence of g r a i n  boundary pene t r a t i on  

than those exposed t o  L i  + L i 3 N  o r  L i  + L i J N  + Y.  

l a y e r  observed a t  t he  lower temperatures was no longer  v i s i b l e ,  and 

calcium d id  no t  l i m i t  g r a in  boundary pene t r a t i on .  All t h e  samples a t  

70OoC showed heavy g r a i n  boundary a t t a c k  t o  depths of 50 t o  80 pm 

(2-3 mi l s ) .  a s  ind ica ted  by Fig.  8.1.3. In  genera l  t h e  depth of a t t a c k  

and weight changes a f t e r  1000- and 2000-hr exposures were s imi l a r .  The 

r e a c t i o n  of n i t r ogen  wi th  s t a i n l e s s  s t e e l  appears t o  be r e l a t i v e l y  r ap id ,  

and i n  our c losed system, t h e  a t t a c k  had reached an end po in t  dur ing 

the  s h o r t e s t  t e s t  time. 

A t  7OO0C,  t h e  su r f ace  

Analyses of l i t h ium from t h e  base- l ine  cor ros ion  t e s t s  showed t h a t  

t h e  s t a b i l i t y  of n i t rogen  in  l i t h i u m  increases  r e l a t i v e  t o  stainless 

s t e e l  components over t he  range 500 t o  700°C (Table 8.1.4). A t  50OoC 

t h e  l i t h ium was e i t h e r  unaffected o r  s l i g h t l y  p u r i f i e d  wi th  r e spec t  

t o  n i t r ogen  l e v e l .  A t  600OC l i t h ium picked up small amounts of 

ni t rogl  

from tl his, of. course ,  occurred wi th  r e l a t i v e l y  

low i n s u a r  cunctmLracions uf n i t r ogen  i n  l i th ium.  When L i 3 N  was 

added t o  t h e  l i t h ium as discussed above, t he  f i n a l  concen t ra t ion  of 

n i t r ogen  i n  the l i th ium w a s  always much l o w e r  than the i n i t i a l  

co 

i thium picked up s i g n i f i c a n t  n i t rogen  en, and a t  7OO0C t h e  1 
h e  s t a i n l e s s  s t e e l .  T 
2 - 2  -1 ______LI_...l _ _ _  - 

nc en t r a  t ion.  

8.1.5 Conclusions 

Evaluation of t he  test da t a  from capsule  tests of type 316 

s t a i n l e s s  steel i n  l i t h ium has l e d  t o  the  fol lowing conclusions:  

1. Up t o  700°C. type 316 s t a i n l e s s  steel shows no p e r c e p t i b l e  

weight change o r  g r a i n  boundary pene t r a t i on  i n  s t a t i c  l i t h ium t h a t  

has been p u r i f i e d  by r e a c t i o n  wi th  zirconium be fo re  t e s t .  

2 .  Nitrogen inc rea se s  t h e  cor ros ion  of type 316 s t a i n l e s s  

s t e e l  by l i t h ium a t  500, 600, and 7OOOC. 



Fig. 8.1.4. 
and Li3N for 2000 hr at 5OOOC. 
(b) Yttrium did not. 

Type 316 Stainless Steel After Exposure to Lithium 
500X. (a) Calcium inhibited corrosion. 
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Table P.1.4. Nitrogen in Lithium After 
Exposure to Type 316 Stainless Steel 

in Base-Linea Corrosion Tests 

b Temperature Time Nitrogen in Lithium 
("C) (hr) (PPd 

500 2,000 a 0  
10,000 <20 

600 2,000 
10,000 

48 
37 

700 2,000 185 
10,000 170 

a-1!-25 ppm N in lithium before test. 
Each capsule contained about 5 g Li. b 

Capsules were 16 mm diam X 100 mm long. 
Surface area of capsule/volume of lithium 
was approximately 500/m. 

3. Calcium effectively inhibits nitrogen corrosion at 5OO0C, 

does less  so at 600"C, and has little effect at 700'C. Yttrium does 

not inhibit corrosion by nitrogen at 500, 600, or 7OOOC. 

4. The partitioning of nitrogen between stainless steel and 

lithium results in an increasing concentration of nitrogen in lithium 
as temperature increases from 500 to 7 0 0 ° C .  

