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PREFACE 

This two-volume report contains two special contributions. 
Volume 1 is a critical assessment of the role of charged particle research 
in the Damaqe Analysis and Fundamental Studies (DAFS) program, prepared by 
several DAFS program participants under the leadership of G. R.  Odette. 
Voluve 2 contains the proceedings of a workshop on advanced experimental 
techniques for radiation damage analysis arranged under the DAFS Droqram by 
P .  Wilkes, F. V .  Nolfi and J. A. Spitznagel. The participation o f  the 
various contributors, most of whom were not working on Office of Fusion 
Energy programs, is gratefully acknowledged. 
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FOREWORD 

This report is the sixteenth in a series of Quarterly Technical 
Progress Reports on Damage Analysis and Fundamental Studies (OAFS), which 
is one element of the Fusion Reactor Materials Program, conducted in support 
of the Magnetic Fusion Energy Program of the U. S. Department o f  Energy 
(DOE). 
through b. . . Plasma-Materials Interaction (PMI) . Special Purpose Materials (SPM). 

The OAFS program element is a national effort composed of contributions 
from a number of National Laboratories and other government laboratories, 
universities, and industrial laboratories. It was organized by the Materi- 
als and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task 
Group on Damage Analysis and Fundamental Studies, which operates under the 
auspices of that Branch. The purpose of this series OF reports is to pro- 
vide a working technical record of that effort for the use of the program 
participants, the fusion energy program in general, and the DOE. 

Plan of the same title so that activities and accomplishments may be 
followed readily, relative to that Program Plan. 
laboratory may appear throughout the report. 
annotated for the convenience of the reader. 

The first eight reports in this series were numbered DOE/ET-0065/1 
Other elements of the Materials Program are: 

Alloy Development for Irradiation Performance (ADIP) 

This report is organized along topical lines in parallel to a Program 

Thus, the work of a given 
The Table of Contents is 

This report has been compiled and edited under the guidance of the 
Chairman of the Task Group on Damage Analysis and Fundamental Studies, 
D. G. Doran, Hanford Engineering Development Laboratory (HEDL). His 
efforts, those of the supporting staff of HEDL, and the many persons who 
made technical contributions are gratefully acknowledged. hi. bl. Cohen, 
Materials and Radiation Effects Branch, is the DOE counterpart to the Task 
Group Chairman and has responsibility for the OAFS Program within DOE. 

0. L. Vieth, Chief 
Materials and Radiation Effects Branch 

Office of Fusion Energy 
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- RTNS-I I IRRADIATIONS AND OPERATIONS 
C. M. Logan and D. W .  Heikkinen (Lawrence Livermore National Laboratory) 

1 .o  Objective 

The object ives  o f  this work are  operation of OFE's RTNS-I1 (a 14-WV 
neutron source f a c i l i t y ) ,  machine development, and support o f  the experi-  
mental program t h a t  u t i l i z e s  this f a c i l i t y .  Experimenter services  include 
dosinetry handling, scheduling, coordination, and report ing.  
dedicated to materials  research f o r  the fusion power program. Its primary 
use is  to a i d  i n  the development o f  models o f  high-energy neutron e f f e c t s .  
Such models are  needed i n  in te rpre t ing  and project ing to the fusion 
environment engineering data obtained i n  o ther  neutron spect ra .  

RTNS-I1 i s  

2.0 Sumnary 

I r rad ia t ions  were performed on a to ta l  o f  f ive  d i f f e r e n t  experiments. 
lhe 50-cm t a r g e t  assembly was i n s t a l l e d .  
two zone furnace from H E D L .  Unscheduled outage of three weeks occurred 
due to unexpected problems w i t h  the 50-cm t a r g e t  assembly. 

Also i n s t a l l e d  was the modified 

3.0 Program 

T i t l e :  RTNS-I1 Operations (WZJ-16) 
Principal Invest igator :  C. M. Logan 
A f f i l i a t i o n :  Lawrence Livermore National Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

TASK II.A.2,3,4. 
TASK II.B.3,4 
TASK II.C.1,2,6,11,18. 
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5.1 I r r a d i a t i o n s - C .  M. Logan, D. W.  He ikk inen  and M. W.  Guinan (LLNL) 

An i r r a d i a t i o n  o f  mica samples f o r  J. Fowler (LANL) was completed. An 

i n - s i t u  creep exper iment  u s i n g  a N i  sample was done f o r  W. B a r m r e  (LLNL). 

D. Nethaway (LLNL) i r r a d i a t e d  a r a d i o a c t i v e  t a r g e t  o f  16*Tm f o r  a cross 

s e c t i o n  measurement. The i r r a d i a t i o n  f o r  N. Panayotou (HEOL) u s i n g  the 

m d i f i e d  two zone furnace con t i nued  and was the major  user  o f  t ime d u r i n g  

t h i s  q u a r t e r .  

done f o r  R. P a l l o n  (LLNL). O i l  s h a l e  a c t i v i t i e s  were measured. 

A "piggyback"  i r r a d i a t i o n  employing a r a b b i t  system was 

5.2 RTNS-I1 Status-C. M .  Logan and D. W .  He ikk inen 

Dur ing t h i s  q u a r t e r  the  new design HEDL furnace and t h e  50-cm t a r g e t  

assembly were i n s t a l l e d .  
2.300 hours w i t h  no problems encountered. However, a f t e r  4 0 0  hours  o f  

ope ra t i on ,  problems occu r red  w i t h  the  t a r g e t  water  f e e d  hub and the 

r o t a t i n g  vacuum sea l .  This r e s u l t e d  i n  a p p r o x i m t e l y  t h r e e  weeks o f  

unscheduled outage. 

The 50-cm t a r g e t  assembly had been t e s t e d  f o r  

The t a r g e t  problems a r e  under i n v e s t i g a t i o n .  

6.0 Future  Work 

I r r a d i a t i o n s  a r e  scheduled f o r  H. Vonach (Vienna),  R. Borg (LLNL), G. Woolhouse 

(ARACOR, I n c . ) ,  D. K a l e t t a  ( K a r l s r u h e ) ,  R. Ma l lon  (LLNL), N. Panayotou (HEDL), 

R.  VanKonynenberg (LLNL) and C .  Snead (BNL). 

7.0 Pub1 i ca ti ons 

S t ress  Ca l cu l a t i ons  f o r  RTNS-I1 50-cm Targets,  B. J .  Schumcher and 

P. A. House (UCRL 53148) 

RTNS-I1 Targets :  Coo l ing  Channel Col lapse Under S imu la ted  Bonding Con- 

d i t i o n s ,  W. D. Ludemann, R. L. Brady and B. J. Schumacher (UCRL 53206) 

Ana l ys i s  o f  Bond-Fai lures i n  RTNS-I1 Targets ,  W .  D. Ludemann, G. A .  H a r t e r  

and B. J .  Schumacher (UCRL 53184) 

4 



NUCLEAR DATA FOR DAMAGE STUDIES AND FMIT (AVC) 

D. L. Johnson and F. M. Mann (Hanford Eng ineer ing  Development Labora to ry )  

1 .o Ob j e c  ti ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  supply  n u c l e a r  d a t a  needed f o r  damage s t u d i e s  

and i n  t h e  des ign and ope ra t i on  of t h e  Fus ion M a t e r i a l s  I r r a d i a t i o n  T e s t i n g  

( FMI T ) Fac i 1 i ty . 

2.0 Summary 

Est imates were made o f  damage and h e a t i n g  r a t e s  t h a t  m i g h t  occur  i n  t h e  FMIT 

t a r g e t  back ing  p l a t e  due t o  p ro tons  c rea ted  i n  t h e  l i t h i u m  t a r g e t  which pene t ra te  

t o  t h e  p l a t e .  The upper l i m i t s  of proton- induced damage and h e a t i n g  r a t e s  a r e  

comparable a t  t h e  su r face  o f  t h e  back ing  p l a t e  t o  es t ima ted  neut ron- induced 

r a t e s .  T h i s  i n d i c a t e s  t h a t  p r o t o n  e f f e c t s  should  be i n c l u d e d  i n  a comprehensive 

a n a l y s i s  o f  t h e  behav io r  o f  t h e  back ing  p l a t e .  

3.0 Program 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  D. L. Johnson and F. M. Mann 

A f f i l i a t i o n :  Hanford Engineering Development Labora to ry  

Nuc lear  Data f o r  Damage S tud ies  and FMIT (WH025/EDK) 

4.0 Relevant  DAFS Program Plan Task/Subtask 

A l l  t asks  t h a t  a r e  r e l e v a n t  t o  FMIT use, w i t h  emphasis upon: 

Subtask I I .A.2.3 F l u x  Spectra D e f i n i t i o n  i n  FMIT 

Task I I .A.4 Gas Generat ion Rates 

Subtask I I .A .5 .1  Hel ium Accumulat ion Mon i t o r  Development 

Subtask I I .B.1 .2  A c q u i s i t i o n  o f  Nuc lear  Data 
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5.0 Accomplishments and S ta tus  

5.1 Est imates  o f  Proton- Induced Damage and Heat ing  Rates i n  t h e w  

Target  Backing P l a t e  

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

The Fusion M a t e r i a l s  I r r a d i a t i o n  Test  (FMIT) F a c i l i t y  i s  c u r r e n t l y  be ing  designed 

f o r  use i n  t h e  s tudy o f  neu t ron  r a d i a t i o n  e f f e c t s  i n  f u s i o n  r e a c t o r  m a t e r i a l s .  