8.1.6 Reference 

1. J. H. DeVan, J. E. S e l l e ,  and A .  E. Morris, Review of Lithium 

Iron-Base A l l o y  Corrosion Studies, ORNL/TM-4927 (January 1976) 



200 

8.7 THERMAL-CONVECTION LOOP TESTS OF TYPE 316 STAINLESS STEEL IN 
LITHIUM- J. H. DeVan and J. R. DiStefano (ORNL) 

8.2.1 ADIP TASK 

Task I.A.3, Perform Chemical and Metallurgical Compatibility 

Analyses. 

8.2.2 Objective 

The purpose of this task is to evaluate the corrosion resistance 

of candidate first-wall materials with molten lithium in the presence 

of a temperature gradient. 

and deposition) are measured as functions of time, temperature, and 

lithium flow parameters. 

Corrosion rates (in terms of both dissolution 

Corrosion rate measurements are combined with chemical and metal- 

lographic examination of specimen surfaces to establish the mechanisms 
and rate-controlling processes for dissolution and deposition reactions. 

8.2.3 Summary 

Thermal-convection loops are being used to determine the corrosion 

properties of systems of lithium with stainless steel at low flow 

velocities. Small loops of iron-base alloys with fixed corrosion 

specimens have been operated at lithium temperatures between 500 and 

65OOC for times up to 10,000 hr. 
tative information on the microstructural changes in 300-series stainless 

steels caused by thermal gradient mass transport in flowing lithium. 

The corrosion rate of type 316 stainless steel increased with temperature 

in accordance with an Arrhenius relation. Addition of 5% A1 to the 
lithium strongly inhibited the mass transport of iron, chromium, and 

nickel at 6OOOC. 

tested further in larger type 316 stainless steel thermal-convection 

loops, which contain accessible insert specimens. 

The test results have provided quanti- 

Stainless steels and path A alloys in lithium are being 
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8.2.4 Progress and Status 

8.2 .4 .1  Introduction 

Presently conceived D-T fusion power reactors produce their own 

tritium fuel supply by reacting neutrons, borne of the fusion reaction, 

with lithium atoms. Accordingly, in such reactors the plasma contain- 

ment wall is surrounded by a lithium-containing, neutron-absorbing 

blanket. Most design concepts have used liquid lithium for this purpose. 

The composition of the material selected for the plasma containment 
wall of a fusion reactor will obviously strongly influence the viability 

of the liquid lithium-absorber concept. 

metallic mass transfer in recirculating lithium systems competes with 

radiation damage considerations in setting the useful operating temper- 

ature of the plasma containment wall, Thus the determination of corrosion 

mechanisms and temperature limitations with respect to lithium containment 

becomes a critical factor in assessing developmental path A and B alloys 

for fusion first-wall applications. 

For path A and B alloys, 

8.2 .4 .2  Results 

Our initial studies of the mass transfer of iron-base alloys in 

flowing lithium compared the corrosion rates of stabilized (type 321) 
and unstabilized (type 304L) stainless steels with stabilized 2 1/4 Cr-1 Mo 
steel. Results of these tests were reported at the International Conference 

on Liquid Metal Technology’ in May 1976. 
type have now been completed on type 316 stainless steel under the 

conditions listed in Table 8.2 .1 .  All these tests used a small thermal- 
convection loop of the design pictured in Fig. 8.2 .1 .  Flow was induced 

in these loops by heating one vertical leg and cooling the other. Inter- 

locking sheet specimens were contained in the two vertical legs of the 

loops to provide weight change data along the heated and cooled sections. 

Each loop operated without interruption for 3000 o r  10,000 hr and was 

then destructively examined. Additional loops of this design are being 

fabricated of Incoloy alloy 8 0 0 ,  Inconel alloy 600,  and Inconel alloy 718 

to determine the resistance of higher nickel alloys to thermal gradient 

mass transfer in lithium at about 500°C. 