The f a c i l i t y  w i l l  make use o f  t h e  i n t e n s e  source o f  h i g h  energy neut rons produced 

by a 100-mA beam o f  35-MeV deuterons i n c i d e n t  upon a t h i c k  t a r g e t  o f  l i q u i d  

l i t h i u m .  

and i s  backed by a s t a i n l e s s  s t e e l  p l a t e  1.6 m t h i c k .  

The deuterons s top  i n  about 15 mm whereas the  l i t h i u m  i s  19 m t h i c k  

The back ing p l a t e  w i l l  exper ience the  h i g h e s t  neut ron- induced damage and h e a t i n g  

r a t e s  o f  t h e  t a r g e t  s t r u c t u r e .  

hensive a n a l y s i s  o f  t h e  behav io r  o f  t h e  back ing p l a t e .  Protons w i l l  a l s o  be 

produced i n  t h e  l i t h i u m  and some w i l l  have enough energy t o  p e n e t r a t e  t o  t h e  

back ing p l a t e .  The o b j e c t i v e  o f  t h i s  work was t o  e s t a b l i s h  whether o r  n o t  

p r o t o n  induced e f f e c t s  need t o  be i n c l u d e d  w i t h  neu t ron  induced e f f e c t s  i n  

e s t i m a t i n g  t h e  behav io r  o f  t h e  back ing p l a t e  i n  the  h i g h  r a d i a t i o n  f i e l d .  

These e f f e c t s  a r e  be ing  rev iewed f o r  a compre- 

5.1.2 E v a l u a t i o n  o f  Pro ton F lux  I n c i d e n t  Upon t h e  Backing P l a t e  

I n  t h e  fo rward  d i r e c t i o n ,  the  neu t ron  spectrum f rom the  FMIT source peaks near 

14 MeV a s i n  a f u s i o n  dev ice .  However, i n  t h e  FMIT f a c i l i t y ,  t h e  neu t ron  energy 

spectrum w i l l  be much broader  and t h e r e  w i l l  be a s i g n i f i c a n t  number o f  neut rons 

e m i t t e d  w i t h  energ ies  up t o  about  30 MeV. A smal l  f r a c t i o n  w i l l  be e m i t t e d  w i t h  

even h i g h e r  energies,  up t o  a maximum o f  50 MeV. An e v a l u a t i o n  o f  t h e  n e u t r o n i c  

c h a r a c t e r i s t i c s  o f  t h i s  source and c a l c u l a t i o n s  o f  d isplacement damage and he l i um 

p r o d u c t i o n  t h a t  would r e s u l t  a r e  presented i n  Reference 1.  

High energy p ro tons  w i l l  a l s o  be produced i n  t h e  l i t h i u m  t a r g e t  v i a  r e a c t i o n s  

w i t h  t h e  i n c i d e n t  deuterons.  There a r e  few exper imental  data on p r o t o n  p r o d u c t i o n  
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by deuterons o f  t h e  a p p r o p r i a t e  energ ies  i n c i d e n t  upon l i t h i u m .  

es t ima tes ,  i t  can be assumed t h a t  t h e  y i e l d ,  spec t ra  and angu la r  d i s t r i b u t i o n s  

o f  most o f  t h e  p ro tons  e m i t t e d  f o l l o w i n g  r e a c t i o n s  w i t h  monoenerget ic deuterons 

a r e  t h e  same as t h e  t h e  neut rons emi t ted .  

ferences expected between neut rons and p ro tons  e m i t t e d  a t  t h e  extreme upper 

ends o f  t h e  spec t ra  where, f o r  neutri:,ns, t h e  y i e l d  i s  r e l a t i v e l y  sma l l .  I n  
t h i s  regime, monoenergetic deuterons produce s h a r p l y  peaked neu t ron  and p r o t o n  

spec t ra  due t o  r e a c t i o n s  l e a d i n g  t o  l o n g - l i v e d  s t a t e s  o f  t h e  r e s i d u a l  n u c l e i .  

However, t h e r e  a r e  more peaks i n  t h e  p r o t o n  spec t ra  than i n  t h e  neu t ron  spec t ra  

and t h e j r  magnitudes and energ ies  a re  d i f f e r e n t .  

peak i s  about 10 MeV above t h e  h i g h e s t  energy p r o t o n  peak f o r  t h e  same deuteron 

energy. 

For scop ing 

However, t h e r e  a r e  s i g n i f i c a n t  d i f -  

The h i g h e s t  energy neu t ron  

The f l u x  o f  p ro tons  t h a t  pene t ra te  t o  t h e  back ing  p l a t e  was es t ima ted  by assuming 

t h a t  t h e  p ro tons  were c r e a t e d  w i t h  the same c h a r a c t e r i s t i c s  as t h e  neu t rons  except 

a t  t h e  extreme upper end o f  t h e  spectrum. 

assumed t o  be 10 MeV l e s s  than t h e  iiiaximum neu t ron  energy f o r  monoenerget ic 

deuterons and d e t a i l s  of t h e  upper p o r t i o n s  o f  t h e  spec t ra  were neg lec ted .  The 

i n i t i a l  p r o t o n  y i e l d  and spec t ra  depend upon t h e  p e n e t r a t i o n  depth i n  t h e  l i t h i u m  

because t h e  r e s i d u a l  deuteron energy decreases w i t h  depth.  

o n l y  t h e  upper end o f  t h e  i n i t i a l  p r o t o n  spectrum f o r  each p a r t i c u l a r  depth 

c o u l d  p e n e t r a t e  through t h e  remain ing l i t h i u m  t o  t h e  back ing  p l a t e .  

a t  t h e  f r o n t  su r face  o f  t h e  l i t h i u m ,  t h e  35-MeV deuterons produce a p r o t o n  
spectrum up t o  40 MeV, b u t  o n l y  p r o t o n s  g r e a t e r  than 29 MeV can pene t ra te  

through 19 mm o f  l i t h i u m  t o  t h e  back ing  p l a t e .  

There, t h e  maximum p r o t o n  energy was 

I t  was found t h a t  

For  example, 

The p r o t o n  f l u x  t h a t  pene t ra tes  t o  t h e  back ing  p l a t e  was found t o  be somewhere 

between an upper l i m i t  o f  about 57! o f  t h e  neu t ron  f l u x  and a l o w e r  l i m i t  o f  

about  1%. The h i g h e s t  neu t ron  f l u x  on t h e  back ing  p l a t e  i s  c a l c u l a t e d  t o  be 

about  3 x 10’’ n/cm2-sec. 

1014 protons/cm2-sec (q.24 uA/cm2). 

Hence, t h e  upper l i m i t  o f  t h e  p r o t o n  f l u x  i s  1.5 x 

The p r o t o n  spectrum t h a t  i s  i n c i d e n t  upon t h e  back ing  p l a t e  i s  q u i t e  d i f f e r e n t  

f r om  t h e  neu t ron  spectrum because o f  energy l o s s e s  of t h e  p r o t o n s  i n  t h e  l i t h i u m .  
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The maximum p r o t o n  energy i n c i d e n t  upon the  back ing p l a t e  i s  o n l y  about  24 MeV. 

The spectrum on t h e  p l a t e  i s  n o t  a c c u r a t e l y  known s i n c e  the  upper p o r t i o n s  o f  

t h e  i n i t i a l  p r o t o n  spec t ra  a r e  n o t  know. 

l i n e a r l y  w i t h  i n c r e a s i n g  p r o t o n  energy t o  zero a t  24 MeV. 

It was rough ly  es t ima ted  t o  decrease 

5.1.3 Formalism f o r  E v a l u a t i o n  o f  Proton Induced -- Damage and -_ Heat ing Rates 

A t  a p a r t i c u l a r  p o i n t  w i t h i n  the  back ing p l a t e ,  t h e  d isplacement r a t e ,  h e l i u m  

p r o d u c t i o n  r a t e  and h e a t i n g  r a t e  can be expressed i n  t h e  f o l l o w i n g  equat ions  

which a r e  analogous t o  those used f o r  c a l c u l a t i o n s  o f  neut ron induced damage 

and heat ing .  However, s p e c i a l  p r o v i s i o n s  a re  needed t o  t r e a t  the  r a p i d  v a r i a -  

t i o n s  o f  t h e  s p a t i a l  and energy dependence o f  t h e  p r o t o n  f l u x  i n  the  back ing 

p l a t e .  

wat ts /gram = 1.602(10-13) - (E ) $ (E  )dE /d:: P P P P ( 3 )  

Here, $ (E ) i s  t h e  f l u x  spectrum o f  p ro tons (p/cm2-s-MeV) f o r  a p a r t i c u l a r  

l o c a t i o n  w i t h i n  t h e  back ing p l a t e ,  u (E ) i s  t he  d isplacement c ross  s e c t i o n  
d P  

(cm’/atom), u 

i s  t h e  energy l o s s  p e r  u n i t  pa th  l e n g t h  ( u n i t s  o f  MeV/(gm/cm2)) as a f u n c t i o n  

o f  energy f o r  p ro tons  i n  the  back ing p l a t e  m a t e r i a l .  

m a t e r i a l  i s  p(gm/cm3) and dx i s  an increment o f  pa th  l e n g t h  (cm). 

P P  

( E  ) i s  t h e  he l i um p r o d u c t i o n  c ross  sec t ion ,  and dE(E ) /dpx 
He P P 

The l o c a l  d e n s i t y  o f  t h e  

Using t h e  f l u x  spectrum o f  p ro tons  t h a t  was es t ima ted  t o  be i n c i d e n t  upon t h e  

su r face  o f  t h e  back ing  p l a t e ,  t h e  p r o t o n  f l u x  was eva lua ted  as a f u n c t i o n  o f  

p e n e t r a t i o n  depth.  

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

p a r t i c l e s  i n c i d e n t  upon a m a t e r i a l .  I t  makes use o f  t h e  w e l l  known energy 

dependence o f  t h e  s topp ing  power f o r  charged p a r t i c l e s  on m a t e r i a l s .  

T h i s  was done u s i n g  t h e  BRAGG code which c a l c u l a t e s  
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5.1.4 Evaluation of Displacement Rates 

The displacement cross sect ion f o r  protons on s t a i n l e s s  s t ee l  was assumed t o  
be the same as t h a t  associated with Rutherford sca t t e r ing  of protons by i ron.  
This cross sec t ion  i s  very large  f o r  low energy protons and  decreases roughly 
as 1 / E  f o r  increasing proton energies.  
cross sec t ions  are  described in Reference 3 .  

The methods f o r  evaluation of such 

I t  was estimated in e a r l i e r  work a t  H E D L  t h a t  f o r  energies somewhat above the 
Coulomb b a r r i e r  f o r  protons on the materials  in s t a i n l e s s  s t ee l  (%7 MeV) the 
displacement cross sect ion becomes increasingly la rger  t h a n  t h a t  due t o  Rutherford 
sca t t e r ing  alone. 
estimated in t h i s  work, i t  canbe shown t h a t  using the Rutherford displacement 
cross sect ion i s  a very good approximation. 

However, f o r  an  incident  p ro ton  spectrum s imi lar  t o  w h a t  was 

Figure 1 shows the displacement r a t e  p ro f i l e s  f o r  monoenergetic protons of 6 ,  
1 2 ,  18 and 24-MeV incident  upon thick nickel .  Here one sees t h a t ,  f o r  a l l  
incident  energies,  the displacement rate peaks near the end of the proton range 
where the residual energies a r e  very low and the displacement r a t e  i s  due 
exclusively t o  Rutherford sca t ter ing  which i s  known very accurately.  Only near 
the incident  surface f o r  monoenergetic protons g rea te r  than ~ 1 2  MeV i s  the d i s-  
placement r a t e  much l a rge r  t h a n  t h a t  predicted f o r  Rutherford sca t t e r ing  alone. 
However, near the incident  surface,  the displacement r a t e  p r o f i l e  f o r  a spectrum 
of inc ident  protons s imi lar  t o  t h a t  estimated here w i l l  be dominated by con t r i -  
butions from low energy protons which produce displacements by Rutherford 
sca t t e r ing .  

Note t h a t  the energy spectrum of atoms displaced by the pro tons  i s  much s o f t e r  
than t h a t  produced by the neutrons. 
produced per calculated displacement i s  expected t o  be l a rge r  f o r  the protons 
than f o r  the neutrons. 
f o r a v a r i e t y  of low energy ions suggests an  upper l i m i t  of a f a c t o r  of three  
f o r  t h i s  e f f e c t .  For the present appl ica t ion ,  a f a c t o r  of 1 .5  t o  2 might be 

appropriate  because n o t  a l l  displaced atoms a r e  a t  low energy. 

As a r e s u l t  of t h i s ,  the number of defec ts  

Recent work in which i n i t i a l  damage r a t e s  were measured 

This i s  cons is tent  
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FIGURE 1. Displacement Rate P r o f i l e s  Versus Pene t ra t i on  Depth f o r  Monoenerget ic 
Protons Normal ly  I n c i d e n t  Upon Th i ck  N i c k e l .  

w i t h  an es t ima te ,  co r robo ra ted  by one exper iment,  o f  t h e  d i f f e r e n c e  i n  creep 

r a t e s  produced b y  neu t rons  and l i g h t  i o n s . ( 4 )  

d isplacements,  t h e  e f f e c t i v e  d isp lacement  r a t e  c a l c u l a t e d  f o r  t h e  p r o t o n s  i n  

t h i s  s tudy was inc reased  r a t h e r  a r b i t r a r i l y  by  a f a c t o r  o f  two. 

For  comparison t o  neu t ron  induced 
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The displacement r a t e  p r o f i l e  was eva luated f o r  t h e  es t imated p r o t o n  f l u x  spectrum 

descr ibed e a r l i e r .  

t h e  neu t ron  f l u x  a t  t h e  p o i n t  o f  h i g h e s t  f l u x  on t h e  back ing p l a t e .  A l so  shown 

i s  an es t ima te  o f  the  neu t ron  induced displacement r a t e  which was taken f rom data  

assoc ia ted  w i t h  Reference 1 .  

F i g u r e  2 shows the  p r o f i l e s  f o r  p r o t o n  f l u x e s  o f  5 and 1% o f  
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F I G U R E  2. E f f e c t i v e  Displacement Rate P r o f i l e s  Versus P e n e t r a t i o n  Depth f o r  
t h e  Est imated Spectrum o f  Protons I n c i d e n t  Upon the  Center  o f  t h e  
Backing P l a t e .  
p r o f  i 1 e. 

A l s o  shown i s  t h e  neutron- induced displacement r a t e  
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Here one sees t h a t  a t  t he  su r face  o f  the  back ing p l a t e  t h e  e f f e c t i v e  p r o t o n  

induced displacement r a t e  may be as l a r g e  as %120 d p a / f u l l  power year .  T h i s  

i s  comparable t o  the  neu t ron  induced displacement r a t e  o f  about 190 d p a / f u l l  

power year .  However, t h e  e f f e c t i v e  p r o t o n  induced displacement r a t e  r a p i d l y  

drops t o  zero about ha l fway through t h e  1.6 mm th i ckness  o f  t h e  back ing p l a t e .  

Thus t h e  sum o f  t h e  neu t ron  and p r o t o n  induced displacement r a t e  p r o f i l e s  has 

a s i g n i f i c a n t  g r a d i e n t .  

5.1.5 E v a l u a t i o n  o f  Hel ium Produc t ion  Rates 

F igu re  3 shows the  he l i um p r o d u c t i o n  r a t e  p r o f i l e s  a long t h e  c e n t e r l i n e  ( h i g h e s t  

f l u x  l o c a t i o n )  o f  t h e  back ing p l a t e  f o r  p r o t o n  f l u x e s  o f  5 and 1% o f  t h e  neu t ron  

f l u x .  

The pro ton- induced he l i um p r o d u c t i o n  c ross  s e c t i o n  was ob ta ined  f rom data i n  
Reference 5 and i s  shown i n  F i g u r e  4. The p r o f i l e s  were ob ta ined  u s i n g  t h i s  

c ross  s e c t i o n  p l u s  an es t ima ted  50% (20 )  u n c e r t a i n t y .  

A l so  shown i s  an e s t i m a t e  o f  the  neut ron- induced h e l i u m  p r o d u c t i o n  r a t e .  

One sees t h a t  t h e  pro ton- induced he l i um p r o d u c t i o n  r a t e  may be as l a r g e  as 

about  420 appm H e / f u l l  power yea r  a t  t h e  su r face  o f  t h e  back ing p l a t e .  However, 

t h i s  i s  o n l y  about  20% o f  t h e  neut ron- induced h e l i u m  p r o d u c t i o n  r a t e  (%2000 appm 

H e / f u l l  power y e a r ) .  

t o  be ve ry  s i g n i f i c a n t  compared t o  the  neu t ron  induced r a t e .  

Hence, t h e  p ro ton  induced he l i um p r o d u c t i o n  does n o t  seem 

5.1.6 E v a l u a t i o n  o f  Heat Depos i t i on  Rates 

F i g u r e  5 shows t h e  h e a t i n g  r a t e  p r o f i l e s  a long t h e  c e n t e r l i n e  o f  t h e  back ing 

p l a t e  f o r  p r o t o n  f l u x e s  o f  5 and 1% o f  t h e  neu t ron  f l u x .  

code and a r e  s i m i l a r  i n  shape t o  t h e  d isplacement r a t e  p r o f i l e s  shown i n  

F i g u r e  1. A l so  shown i n  F i g u r e  5 i s  an es t ima te  o f  the neutron- induced 

h e a t i n g  r a t e .  

The h e a t i n g  r a t e  
p r o f i l e s  f o r  monoenergetic i n c i d e n t  p ro tons  were ob ta ined  f rom t h e  BRAGG ( 2 )  

Here one sees t h a t ,  a t  t h e  su r face  o f  t h e  back ing p l a t e ,  t h e  pro ton- induced 

h e a t i n g  r a t e  may be as l a r g e  as about 900 watts/gram. T h i s  f a r  exceeds the  
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neutron- induced r a t e  o f  about  10 watts/gram. However, t h e  pro ton- induced h e a t i n g  

r a t e  r a p i d l y  drops t o  zero about ha l fway through t h e  back ing p l a t e  j u s t  as the  

d isplacement r a t e  does. 

5.1.7 Conclusions 

I t  appears t h a t  a t  t h e  su r face  o f  t h e  back ing p l a t e  t h e  upper l i m i t  o f  t h e  

pro ton- induced h e a t i n g  r a t e  f a r  exceeds the  neu t ron  r a t e  and t h a t  t h e  p ro ton-  

induced displacement r a t e  i s  comparable t o  the  neu t ron  r a t e .  

i s  l i k e l y  t h a t  p ro ton  e f f e c t s  must be i n c l u d e d  i n  t h e  a n a l y s i s  o f  t h e  behav ior  

o f  t h e  back ing p l a t e  d u r i n g  i r r a d i a t i o n  i n  t h e  FMIT f a c i l i t y .  