Tests of the same general 
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Table 8 .2 .1 .  Test  Conditions of I n i t i a l  Type 316 S t a i n l e s s  S tee l  

a Veloci ty  o f  About 20 mm/s 
Thermal-Convection Loops Operated w i t h  Lithium a t  

Test Var iable  Tmax AT Time 
("C)  ("C) (hr)  

600 200 3,000 Base l i n e  

600 200 3,000 1700 ppm N i n  L i  

600 200 10,000 T i m e  

550 200 3,000 Hot-leg temperature 

650 200 3,000 Hot- leg temperature 

500 150 3,000 Hot-leg temperature 

600 200 3,000 A 1  a d d i t i o n  

Current ly  w e  a r e  t e s t i n g  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i n  flowing 

l i t h i u m  wi th  l a r g e r  thermal-convection loops shown i n  Fig.  8.2.2. This 

loop i s  maintained as a permanent t e s t  f i x t u r e ,  and cor ros ion  processes  

i n  t h e  loop a r e  followed by p e r i o d i c a l l y  withdrawing tubu la r  specimens 

f o r  weight change and metal lographic  examinations. Using stand- pipes 

loca ted  d i r e c t l y  above t h e  two v e r t i c a l  l e g s  of t h e  l o o p ,  we can lower 

shee t  specimens i n t o  and remove them from t h e  l e g s  whi le  t h e  loop i s  

opera t ing .  

t anks ,  we  can make c o n t r o l l e d  a d d i t i o n s  t o  t h e  l i t h ium,  i n s e r t  a c t i v e  

metal  get ters ,  and remove l i t h i u m  samples f o r  a n a l y s i s  a t  any s e l e c t e d  

t i m e  without o therwise  a f f e c t i n g  loop opera t ion .  Three such loops ,  

const ructed of type 316 s t a i n l e s s  s teel ,  have been i n  opera t ion  w i t h  

l i t h i u m  under t h e  condi t ions  shown i n  Table 8.2.2. Two a d d i t i o n a l  

type 316 s t a i n l e s s  s t e e l  loops have been f a b r i c a t e d  t o  permit t h e  t e s t i n g  

of path  A a l l o y s  as they become a v a i l a b l e .  

Using s i m i l a r  stand- pipes i n  conjunct ion wi th  t h e  surge 

This  r e p o r t  reviews some of t h e  s i g n i f i c a n t  f i n d i n g s  der ived from 

t h e  s e r i e s  of type 316 s t a i n l e s s  s t e e l  loops  shown i n  Table 8.2.1. 

t e s t  s e r i e s  was designed t o  provide cor ros ion  r a t e  informat ion i n  

l i t h i u m  a s  a func t ion  of hot- leg temperature and opera t ing  time. One 

loop was a l s o  operated wi th  aluminum added t o  t h e  l i th ium.  

t e s t  t i m e  f ixed  a t  3000 h r ,  loops of i d e n t i c a l  geometries were operated 

This 

With t h e  
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" . .  

hot0 0904-75 

Fig. 8.2 .1 .  Thermal-Convection Loop Used f o r  3000.. and 10,000-hr 
Tests of Type 316 Stainless S t e e P i n  Lithium (Loop Height 0.7 m). 

. 
~ 



30 in . 
0 

SAMPLER 

Fig. 8 . 2 . 2 .  Schematic of Type 316 Stainless Steel  Thermal-Convection 
Loop with Accessible T e s t  Coupons. 
0 . 7 6  m. 

Scale i s  0 .15  m; heated section i s  
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Table 8.2.2. T e s t  Conditions of Type 316 S t a i n l e s s  S t e e l  Thermal- 
Convection Loops w i t h  Access ible  I n s e r t  Specimens, Lithium 

Veloci ty  About 30 mm/s 

Operating 
T i m e  Test Var iable  %ax ar 

("C) ("C) (h r )  

600 95 1675' Pre l iminary eva lua t ion  
of loop performance 
wi th  l i t h i u m  

600 115 437ob Base- line loop 

600 115 loob E f f e c t  on L i 3 N  
a d d i t i o n  t o  l i t h i u m  

'Loop terminated.  

bMarch 31, 1978. 

a t  maximum temperatures of 500, 550, 600, and 650'C. Weight l o s s e s  

recorded a t  t h e  p o i n t  of maximum temperature increased wi th  temperature 

according t o  t h e  Arrhenius p l o t  shown i n  Fig.  8.2.3. 

A 10,000-hr loop test w a s  a l s o  operated a t  a maximum temperature of 

6OO0C, and t h e  maximum weight l o s s e s  from t h i s  test and t h e  3000-hr 

test are compared i n  Fig.  8.2.4. The two test t i m e s  a r e  not  s u f f i c i e n t  

t o  d e r i v e  an accura te  t i m e  r e l a t i o n s h i p  f o r  t h e  cor ros ion  r a t e .  

it is evident  tha t  the  rate averaged over the  3000-hr i n t e r v a l  is about 

double t h a t  averaeed over  the 10.000-hr i n t e r v a l .  

However, 

mum 

Fig.  8.2.5. The most s i g n i f i c a n t  metal lographic  f e a t u r e  i s  the develop- 

ment of a f e r r i t i c  su r face  l a y e r .  

(15 pm) a t  t h e  two t i m e  pe r iods  is c o n s i s t e n t  w i t h  t h e  " steady- sta te ,  

moving boundary" model' developed f o r  f e r r i t e  l aye r  growth on type 316 

s t a i n l e s s  steel i n  sodium. If t h i s  model is assumed, then the  mass 

The cons tan t  th ickness  of t h i s  l a y e r  

t r a n s f e r  r a t e  of type 316 s t a i n l e s s  steel i n  l i t h i u m  s t a y s  cons tan t  w 

t i m e  a t  3000 h r  and beyond. 

i t h  

The a d d i t i o n  of aluminum t o  l i t h i u m  i n  a 3000 h r  test a t  60OoC 

dramat ica l ly  changed t h e  mass t r a n s f e r  p a t t e r n  from t h a t  of a base- l ine  
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.m .% I.W LO, m LIS 1.20 1.2) m o  

F i g .  8.2.3. Effect of Maximum Loop Operating Temperature on 
looo/TI*l 

Maximum Weight Loss of Type 316 Stainless  Steel in Lithium. 

ORNL -DWG 78-1323R 

I I I I 
0 2poo 4m 6,000 spoo 10,CcQ 

OPERATING TIME lhr) 

0.25mil 

0.15mil 

Fig. 8.2.4. Weight Loss of Type 316 Stainless Steel  a t  6OO0C Loop 
Positfon After 3000 and 10,000 hr. 
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Fig. 8.2.5. Microstructure of Type 316 Stainless Steel Specimens 
at 6OO0C Loop Position After (a) 3000 and (b) 10,000 hr. 500X. Etchant: 
40 “03, 60 €I20 (Electrolytic). 

test at the same time and temperature. 

the loop in the form of 16-nrm-diam (1/16-in.) wire, which was wrapped 

on the hot-leg specimen holder (Pig. 8.2.1). 

was 5% of-the weight of lithium charged into the loop. 

traces of the wire at the end of test, although the aluminum content of 
the after-test lithiuh was less than 0.1%. This suggests that almost 

The 1100 aluminum was added to 

The weight of wire added 

We found no 

all the aluminum transferred to the stainless steel. 

examinations of stainless steel specimens and loop surfaces confirmed 

the presence of an aluminized surface layer, which increased in thickn 

with the lithium temperature. 

Metallographic 

The heaviest layer, measured at 6OO0C, 
< a  chn- i n  P4o A 7 6 and i s  seen rn he nhotit 10 iim in total  thicknes 

The layer was almost imperceptible at 400”C, and no bulk aluminum 

deposited anywhere in the loop. Only four specimens in the loop, 

located near the heater exit, showed any perceptible weight loss, 

largest loss being 6 g/m2. In the base-line loop the maximum weig 

ess 

_.._”.. -.. ‘ - D .  -.-.- -- I--._ _ _  _ _  _-.-_ _ _  ~ - .  -.. _._- ~ - 8 .  

was 

all 

the 

:ht 

loss occurred at the same specimen position but was more than five times 

as great (33 g/m2). Averaged over the 3000-hr test period, a weight 
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Fig. 8.2.6. Aluminized Surface of Type 316 Stainless Steel Exposed 
to Lithium + 5% Aluminum at 600'C. 

loss of 6 g/m2 corresponds to a corrosion rate of 2 pmlyear. 
addition of aluminum appears to be an effective method for inhibiting 

stainless steel corrosion in lithium, but it will have to be shown that 
the aluminized surface has.sufficient mechanical integrity to withstand 
the thermal and mechanical stresses and radiation effects expected for 
fusion reactor service. 

Thus the 

8.2.5 Conclusions 
1. The maximum rate of weight loss of type 316 stainless steel 

exposed to lithium for 3000 hr increased from 1 pg/m2s (2.5 pm/year) in 
500'C loop tests to 5 pg/m2s (18 pm/year) in 65OoC loop tests. 