Therefore,  i t  
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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FISSION REACTOR DOSIMETRY 

L. R. Greenwood (Argonne National Laboratory) 

1 .o Objective 

To establish the best practicable dosimetry for fission reactors and to 

provide dosimetry and damage analysis for OFE experiments. 

2.0 Summary 

Final results are presented for the ORR-KFE4A experiments. Samples have 

been counted from HFIR-CTR32. 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: L .  R. Greenwood 

Affiliation: Argonne National Laboratory 

4.0 Relevant DAPS Program Plan Task/Subtasks 

Task II.A.l Fission Reactor Dosimetry 

5.0 Accomplishments and Status 

The status of all fission reactor dosimetry is given in Table 1. 

5.1 Dosimetry Results for the ORR-MFE4A Experiment 

Preliminary dosimetry results were reported for the MFE4A experiment in ORR 

in our August 1981 Quarterly Report (DOE/ER-0046/6). The irradiation was 
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conducted between June 12,  1980 and January 20,  1981 wi th  an exposure of 

5471 MWD. Dosimetry wires were provided by ORNL; a d d i t i o n a l  wires were a l s o  

provided by ANL and are s t i l l  being i r r a d i a t e d .  

TABLE 1 

STATUS OF REACTOR EXPERIMENTS 

~ _ _  -_ 
Facil i ty/Experiment  StatusIComments 

ORR - MFEl 

- MFE2 

- MFE4A 

- MFE4B,C 

- TBC07 

- TRIO 

- 

HFIR - CTR 32 
~ 

- CTR 30, 31 

- CPR 34, 35 

- Tl,T2,T3 

- RBl,RB2,RB3 

Omega West - Spec t r a l  Analysis  

- HEDLl 

EBR I1 - X287 

IPNS - LASLl (Hurley) __ 

Completed 12/79 

Completed 6/81 

Completed 12/81 

I r r a d i a t i o n  i n  Progress  

Completed 7/80 

T e s t  Planned 1/82 

Samples Counted 12/81 

I r r a d i a t i o n  i n  Progress  

Samples Provided 9/81 

I r r a d i a t i o n  i n  Progress  

Samples Provided 9/81 

Completed 10/80 

Completed 5/81 

Completed 9/81 

Planned f o r  2/82 
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One problem noted i n  our previous  a n a l y s i s  was t h a t  the  coba l t  s amp le s  

ind ica ted  a higher  thermal f l u x  than the  i r on  samples. This was c o n t r a r y  t o  

our previous experience where c o b a l t  and iron were always in excellent agree- 

ment. Since the  coba l t  samples were in the  form of a n e w  Co-V a l l o y  provided 

by ORNL, we requested a simultaneous a c t i v a t i o n  experiment i n  the  HFIR r abb i t  

tube wi th  our  Co-A1 a l l o y s .  The r e s u l t s  of t h i s  experiment a r e  l i s t e d  in 

Table 2 .  

TABLE 2 

COBALT-ALLOY ACTIVATION TESTS I N  HFIR 

Sample (Source) % co Re la t ive  Act iv i ty  

Co-A1 (NBS) 0.116 t 0.002 1.000 

Co-A1 (RE) 0.504 0.957 

Co-V (ORNL) 0.085 1.156 

As can be seen, the  Co-V a c t i v i t y  is much too h i g h .  If we adopt the NBS 

sample as a s tandard (s ince  the  o t h e r s  have no c e r t i f i a b l e  e r r o r  a n a l y s i s ) ,  

then t h e  Co-V a l l o y  con ta ins  0.098% c o b a l t  r a t h e r  than the  0.085% coba l t  

a n a l y s i s  by ORNL. This d i f f e r e n c e  is very c l o s e  t o  t h a t  repor ted in our 

e a r l i e r  r e p o r t  where the  r a t i o  of c o b a l t  to iron thermal f l u x  was  1.142. 

The 59Co(n,y)6OCo a c t i v i t y  r a t e  f o r  ORR-MFE4A would t hus  be reduced t o  6.20 x 

10-9 atomslatom-sec. 

1.053 f o r  58Fe(n,Y)59Fe. 

The r a t i o  t o  t h e  W E 2  experiment is 1.040 compared t o  

We thus conclude t h a t  the  ORNL coba l t  a n a l y s i s  is 
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i n c o r r e c t  and t h a t  the  c o b a l t  and i r o n  monitors now measure the  same thermal 

f l u x ,  a s  expected from previous experiments i n  ORR. Since we assumed t h a t  the 

i r o n  va lues  were c o r r e c t  and r e j e c t e d  t h e  old  Co-V a c t i v i t i e s ,  no changes a r e  

required i n  the  thermal f l u x  values  f o r  ORR which we reported previously .  

Since the  f l u x  wires were loca ted  near  the  maximum f l u x  p o s i t i o n  i n  ORR i t  w a s  

expected t h a t  the  g r a d i e n t s  would be r a t h e r  f l a t  along t h e  6”  s e c t i o n s  of 

dosimetry wire. Whereas the  f a s t  f l u x  was indeed found t o  be f l a t  w i t h i n  a 

few p e r c e n t ,  d i s t u r b i n g  o s c i l l a t i o n s  were found in the  thermal values .  

second n i c k e l  wire w a s  thus cu t  i n t o  uniform 1/2” long s e c t i o n s  to s tudy  these  

thermal g r a d i e n t s  i n  more d e t a i l .  The r e s u l t s  a r e  l i s t e d  i n  Table 3 .  

A 

The g r a d i e n t s  i n  Table 3 show t h a t  the  58Co decreases  near  the  top whi le  the  

6oCo i n c r e a s e s  and t h e  57Co is n e a r l y  f l a t .  

changes i n  the  thermal f l u x  s i n c e  58Co i s  converted t o  6oCo. 

t r end  means t h a t  the  f a s t  neutron f l u x  g rad ien t  is q u i t e  s m a l l ,  <7% over  6 ” ,  

<2% over the  top 5”. The increase  i n  t h e  thermal f l u x  near  t h e  top of the  

wire is a l s o  seen i n  helium measurements by Rockwell I n t e r n a t i o n a l  @OE/ER- 

0046/7  - p. 2 6 ) .  The helium g r a d i e n t  is s teeper  than our changes i n  the  nickel  

s i n c e  helium depends on t h e  thermal f l u x  squared i n  a two-step r e a c t i o n .  

unusual  behavior i n  t h e  thermal f l u x  gradient  is probably due to neutron 

shadowing by t h e  experimental assemblies .  

unimportant ($5% i n  thermal f l u x ,  ”10% i n  He production in nicke l ) .  

These t rends  can be explained by 

The f l a t  57Co 

This 

However, t h e  net e f f e c t  is r a t h e r  

In conclusion,  t h e  f luences  repor ted  e a r l i e r  s t i l l  appear t o  be accura te  and 

our  p r e d i c t i o n s  of helium production i n  n icke l  a r e  i n  e x c e l l e n t  agreement wi th  
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TABLE 3 

NICKEL ACTIVITY GRADIENTS FOR ORR-MFE4A 
o$ (ATOM/ATOM-S) 

Sample 

1-Bottom 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11-Top 

(x 10-12) 

3.99 

4.00 

3.98 

3.99 

4.06 

4.01 

4.03 

4.03 

3.99 

3.91 

3.85 

(x 10-13) 

5.14 

5.31 

5.54 

5.60 

5.55 

5.67 

5.61 

5.55 

5.71 

5.80 

5.89 

(x 10-14) 

2.24 

2.29 

2.34 

2.35 

2.38 

2.37 

2.35 

2.37 

2.39 

2.35 

2.38 

measurements a t  Rockwell I n t e r n a t i o n a l .  However, t h e  rad iometr ic  and helium 

va lues  are s t i l l  about 30% lower than  neut ronic  c a l c u l a t i o n s  made by ORNL 

(Gabriel  and L i l l i e ) .  

6 .O References 

None. 
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7.0 Future  Work 

Fur ther  measurements a r e  planned i n  the  MFE4B and C experiments. More 

complete dosimetry sets w i l l  a l s o  be analyzed a t  the end of the  MFE4 

experiment. 

Samples have been counted from the  HPIR-CTR32 experiment. T e s t  experiments 

w i l l  be conducted i n  ORR f o r  t h e  T R I O  tr i t ium- breeding experiment i n  January. 

Some i n s u l a t o r  m a t e r i a l s  w i l l  be i r r a d i a t e d  a t  IPNS at  cryogenic temperatures 

i n  February. 

8.0 Publ ica t ions  

None. 
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CHARACTERIZATION OF SPALLATION NEUTRON SOURCES 

L. R. Greenwood (Argonne National  Laboratory) 

1 .o Object ive  

To c h a r a c t e r i z e  the  neutron f l u x ,  spectrum, and damage parameters for 

s p a l l a t i o n  neutron sources .  

2 .o Summary 

The Neutron S c a t t e r i n g  F a c i l i t y  (NSF) of the  In tense  Pulsed Neutron Source 

(IPNS) has been charac te r ized  for r a d i a t i o n  damage experiments. A s  expected,  

t h e  spectrum i s  s o f t e r  and damage r a t e s  a r e  lower than i n  the  Radiation 

E f f e c t s  F a c i l i t y  (REF); however, longer  exposure t i m e s  w i l l  be p o s s i b l e  a t  

t h e  NSF. The f i r s t  fus ion m a t e r i a l s  i r r a d i a t i o n s  are planned for February 

1982. 