I n  loop tests at 6OO0C, the maximum corrosion rate of type 316 2. 

stainless steel averaged over a 3000-hr run was double that averaged 

over a 10,000-hr run. Metallographic examinations of hot-leg specimens 

suggest that the corrosion rate is constant between 3000 and 10,000 hr. 
The addition of aluminum to lithium in a 3000-hr loop test at 3. 

6OO0C lowered the mass transfer rate of type 316 stainless steel to 

about 2 pm/year (0.08 mil/year) . 
8.2.6 References 

1. J. E. Selle, "Corrosion of Iron-Base Alloys by Lithium," IntermationaZ 

Conference on Liquid Metal Technology i n  Energy Boduction, 
M. H. Cooper, ed., CONF-760503-PZ. pp. 453.61. 
E. G. Brush, Sodium Mass TPansfer. 

Component of Steel Exposed t o  Flowing Sodhrn, GEAP-4832 (March 1965). 
2. X V I ,  The Selective Corrosion 
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8.3 COMPATIBILITY STUDIES OF TYPE 316 STAINLESS STEEL AND HASTELLOY N 
IN KN03-NaN02-NaN03 - J. H. DeVan and J.  R. Keiser (OWL) 

8.3.1 ADIP TASK 

Task I.A.3, Perform Chemical and Metallurgical Compatibility Analyses. 

8.3.2 Objective 

A nitrate-based heat transfer salt (HTS) i s  a possible coolant for 

a fusion reactor in which a solid o r  static liquid breeding blanket is 

used. The purpose of this work is to study the corrosion behavior of 

potential fusion reactor structural materials in HTS under conditions 

where a temperature gradient exists. 

8.3.3 Summary 

The nitrate-based fused salt mixture KNO3-NaNOz-NaNO3 (44-49-7 mol %) 

has been widely used as a heat transport fluid and for metallurgical 
heat-treating. We have measured the corrosion rate of this salt in the 

presence of a temperature gradient for an iron-base material, type 316 

stainless steel, and a nickel-base material, Hastelloy N. Corrosion 

rates were measured with maximum ldop  temperatures of 4 3 1  and 504'C. 

Measured corrosion rates were in all cases less than 8 um/year. 

8 . 3 . 4  Progress and Status 
A nitrate-based heat transfer salt (HTS) [KN03-NaN02-NaN03 

(44-49-7 mol % ) ]  is being considered as a possible coolant for a 

fusion reactor in which a solid o r  static liquid breeding blanket i s  

used. Since the purpose of the coolant would be to transfer heat from 

the blanket to a power generating system, the coolant must be liquid 

(o r  gaseous) at operating temperatures and must have good heat transfer 

capabilities. Other requirements for the coolant are compatibility 

with the container material, comparibility with the blanket (in the 

event of a failure of the container), and adequate stability under 

neutron irradiation. 
We are using a thermal-convection loop to study the compatibility 

of type 316 stainless steel and the nickel-base alloy Hastelloy N with 
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HTS. 

t h e  c i r c u l a t i n g  salt  over a range of temperatures l i s t e d  i n  Table 8.3.1. 

A s  has been descr ibed elsewhere, '  1 6  specimens a r e  exposed t o  

Table 8.3.1. Operating Condit ions f o r  HTS Loop 

T i m e  I n t e r v a l  Temperature 
Difference Maximum Temperature 

( "C )  
( " 0  

After  Loop S t a r t u p  
(hr)  , ~, 

&3,000 4 31 70 

3,000-9,OOO 5 0 5  81 
9,000-10,000 432  78 

A s  can be seen i n  Fig. 8.3.1, both t h e  s t a i n l e s s  s t e e l  and Haste l loy 

specimens  l o s t  we igh t  a t  the  m a x i m u m  t e m p e r a t u r e  p o s i t i o n  a t  431'C 

during t h e  f i r s t  1000 h r ,  but  showed very l i t t l e  change dur ing t h e  

fol lowing 2000 h r .  

f i r s t  1000 h r .  Because t h e  cor ros ion  r a t e  was very low a f t e r  t h e  f i r s t  

3000 h r ,  t h e  maximum temperature was r a i s e d  t o  SOSOC t o  determine t h e  

cor ros ion  rate under more demanding condi t ions .  

t h a t  over t h e  next  6000 h r ,  weight l o s s e s  increased f o r  both a l l o y s .  

The cor ros ion  r a t e s  c a l c u l a t e d  from t h e  weight change d a t a  are given 

i n  Table 8.3.2. I n  t h e  case  of type 316 stainless  s t e e l ,  t h e  cor ros ion  

r a t e  a t  505°C increased a s  a func t ion  of t i m e ,  and i n  t h e  f i n a l  ZOO0 h r  

a t  505OC t h e  r a t e  w a s  about 8 pm/year (0.3 mi l /year ) .  

The specimens had a b lack  oxide l aye r  a f t e r  t h e  

Figure  8.3.1 shows 

Photomicrographs (Fig. 8.3.2) show t h a t  a s u r f a c e  f i l m  was formed on 

both s t a i n l e s s  and Haste l loy specimens. 

i s  being performed t o  determine the  composition of the  s u r f a c e  layers. 

Photomicrographs of etched specimens (Fig. 8 . 3 . 3 )  suggest  t h a t  a dep le ted  

l aye r  e x i s t s  beneath t h e  s u r f a c e  l aye r .  

concen t ra t ion  of chromium i n  t h e  salt  increased s i g n i f i c a n t l y  wi th  t ime, 

presumably as a resu l t  of chromium removed from t h e  specimens. 

we expect  microprobe a n a l y s i s  t o  i n d i c a t e  t h a t  chromium is  deple ted  

near  t h e  sur face .  

E lec t ron  microprobe examination 

Table 8.3.3 shows t h a t  t h e  

Thus, 



212 

Table 8.3.2. Corrosion Rates i n  HTS Loop' 

Corrosion Rate, g/m2 year Maximum Loop 
Temperature 

Hastelloy N Type 316 
Stainless Steel ("0 

431 2.6 2.6 

505 64.5 40.6 

'Does not include initial 1000-hr ex- 
posure. For stainless steel, 10 g/m2 year = 
1.25 ym/year 0.05 mil/year. For Hastelloy 
N. 10 g/m2 year = 1.12 Um/year 
year. 

0.04 mil/ 

.. 
( 

Fig. 8.3.2. Material Exposed to HTS f o r  10,000 hr at the Maximum 
Temperature for Conditions Given in Table 8.3.1. A s  polished. 500X. 
(a) Type 316 stainless steel. (b) Hastelloy N. 
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. .  
0 

Fig. 8.3.3. Material Exposed to HTS for 10,000 hr at the Maximum 
Temperature Conditions Given in Table 8.3.1. Etched. 500x. (a) Type 
316 stainless steel. (b) Hastelloy N. 

Table 8.3.3. Results of Chemical Analysis of HTS 

Concentration, ppm Operating Time 

1000 17 12 52 
2000 10 <5 70 

4000 7.2 <1 93 

7000 1.4 <0.1 163 

For the final 1000 hr exposure, the maximum loop temperature was 

reduced to its initial value of about 430°C and the initial corrosion 

rate at that temperature was reestablished (Fig. 8.3.1). 
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8.3.5 Conclusions 

From the data we have obtained, we can conclude that both type 316 
stainless steel and Hastelloy N would afford acceptable compatibility 
with HTS in heat transfer circuits at temperatures as high as 505°C. 
Both materials have a high initial corrosion rate, but formation of 

a protective (probably chromium oxide) layer reduces the rate of further 

reaction. 

and we are using the loop to expose a new set of specimens at a maximum 

temperature of 550'C. 

We plan to continue our examination of the surface layers, 

8.3.6 Reference 

1. J. R. Keiser, CompatibiZity Studies of Potentia2 MoZten SaZt Breeder 
Reactor Materials in MoZten FZuoride Salts ,  ORNLITM-5783 (May 1977) .  
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8.4 HYDROGEN PERMEATION OF TYPE 316 STAINLESS STEEL - V. A. Maroni 
and E. H. Van Deventer (Argonne National Laboratory). 

8 .4 .1  ADIP Task 

Hydrogen Dissolution and Permeation Effects. This task is being 

considered for addition to the ADIP program plan. 

in this section contribute to Subtask I.E.1.1., Milestone 1.E.l.a. The 

above assigned title and numbering are tentative, pending approval by 

the ADIP Task Group. 

The results presented 

8 .4 .2  Objective 

The objective of the work described in this contribution is to 

examine the base-line hydrogen permeation characteristics of 316-stain- 

less steel (SS)  over the range of temperatures and hydrogen driving 

pressures anticipated in fusion reactor applications. The selection 

of 316-SS for this study is predicated on its role as a representa- 

tive Path A alloy. The results of this study will provide a basis 

for evaluating the effectiveness of permeation barrier methods that 

are currently being developed for 300-series stainless steels. 