3 .O Program 

T i t l e :  Dosimetry and Damage Analysis 

P r i n c i p a l  I n v e s t i g a t o r :  L.  R .  Greenwood 

A f f i l i a t i o n :  Argonne National  Laboratory 

4 .O Relevant DAFS Program Plan Task/Subtasks 

Task II.A.2 High-Energy Neutron Dosimetry 
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5 .O Accomplishments and S t a t u s  

The In tense  Pulsed Neutron Source (IPNS) at  ANL became opera t iona l  i n  J u l y  1981 

and dosimetry experiments were conducted i n  the  Radiation E f f e c t s  F a c i l i t y  

(REF) which has a 2% t a r g e t  surrounded by a l ead  r e f l e c t o r .  

generated from s p a l l a t i o n  reac t ions  by a 400-500 Mev proton beam of about 8 liA. 

The t o t a l  neutron f l u x  was measured t o  be 1.6 x 1012 n/an2-s (1.0 x 1012 above 

0.1 MeV). S p e c t r a l  measurements, g r a d i e n t s ,  and damage rates were repor ted 

l a s t  q u a r t e r  @OE/ER-0046/7). 

Neutrons a r e  

Since the  IPNS devotes most of the  o p e r a t i o n a l  t i m e  t o  the  Neutron S c a t t e r i n g  

F a c i l i t y  (NSF) it was decided t o  a l s o  c h a r a c t e r i z e  t h i s  f a c i l i t y  f o r  damage 

experiments. Two h o l e s  are a v a i l a b l e  near t h e  t a r g e t  (named H2 and F6), 

al though the  holes  are not instrumented a t  p resen t .  Dosimetry packages were 

i r r a d i a t e d  from September 23 t o  October 2 ,  1981 f o r  a t o t a l  exposure of 7.73 x 

1018 protons  on t a r g e t .  

Twenty-five a c t i v a t i o n  r e a c t i o n s  were measured us ing  Ge(Li) gamma spectroscopy. 

The STAYSL computer code was then used t o  a d j u s t  the neutron spectrum which w a s  

c rude ly  based on neu t ron ics  c a l c u l a t i o n s .  

from c a l c u l a t i o n s  wi th  Be moderators only  roughly similar t o  t h e  conf igura t ion  

i n  t h e  NSF. 

The low energy f l u x  was  es t imated 

The unfolded neutron spectrum is shown i n  Figure  1 and compared t o  t h e  REF i n  

Figure  2 .  

e s p e c i a l l y  below 0.1 MeV. However, t h e  t o t a l  neutron f l u x  is roughly t h e  

same. This d i f f e r e n c e  is due t o  t h e  Be  moderator in t h e  NSF compared t o  a Pb 

The spectrum in t h e  NSF i s  c l e a r l y  much s o f t e r  than i n  the  REF, 
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FIGURE 1. Neutron Energy Spectrum f o r  P o s i t i o n  H 2  of t h e  IPNS-NSF. The 
do t ted  and dashed l i n e s  represen t  one s tandard dev ia t ion  f o r  
each energy group. The flux above 44 MeV i s  n o t  shown. 
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NEUTRON ENERGY, MeV 

FIGURE 2. Spec t r a  a r e  Compared f o r  t h e  IPNS-REF (VTZ),  NSF (HZ), and a 
Pure F i s s i o n  Spectrum. The NSF spectrum is much s o f t e r  than 
t h e  REF, al though t h e  t o t a l  i n t e g r a l  f l u x  i s  comparable. 
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r e f l e c t o r  in t h e  REF. In very  crude terms, neg lec t ing  very high-energy 

neutrons ,  t h e  REF spectrum resembles a f a s t  r e a c t o r  l i k e  EBR I1 whereas the  

NSF spectrum is more l i k e  a mixed-spectrum r e a c t o r  l i k e  ORR. 

Flux values a r e  repor ted f o r  both f a c i l i t i e s  i n  Table 1. The t o t a l  f l u x  in 

t h e  NSF is about 67% of t h a t  in t h e  REF; however, t h e  f a s t  f l u x  00.1 MeV) is 

only 30% of the  REF whi le  the  thermal f l u x  is 17.6 times higher.  Since the  H2 

and F6 sample tubes point  d i r e c t l y  in towards the t a r g e t ,  g r a d i e n t s  need only  

be measured a long t h e  tube. The fast  f l u x  0 0 . 1  MeV) was found t o  decrease  a 

f a c t o r  of two in a d i s t a n c e  of two inches going away from the  t a r g e t .  S p e c t r a l  

g r a d i e n t s  were not measured, al though it is assumed t h a t  experimenters would 

p lace  samples as c l o s e  to t h e  t a r g e t  as poss ib le  in t h e  5/8” O.D. sample tube. 

6 .O References 

None. 

7 . 0  Future  Work 

The first fusion m a t e r i a l s  experiment will be conducted by G. Hurley (LANL) 

during February or March of 1982. Organic i n s u l a t o r s  w i l l  be i r r a d i a t e d  a t  

cryogenic temperatures .  Since gamma exposure is a l s o  of i n t e r e s t ,  hea t ing  and 

TLD measurements a r e  now being made and compared t o  c a l c u l a t i o n s .  

8.0 Publ ica t ions  

1. M. A.  Kirk, R. C. B i r t c h e r ,  T.  H. Blewi t t ,  L .  R. Greenwood, R. J. Popek, 

and R .  R .  Heinr ich,  Journal  Nucl. Mater. - 96 ,  37 (1981).  
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TABLE 1 

INTEGRAL FLUX RATES FOR IPNS 

A proton c u r r e n t  of 8 u A  a t  500 MeV is assumed. 

Percent  s tandard  dev ia t ions  are g iven  in paren thes i s  

Energy Range NSF (H2) REP (VT2) Ratio 
- 

(x 1011) (x 1011) (NSF/REF) 

To ta l  10.5 (12) 15.6 (13) 0.67 

>0.1 MeV 2.97 (22) 9.92 (17) 0.30 

Thermal 

0.5 eV-0.1 MeV 

0.1-1 MeV 

1-5 

5-10 

10-15 

15-20 

20-30 

30-44 

>44 

2.37 (27) 0.135 (17) 

5.18 (18) 5.60 (23) 

2.27 (27) 6.79 (25) 

0.58 (11) 2.64 (11) 

0.056 (24) 0.29 (23) 

0.016 (14) 0.048 (19) 

0.0086 (21) 0.036 (23) 

0.014 (25) 0.043 (15) 

0.016 (28) 0.049 (26) 

?.0.038a 1.0.11a 

17.6 

0.92 

0.34 

0.22 

0.20 

0.32 

0.24 

0.32 

0.34 

aEstimated from n e u t r o n i c s  c a l c u l a t i o n s .  
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HELIUM GENERATION CROSS SECTIONS FOR 14.8-MeV NEUTRONS 

B. M. O l i v e r ,  D. W. Knef f ,  M. M. Nakata, and H. F a r r a r  I V  (Rockwell  I n t e r -  

n a t i o n a l ,  Energy Systems Group) 

1.0 O b j e c t i v e  

The o b j e c t i v e s  o f  t h i s  work a re  t o  measure he l ium genera t i on  r a t e s  o f  mate- 

r i a l s  f o r  Magnetic Fusion Reactor  a p p l i c a t i o n s  i n  t h e  -14.8-MeV T(d,n) neu t ron  

environment, t o  c h a r a c t e r i z e  t h e  T(d,n) neut ron f i e l d  o f  t h e  R o t a t i n g  Target  

Neutron Source- I1  (RTNS-11), and t o  develop he l i um accumulat ion neu t ron  

dos imeters  f o r  t h i s  t e s t  environment. 

2.0 Summary 

The t o t a l  he l i um genera t i on  c ross  s e c t i o n s  have been measured f o r  t h e  pure  

elements S i ,  Co, Sn, and P t ,  i r r a d i a t e d  by -14.8-MeV T(d,n) neutrons a t  

RTNS- I I .  

3.0 Program 

T i t l e :  Hel ium Genera t ion  i n  Fusion Reactor  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  D. W. K n e f f  and H. F a r r a r  I V  
A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 

4.0 Re levant  OAFS Program Plan Task/Subtask 

Subtask I I . A . 2 . 2  F lux- Spec t ra l  D e f i n i t i o n  i n  RTNS-I1 

Subtask I I .A.4.2 T(d,n) Hel ium Gas Produc t ion  Data 

5.0 Accomplishments and S ta tus  

T o t a l  he l ium genera t i on  cross s e c t i o n  measurements have been completed f o r  

S i ,  Co, Sn, and P t ,  i r r a d i a t e d  i n  t h e  -14.8-MeV T(d,n) neu t ron  spectrum o f  
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RTNS-11. The i r r a d i a t i o n  was a j o i n t  exper iment w i t h  Argonne Na t i ona l  Labo- 

r a t o r y  (ANL) and Lawrence L ivermore Na t i ona l  Labora to ry  (LLNL), and b o t h  t h e  

exper iment  and p rev ious  cross s e c t i o n  measurements have been d e t a i l e d  i n  

e a r l i e r  r e p o r t s .  ('") 

p le  samples o f  each m a t e r i a l  by h i g h - s e n s i t i v i t y  gas mass spect rometry  f o r  

generated hel ium, and combining t h e  he l ium r e s u l t s  w i t h  t h e  neu t ron  f l uence  

a t  each sample 's  i r r a d i a t i o n  p o s i t i o n .  

a neu t ron  f l uence  map cons t ruc ted  f o r  t h e  i r r a d i a t i o n  volume, us ing  pass ive  

dos imet ry  i nco rpo ra ted  i n  t h e  experiment.  The f l u e n c e  mapping was suppor ted 

by t h e  O f f i c e  o f  Fus ion Energy o f  t h e  U.S. Department o f  Energy (DOE), and 

t h e  c ross  s e c t i o n  measurements were suppor ted by t h e  D O E ' S  O f f i c e  o f  Bas ic  

Energy Sciences. 

The cross sec t i ons  were determined b y  ana l yz ing  m u l t i -  

The f l u e n c e  values were de r i ved  from 

Measured 
Mat e r i  a 1 Cross Sec t i on  

(mb) 

The c ross  s e c t i o n  r e s u l t s  f o r  these  f o u r  m a t e r i a l s  a re  g iven  i n  Table 1. 
The abso lu te  va lues were norma l i zed  t o  t h e  n iob ium r a d i o m e t r i c  f o i l  dos imet ry  

r e s u l t s ,  f o r  which t h e  93Nb(n,2n)92mNb c ross  s e c t i o n  was assumed t o  be 

463 ? 19 mb. (3) 
o f  about  2%. 
t a i n t i e s  were due i n  p a r t  t o  t he  s i g n i f i c a n t l y  l owe r  he l ium concen t ra t i ons  

(-2 x lo-'' atom f r a c t i o n )  i n  t h i s  m a t e r i a l .  

t i o n s  c o n t r i b u t e d  about 7% t o  t h e  f i n a l  cross s e c t i o n  u n c e r t a i n t i e s .  

4 Most o f  t h e  He measurements had abso lu te  lo u n c e r t a i n t i e s  

The excep t i on  was p la t inum,  whose h ighe r  c ross  s e c t i o n  uncer-  

The neu t ron  f l uence  determina-  

Measured 
M a t e r i a l  Cross Sec t i on  

(mb) 

TABLE 1 
HELIUM GENERATION CROSS SECTIONS FOR -14.8-MeV NEUTRONS 

S i  218 i 11 Sn 1.5 ? 0.1 

co 40 * 3 0.74 ? 0.11 
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Cobalt i s  of pa r t i cu la r  i n t e r e s t  f o r  helium accumulation neutron dosimetry. 
This element has the  highest p r i o r i t y  f o r  radiometric dosimetry in the Fusion 
Materials I r r ad ia t ion  Test Fac i l i ty  (FMIT), because several neutron-induced 
react ions [ ( n , y ) ,  ( n , 2 n ) ,  (n ,3n) ,  ( n , 4 n ) ,  ( n , p ) ]  with d i f f e r e n t  energy 
responses lead t o  long-lived radioact ive products. 
provides an addit ional  dosimetry reaction i n  the same material with a d i f f e r -  
ent  energy s e n s i t i v i t y  f o r  neutron spectrum unfolding. 
help minimize the number of d i f f e r e n t  materials  needed f o r  passive dosimetry. 
S i l icon i s  of i n t e r e s t  f o r  fusion materials  as  a component of candidate 
insu la to r s  and  f o r  opt ica l  mater ia ls ,  and t i n  i s  a component of candidate 
superconductors. 
ground correct ion f o r  the analysis  of several platinum-encapsulated materials  
in RTNS-11. 

He1 ium accumulation 

This can be used t o  

The  platinum cross sect ion was measured t o  provide a back- 

6.0 

1. 

2 .  

3 .  
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7.0 Future Work 

The helium analyses of RTNS-irradiated materials  wil l  continue, with emphasis 
on lead and  selected platinum-encapsulated materials .  
include PbO, Nb205, PbF2 ,  LiF, 6LiF, and  7LiF, t o  determine the cross sec t ions  
of L i ,  6 L i ,  ' L i ,  0 ,  and  F. 

The la t ter  will  
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HELIUM GENERATION CROSS SECTIONS FOR Be(d , n )  NEUTRONS 

D. W. K n e f f ,  B. M. O l i v e r ,  M. M. Nakata, and H. F a r r a r  I V  (Rockwell  I n t e r -  

n a t i o n a l ,  Energy Systems Group) 

1.0 0 b j e c t  i ve 

The o b j e c t i v e s  o f  t h i s  work a r e  t o  measure he l ium genera t i on  r a t e s  o f  mate- 

r i a l s  f o r  Magnet ic  Fusion Reactor  a p p l i c a t i o n s  i n  the  Be(d,n) neu t ron  

environment, t o  c h a r a c t e r i z e  t h i s  neut ron environment, and t o  develop he1 ium 

accumulat ion n e u t r o n  dosimeters f o r  r o u t i n e  neut ron f l u e n c e  and energy spec- 

t rum measurements i n  Be(d,n) and L i ( d , n )  neu t ron  f i e l d s .  

2 .o Sumnarx 

H e l i u m  ana lyses  have been completed f o r  the pure elements C r ,  Co, and Nb 

i r r a d i a t e d  i n  t h e  Be(d,n) neu t ron  f i e l d ,  and average i n t e g r a l  c ross  s e c t i o n s  

have been determined. 

3.0 Program 

T i t l e :  Hel ium Genera t ion  i n  Fusion Reactor  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  D. W. K n e f f  and H. F a r r a r  I V  

A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 

4.0 Re levant  DAFS Program Plan Task/Subtask 

Subtask I I . A . 2 . 1  

Subtask I I . A . 4 . 3  

F lux- Spec t ra l  D e f i n i t i o n  i n  t h e  Be(d,n) F i e l d  

Be(d,n) Hel ium Gas Produc t ion  Data 

5.0 Accomplishments and S t a t u s  

He l ium analyses have been completed f o r  t h e  pure elements C r ,  Co, and Nb, 

i r r a d i a t e d  i n  t h e  Be(d,n) neu t ron  f i e l d  f o r  30-MeV deuterons.  The measured 
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he1 ium c o n c e n t r a t i o n s  were combined w i t h  i n t e g r a l  neut ron f l u e n c e  va lues 

f o r  t h e  i n d i v i d u a l  sample l o c a t i o n s  t o  d e r i v e  average he l ium genera t i on  

c ross  sec t ions .  These cross  s e c t i o n s  extend t h e  t a b u l a t i o n  o f  measured 

Be(d ,n) c ross  s e c t i o n s  presented i n  t h e  p rev ious  Q u a r t e r l y  Report.  The 

measurements a r e  based on a j o i n t  Rockwell I n te rna t iona l- Argonne  Na t iona l  

Labora to ry  (ANL)-Lawrence L ivermore Na t iona l  Labora to ry  (LLNL) i r r a d i a t i o n  

exper iment  t h a t  has been desc r ibed  i n  d e t a i l  p r e v i o u s l y .  ( 2 )  The he l ium 

measurements were per formed by h i g h - s e n s i t i v i t y  gas mass spectrometry,  

and t h e  i n t e g r a l  neu t ron  f l u e n c e  d i s t r i b u t i o n s  were c a l c u l a t e d  by  

L. R. Greenwood a t  ANL,(*) us ing  t h e  l eas t - squares  a n a l y s i s  code STAY'SL. 

The new c ross  s e c t i o n  r e s u l t s  a re  presented i n  Tab le  1, where t h e y  a re  g i ven  

i n  two forms: spec t rum- in teg ra ted  t o t a l  he l ium p r o d u c t i o n  c ross  s e c t i o n s  

eva lua ted  f o r  t h e  t o t a l  Be(d,n) neu t ron  f luence,  and spect rum- in tegra ted 

c ross  s e c t i o n s  eva lua ted  f o r  t h e  neu t ron  f l u e n c e  above 5 MeV. The c ross  

s e c t i o n s  r e p r e s e n t i n g  t h e  t o t a l  neu t ron  y i e l d  p rov ide  a means o f  e s t i m a t i n g  

t h e  h e l i u m  genera t i on  i n  these m a t e r i a l s  f o r  any s i m i l a r  Be(d,n) o r  L i ( d , n )  

spectrum i f  t h e  t o t a l  neu t ron  f l u e n c e  i s  known. Those cross  s e c t i o n s  eva lu-  

a t e d  u s i n g  a 5-MeV neu t ron  energy c u t o f f  p r o v i d e  a rough es t ima te  o f  t h e  

average d i f f e r e n t i a l  t o t a l  he1 ium genera t i on  c ross  s e c t i o n s  f o r  h igh- energy 

neut rons.  ( l )  The Tab le  1 cross  s e c t i o n  values a r e  averages based on m u l t i p l e  

samples o f  each element l o c a t e d  a t  d i f f e r e n t  p o s i t i o n s  w i t h i n  the  i r r a d i a t i o n  

volume. The c ross  s e c t i o n  va lue v a r i e s  w i t h  sample l o c a t i o n ,  because o f  t h e  

s p a t i a l  dependence o f  t h e  neu t ron  spectrum shape and t h e  neut ron energy 

s e n s i t i v i t y  of t h e  d i f f e r e n t i a l  c ross  sec t ions .  The u n c e r t a i n t i e s  i n  t h e  

t a b u l a t e d  c r o s s  s e c t i o n s  f o r  a g i ven  Be(d,n) i r r a d i a t i o n  p o s i t i o n  have thus  

been es t ima ted  t o  be -?35% f o r  t h e  t o t a l  f l u e n c e  and +18% f o r  t h e  f l uence  

above 5 MeV. (1) 