8 . 4 . 3  Summary 
Under conditions.of high hydrogen purity (low oxygen potential), 

the hydrogen permeability of 316-SS was found to be bulk-diffusion 

limited over ranges of temperature and hydrogen pressure that are 

pertinent to most projected fusion reactor applications for this 

material. A half-power dependence on hydrogen pressure was retained 

down to the present experimental limit of the ANL permeation apparatus 

(i.e.,10-3 Pa). 

radiation in the upstream compartment had no effect on measured 

hydrogen permeation rates. 

The presence of a 1 mCi source of 1 MeV gamma 

8 . 4 . 4  Progress and Status 

This section reports the results of hydrogen permeation studies 

carried out on 316-SS over the temperature range from 150 to 800"C,  
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using hydrogen driving pressures in the range from to l o 4  Pa 
to 10’ Torr). Details of the experimental procedures used in 

these studies were generally the same as those described in two 

previous publications. ’ 3 ’  

permeation apparatus in recent months now permit us to monitor and 

control (to some extent) gas compositions in the upstream compart- 

ment. 

Additional features incorporated into the 

During the measurements reported herein, continuous monitoring 

of the upstream gas composition (using a partial pressure analyzer) 

revealed that at low upstream hydrogen pressures, water, carbon 

monoxide/nitrogen,* argon, and helium can combine to make a signifi- 

cant contribution to the total pressure in the upstream compartment. 
In some cases, the molecular hydrogen partial pressure was found to 

constitute as little as 20% of the total pressure. It became evident 
from this observation that a total pressure measurement does not 

necessarily represent an accurate determination of the molecular 

hydrogen activity when the upstream pressure is relatively low ( ; . e . ,  

<1 Pa). 
pump (with hydrogen makeup to maintain the H 2  pressure), it was 

possible to effect a moderate reduction of the fractional contribu- 

tion of impurities to the total pressure. Use of a liquid nitrogen 

cold trap on the upstream Compartment was somewhat less effective in 

this regard. Best results in terms of achieving a high purity hydro- 
gen environment were obtained using a temperature-controlled uranium 

hydride bed (to regulate H2 pressure) in combination with a throttled 

ion pump. The presence of uranium metal in the upstream system caused 

a substantial reduction in the active gases (e.g.,  H 2 0 ,  O,, Nz/CO) 

while the throttled ion pump helped to remove the inert gases ( e . g . ,  

He, Ar). Many of the simulated environments used during the course of 

these experiments were considered to be representative of plasma 
chamber exhaust-gas compositions for near-term fusion devices. 

By applying continuous, slow evacuation using a throttled ion 

*It is not possible to distinguish between N 2  and CO (both mass 

25) with the partial pressure analyzer. 

from other tests. 

Both are known to be present 
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Permeation data obtain for 316-SS as a function of temperature 

are shown in Fig. 8 .4 .1  and the least-squares-refined permeation 

curve derived from these data is given by equation (1): 

@316-SS = 0.158 exp(-15,148/RT) (1) 

where 4b is in units of cm3(STP)/m-s-kPa'. R is equal to 1.987, and T 

is in K. The data employed to derive equation (1) were collected 
under conditions where hydrogen constituted a major fraction of the 

gas-phase species present. A l s o ,  no changes in permeation rate were 

observed for 31645 when a 1 mCi gamma source was place inside the up- 
stream compartment in close proximity to the upstream surface of the 

sample. This result implies that an ionizing radiation environment 

( e . g . ,  as in the vicinity of a fusion reactor first wall) may not 
affect permeation rates that are controlled by bulk diffusion mechan- 
isms. 

A plot of the relationship between permeation rate and hydrogen 

partial pressure in the upstream compartment obtained for 3 1 6 4 s  is 

given in Fig. 8 .4 .2 .  The data presented in this figure were collected 

under conditions where hydrogen was the major species in both upstream 

and downstream gas-phase environments. Under these conditions, a near- 

to-half-power dependence on driving pressure was observed over the 
entire pressure range of the study. In cases where oxygen bearing 

species dominated the gas phase in the upstream compartment, measure- 
able deviations toward first-power dependence on upstream 

hydrogen pressure were observed at the lower end of the pressure range 

( ; . e . ,  10-3 to 1 Pa). 
dependence in Fig. 8.4.2 are probably due in part to experimental 
uncertainty and in part to factors attributable to impurity inter- 

actions with the surfaces of the permeation samples. 