The c ross  s e c t i o n s  determined f o r  f luences >5 MeV a re  s i m i l a r  t o  those 

measured f o r  T(d,n) neut rons  (34, 40, and 14 mb, r e s p e c t i v e l y ,  f o r  C r ,  Co, 

and Nb). T h i s  c o r r e l a t i o n  was a l s o  observed f o r  p rev ious  Be(d,n) r e s u l t s .  (1) 
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TABLE 1 

INTEGRAL HELIUM GENERATION CROSS SECTIONS 
FOR THE -0-32-MeV Be(d,n) NEUTRON 

SPECTRUM PRODUCE0 BY 30-MeV DEUTERONS 

Average Cross Sect ion*  

Ma t e r i  a1 T o t a l  Fluence Fluence > 5 MeV 
~ ~~ 

C r  13 mb 31 mb 

co 13 mb 34 mb 

Nb 5 mb 12 mb 

*The c ross  s e c t i o n  u n c e r t a i n t y  f o r  a g i ven  Be(d,n) 
i r r a d i a t i o n  p o s i t i o n  i s  -?35% f o r  the  t o t a l  
f l u e n c e  and -,?18% f o r  the  f l u e n c e  above 5 MeV, 
r e f l e c t i n g  the  changing neu t ron  spectrum and 
thus  c ross  s e c t i o n  w i t h  source angle. 
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EFFECTS OF TEMPERATURE IN BINARY COLLISION SIMULATIONS OF H I G H  ENERGY 
DISPLACEMENT CASCADES 

H .  L .  Heinisch (Hanford Engineering Development Laboratory) 

1 .o Objective 

The object ive  of t h i s  work i s  t o  develop computer models f o r  the  simulation 
of h i g h  energy cascades which wi l l  be used t o  generate defect  production 
functions f o r  cor re la t ion  analys is  of radia t ion e f f e c t s .  

2.0 Summary 

Several hundred cascades ranging from 1 t o  500 keV were generated u s i n g  the  
binary c o l l i s i o n  code MARLOWE f o r  primary knock-on atoms (PKAs) w i t h  randomly 
chosen d i rec t ions  i n  both a nonthermal copper l a t t i c e  and one h a v i n g  atomic 
displacements representa t ive  of room temperature. 
occurring d u r i n g  local ized quenching of the  highly excited cascade region, an 
e f f e c t i v e  spontaneous recombination radius was applied t o  reduce the  number of 
defect  pa i r s  t o  be consis tent  with values extracted from r e s i s t i v i t y  measure- 
ments a t  4K. 
thus the recombination radius i s  smaller, however, the recombination r a d i i  were 
found t o  be independent of energy over the e n t i r e  energy range invest igated 
f o r  both the  cold and room temperature cases .  The s i z e s  and other  fea tu res  
of the point  defect  d i s t r i b u t i o n s  were determined a s  a function of energy. 
Differences between cold and room temperature cascade dimensions a r e  small. 
The room temperature cascades tend t o  have a g rea te r  number of d i s t i n c t  damage 
regions per cascade, b u t  about the  same frequency of widely separated subcascades. 

To simulate the recombination 

A t  room temperature fewer widely separated pa i r s  a r e  produced, 

3 .0  Program 

T i t l e :  I r rad ia t ion  Effects  Analysis (AKJ) 
Principal  Invest igator :  D. G .  Doran 
A f f i l i a t i o n  : Hanford Engineering Development Laboratory 
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4.0 Relevant  DAFS Program Plan Task/Subtask 

Subtask II.B.2.3 Cascade Produc t ion  Methodology 

5.0 Accomplishments and S t a t u s  

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

Computer s i m u l a t i o n s  o f  r a d i a t i o n  damage a r e  done u s i n g  models o f  v a r y i n g  degrees 

o f  exactness. 

models, i s  t o  n e g l e c t  t h e  thermal displacements o f  atoms and assume t h e  atoms 

a r e  i n i t i a l l y  ar ranged on a p e r f e c t  l a t t i c e .  

temperature o f  t h e  l a t t i c e  a f f e c t s  o n l y  t h e  low energy aspec t  o f  a d isp lacement  

cascade, namely t h e  d isp lacement  t h r e s h o l d  and f o c u s i n g  phenomena which a r e  

d i c t a t e d  by t h e  l a t t i c e  symmetry. S ince l a t t i c e  symmetry e f f e c t s  a r e  n o t  so 

i m p o r t a n t  i n  h i g h  energy c o l l i s i o n s ,  t h e  n e t  e f f e c t  o f  thermal d isp lacements  

on t h e  s e t  o f  h i g h  energy c o l l i s i o n s  which occur  i n  a cascade i s  expected t o  

be smal l  when averaged over  many cascades, even though i n d i v i d u a l  h i g h  energy 

c o l l i s i o n s  may be g r e a t l y  i n f l u e n c e d  by s l i g h t  changes i n  t h e i r  impact  parameters. 

Dynamical s i m u l a t i o n s  w i t h  thermal v i b r a t i o n s  (1-3)  have demonstrated t h e  e f f e c t s  

o f  thermal v i b r a t i o n s  f o r  p r imary  knock-on atom (PKA) energ ies  up t o  about  100 eV. 

The l e n g t h s  o f  c o l l i s i o n  sequences a r e  reduced, and t h e  d isp lacement  energy f o r  

a g i v e n  d i r e c t i o n  has a d i s t r i b u t i o n  o f  va lues.  H igher  energy cascades, g r e a t e r  

than a few keV ( i n  copper) ,  have so f a r  d e f i e d  i n v e s t i g a t i o n  w i t h  f u l l y  dynamical 

models, w i t h  o r  w i t h o u t  thermal e f f e c t s ,  s imp ly  because o f  t h e  l a r g e  computat iona l  

demands. 

A s i m p l i f y i n g  assumption o f t e n  employed, even i n  f u l l y  dynamical 

I t  i s  u s u a l l y  assumed t h a t  t h e  

The use o f  l e s s  exac t  models, employing t h e  b i n a r y  c o l l i s i o n  approx imat ion,  p e r m i t s  

computers t o  accomnodate PKAs w i t h  energ ies  up t o  hundreds o f  keV, b u t  t h e  a b i l i t y  

t o  deal  e x a c t l y  w i t h  t h e  many-body aspects  o f  l o w  energy c o l l i s i o n s  i s  s a c r i f i c e d .  

However, t h e  wide ly- used b i n a r y  c o l l i s i o n  code MARLOWE (4) c o n t a i n s  paramet r i c  

r ep resen ta t i ons  o f  some low energy phenomena which can be s e t  t o  y i e l d  t h e  ap- 

p r o p r i a t e  r e s u l t s .  MARLOWE a l s o  has t h e  c a p a b i l i t y  o f  s i m u l a t i n g  a l a t t i c e  a t  
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a f i n i t e  temperature by  imposing on t h e  l a t t i c e  a Gaussian d i s t r i b u t i o n  o f  

u n c o r r e l a t e d  displacements i n  t h e  Debye model. 

o f  t h e  MARLOWE code was i n v e s t i g a t e d  by Robinson f o r  PKA energ ies  up t o  500 eV 
i n  copper. ( 5 )  MARLOWE parameter va lues were chosen so as  t o  g i v e  a reasonable 
f i t  t o  replacement sequence l e n g t h s  eva lua ted  w i t h  t h e  dynamical code COMENT. ( 6 )  

Anomalies i n  t h e  p roduc t i on  o f  d e f e c t  p a i r s  assoc ia ted  w i t h  <111, c o l l i s i o n  

sequences were removed when t h e  computat ions were done w i t h  t h e  atoms g i v e n  

thermal d isp lacements  cor responding t o  room temperature.  Thus, Robinson 

concluded t h a t  thermal displacements should  be i n c l u d e d  i n  MARLOWE t o  g i v e  

c o r r e c t  low energy behav io r .  

Recen t l y  t h e  low energy behav io r  

MARLOWE has been used t o  i n v e s t i g a t e  h i g h  energy cascades i n  copper f rom 1 t o  

500 eV, w i t h  t h e  parameters s e t  as i n  t h e  s tudy  above, b u t  w i t h o u t  thermal 

displacements.  ( 7 )  I n  t h a t  i n v e s t i g a t i o n  t h e  gross c h a r a c t e r i s t i c s  o f  t h e  

s p a t i a l  d i s t r i b u t i o n s  o f  de fec ts  i n  cascades, i .e . ,  t h e  cascade shapes and 

s i zes ,  were desc r ibed  q u a n t i t a t i v e l y  as a f u n c t i o n  o f  PKA energy. 

work i s  a s i m i l a r  i n v e s t i g a t i o n  o f  t h e  s p a t i a l  c h a r a c t e r i s t i c s  o f  h i g h  energy 

cascades i n  copper, b u t  i n c l u d i n g  thermal displacements i n  t h e  MARLOWE 

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

The p resen t  

5.2 Computations 

More than f i v e  hundred cascades, rang ing  i n  energy f rom 1 t o  500 keV, were 
generated i n  copper u s i n g  MARLOWE w i t h  thermal displacements r e p r e s e n t a t i v e  

o f  a temperature o f  300 K, u s i n g  a Oebye temperature o f  314K. 