The small departures from an exact half-power 

8.4.5 Conclusions 

The principal conclusions drawn from this study are that in pure 

(or nearly pure) hydrogen environments, the permeability of  3164s is 
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bulk-diffusion limited to pressures as low as Pa. (This con- 

clusion can probably be extended to pressures considerably lower than 

l V 3  Pa, without reservation.) Also, the presence of ionizing radia- 

tion (as described in section 8.4.4) in close proximity to the surfaces 
of permeation samples, did no t  have a detectable effect on the per- 

meation rate in the bulk-diffusion-limited regime. This latter 

result should not be unequivocally extrapolated to reflect effects 

that are likely to occur in a fully representative fusion reactor 

radiation environment. 
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8.5 HYDROGEN PERMEATION OF INCONEL 625 - V. A .  Maroni and E. H. Van 
Deventer (Argonne National Laboratory). 

8.5.1 ADIP Task 
Hydrogen Dissolution and Permeation Effects. This task is under 

consideration for addition to the ADIP program plan. The results pre- 
sented in this section contribute to Subtask I.E.1.1., Milestone 1.E.l.a. 

The above title and assigned numbering are tentative, pending approval by 

the ADIP Task Group. 

8.5.2 Objective 

The objective of the work described in this contribution is to 

provide base-line hydrogen permeation data for Inconel-625. 

data will be useful to at least one near-term physics device ( e . g . ,  
Doublet III), and will serve as a basis for evaluating the effec- 

tiveness of subsequently developed permeation barrier methods for 

Inconel-type Path B alloys. 

These 

8.5.3 Sumnary 

The hydrogen permeability of Inconel-625 was measured over a 

range of temperatures and hydrogen pressures that included values rel- 

evant to the Doublet 111 experiment (Inconel-625 is being used as 
the vacuum vessel material for Doublet 111). The permeation rate 

obeyed a half-power dependence on hydrogen pressure down to the low- 

est pressure studied (10-l Pa). 

coefficient were in good agreement with published data for other 

Inconel-type alloys. These results will also be useful as a stand- 

ard for comparison of the effectiveness of permeation barrier methods 

applied to Path B alloys. 

The activation energy and permeation 

8.5.4 Progress and Status 

This section reports the results of hydrogen permeation studies 

carried out on Inconel-625 over the temperature range from 150 to 

800"C, using hydrogen pressures in the range 10-1 to l o 4  Pa to 
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10’ Torr). 

same as those described and referred to in section 8.4.4 of this 
report. 

The experimental methods employed in this study are the 

Permeation data obtained for Inconel-625 as a function of 

temperature are shown in Fig. 8.5.1 and the least-square-refined 

permeation curve derived from these data is given by equation (1): 

(1) = 0.198 exp(-14,371/RT) Inconel-625 

where 9 is in units of cm3 (STP)/m-s*kPa’, R is equal to 1.987, and 

T is in K. All of the data used to develop equation (1) were col- 
lected under conditions where hydrogen constituted >98% of the gas 

phase species present in the upstream compartment. (The downstream 
partial pressure of hydrogen is always at least three orders of 

magnitude lower than the upstream pressure in these types of per- 

meation experiments; consequently, hydrogen back-pressure effects are 

negligible.) A plot of the relationship between hydrogen permeation 

rate and hydrogen pressure is shown in Fig. 8.5.2. The near-to-half- 

power dependence on pressure provides confirmation that the rate is 

indeed bulk-diffusion limited over the pressure range studied. 

The permeation data in Fig. 8.5.1 are in reasonably good 

agreement with recently published results’ for a related alloy, 

Inconel-718. The permeability of Inconel-625 is roughly a factor of 

two lower than that of pure nickel.2 

8.5.5 Conclusions 

Hydrogen permeation of Inconel-625 is controlled by bulk 

diffusion in hydrogen environments typical of those anticipated for 

fusion plasma chambers (i.e., >98% hydrogen). The permeability data 

for Inconel-625 are close in value to those of related Path B alloys. 
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Fig. 8.5.2 Hydrogen permeation rate versus hydro- 

gen driving pressure for Inconel-625 

(N = slope, R = correlation coefficient). 
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