I n  MARLOWE t h e r e  i s  an energy parameter, Ed, wh ich i s  t h e  minimum energy an 

atom must r e c e i v e  i n  a c o l l i s i o n  i f  i t s  t r a j e c t o r y  i s  t o  be f o l l o w e d  beyond 

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

i n  t h e  l o w  energy events  i t  i s  necessary t o  s e t  Ed as low as 5 eV. (6) Whi le  
t h i s  va lue  o f  Ed a l l o w s  f o r  replacement sequence p ropaga t ion  r e s u l t i n g  i n  w i d e l y  

separated d e f e c t  p a i r s ,  i t  a l s o  leads  t o  the  p roduc t i on  o f  many c l o s e  p a i r s  

which a r e  u l t i m a t e l y  s u b j e c t  t o  spontaneous recombinat ions.  

above 100 keV t h e  l a r g e  number o f  p a i r s  produced as a r e s u l t  o f  t h i s  low va lue  

To ach ieve  app rop r i a t e  l e n g t h s  f o r  focused c o l l i s i o n  sequences 

For  PKA energ ies  
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o f  Ed p resen ts  computat iona l  d i f f i c u l t i e s .  Wi thou t  making s u b s t a n t i a l  changes 

t o  t h e  code, t h e  o n l y  way t o  economica l ly  handle  cascade energ ies  g r e a t e r  than 

100 keV i s  t o  i n c r e a s e  t h e  va lue  o f  Ed. The r e s u l t  o f  u s i n g  a h i g h e r  Ed va lue  

i s  fewer  p a i r s  and s m a l l e r  average separat ions.  

combinat ion i s  accounted f o r  i n  such a way t h a t  t h e  number o f  remain ing p a i r s  

i s  independent o f  Ed, then t h e  s p a t i a l  d i s t r i b u t i o n s  o f  remain ing vacancies 

a r e  f a i r l y  independent o f  Ed a l so .  The average sepa ra t i on  o f  remain ing p a i r s  

i s ,  o f  course, g r e a t e r  f o r  cascades generated w i t h  a l o w  Ed va lue.  

s e t t i n g  Ed a t  5 eV r e s u l t s  i n  more r e a l i s t i c  cascades, t h i s  va lue  was used 

wherever p r a c t i c a l .  

e f f i c i e n t  MARLOWE v e r s i o n  w i t h  Ed = 17 eV, which was used t o  extend t h e  work 

t o  PKA energ ies  above 100 eV. 

However, i f  spontaneous r e -  

Since 

These runs  were used t o  c a l i b r a t e  a more compu ta t i ona l l y  

The cascades as produced by MARLOWE a r e  a s i m u l a t i o n  o f  t h e  i n i t i a l  p roduc t i on  

o f  d isp lacements  o c c u r r i n g  i n  t h e  f i r s t  sec o f  t h e  cascade development. 

What happens d u r i n g  t h e  subsequent d i s s i p a t i o n  o f  energy o r  "quenching" o f  t h i s  

h i g h l y  e n e r g e t i c  cascade r e g i o n  can be p r o p e r l y  s imu la ted  o n l y  by  c a r e f u l  

a p p l i c a t i o n  o f  a dynamical model. 

recomb ina t ion  which occurs  d u r i n g  t h e  quenching o f  t h e  cascade has been done 

w i t h  MARLOWE cascades by s i m p l y  recombining t h e  c l o s e s t  p a i r s  u n t i l  t h e  p roper  

number o f  r e s i d u a l  p a i r s  i s  reached. (7-8) I t was found i n  t h e  p r e v i o u s  s i m u l a t i o n s  

( f o r  Ed = 5 eV) t h a t  i f  d e f e c t  p a i r s  separated by l e s s  than  5.75 l a t t i c e  parameters 

a r e  recombined, t h e  number of remain ing p a i r s  i s  equal t o  t h e  v a l u e  e x t r a c t e d  f rom 

r e s i s t i v i t y  measurements on copper i r r a d i a t e d  a t  %4K, independent o f  t h e  PKA energy. 

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

I n  t h e  p resen t  s i m u l a t i o n s  u s i n g  thermal displacements,  recomb ina t ion  was a l s o  

used t o  s i m u l a t e  quenching o f  t h e  cascades. Even though these  cascades were 

produced i n  a l a t t i c e  a t  300K, they  were recombined so as  t o  have ' t he  number 

o f  p a i r s  d e r i v e d  f rom t h e  r e s u l t s  o f  t h e  exper iments a t  %4K. 

t h a t  t h i s  va lue  accounts  f o r  t h e  recomb ina t ion  o c c u r r i n g  o n l y  d u r i n g  t h e  ve ry  

r a p i d  d i s s i p a t i o n  o f  energy i n  t h e  l o c a l i z e d  cascade r e g i o n .  A t  4K f u r t h e r  

rearrangement i s  n o t  p o s s i b l e  because o f  d e f e c t  i m m o b i l i t y .  The i n f l u e n c e  o f  

t h e  temperature o f  t h e  su r round ing  l a t t i c e  on t h e  immediate recomb ina t ion  i n  

t h e  quench i s  p robab ly  a second-order e f f e c t ,  hence t h e  recomb ina t ion  due o n l y  

I t i s  assumed 
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t o  quenching should  be about  t h e  same a t  h i g h e r  temperatures as a t  4K. A t  300K, 

where d e f e c t s  a r e  f a i r l y  mobi le ,  more recomb ina t ion  i s  expected t o  occur  d u r i n g  

normal t h e r m a l l y  a c t i v a t e d  d i f f u s i o n ,  b u t  t h e  p resen t  i n v e s t i g a t i o n  i s  concerned 

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

The dimensions o f  t h e  recombined cascades were determined f o r  t h e  d i s t r i b u t i o n s  

o f  vacancies o n l y .  

r ep resen t i ng  those s u r v i v i n g  t h e  quench, were i n  t h e  cascades a t  a g i v e n  energy, 

r ega rd l ess  o f  t h e  temperature o f  t h e  model used t o  generate  i t .  

Thus on t h e  average, about t h e  same number o f  vacancies, 

5.3 Resu l t s  

The average p a i r  separa t ions  a t  300K were 10% l e s s  than when thermal d isp lacements  

were n o t  i nc luded .  

was s imu la ted  by a recombinat ion r a d i u s  o f  4.75 l a t t i c e  parameters. 

nonthermal cascades, t h e  number o f  p a i r s  i n  t h e  recombined thermal cascades 

matched t h e  r e s i s t i v i t y  r e s u l t s  a t  a l l  energ ies .  

vacancy d i s t r i b u t i o n s  were measured, and t h e  average va lues o f  t h e  r e s u l t s  a r e  

compared a t  each energy w i t h  t h e  nonthermal cascades i n  Table  1. The maximum 

dimension o f  t h e  cascade, Rmax, i n  l a t t i c e  parameters, i s  t h e  d i s t ance  between 
t h e  two most w i d e l y  separated vacancies.  

d imension o f  t h e  cascade a long  t h e  i n i t i a l  PKA d i r e c t i o n ,  and t h e  aspect  r a t i o ,  

A, i s  t h e  r a t i o  A Z / ( ( A X ’  + ~ y ’ ) / 2 ) ‘ ,  where AX  and ny a r e  t h e  maximum dimensions 
t r ansve rse  t o  t h e  PKA d i r e c t i o n .  

r e c t a n g u l a r  p a r a l l e l e p i p e d  which j u s t  enc loses t h e  cascade, and t h e  aspec t  r a t i o  

A i s  a measure o f  t h e  depth r e l a t i v e  t o  t h e  average t r ansve rse  dimension. 

va lues i n  Table  1 a r e  averages o f  f a i r l y  broad d i s t r i b u t i o n s  o f  values.  

aspect  r a t i o s  va ry  from about 0.2 t o  4.0 f o r  t h e  100 keV cascades. 

energ ies  t h e  vacancy d i s t r i b u t i o n s  o f  t h e  cascades generated a t  300K have a 

10-15% g r e a t e r  average maximum e x t e n t  than t h e  nonthermal cascades. The 

average aspect  r a t i o s  o f  t h e  p a r a l l e l e p i p e d s  enc l os i ng  t h e  300K cascades a r e  

sma l l e r  a t  every  energy. 

The recombinat ion r ep resen t i ng  t h e  quenching o f  t h e  cascade 

As w i t h  t h e  

The s i z e s  o f  t h e  r e s u l t i n g  

The dimension nz i s  t h e  maximum 

1 

Thus, t h e  dimensions AX,  Ay, and Az d e f i n e  a 

The 

The 

A t  a l l  
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TABLE 1 

DIMENSIONS OF ROOM TEMPERATURE AN0 NONTHERMAL SIMULATED CASCADES 

PKA 
:nergy 

keV 

1 

2 

5 

10 

20 

30 

50 

100 

200 

500 
__ 

NT 300 K 

3.0 

5.7 

12 

22 

34 

43 

69 

117 

196 

443 

3.5 

6.0 

13 

23 

45 

56 

a4 

129 

232 

488 

NT 

1.4 

1.3 

1.4 

1.4 

1.5 

1.4 

1.4 

1.4 

1.3 

1.2 

300 K 

2.3 

1.9 

1.9 

1 .9  

1.7 

1 .9  

1.7 

1.6 

2.0 

1.7 

NT 300 K 

2.0 

1.8 

1.3 

1.6 

1.3 

1.4 

1.5 

1.6 

1 .9  

1.9 

1.2 

1.1 

1.2 

1.1 

1.2 

1 .1  

1 . 2  

1.2 

1.1 

1.7 

The i r r e g u l a r i t y  o f  t h e  d e f e c t  d i s t r i b u t i o n s ,  e s p e c i a l l y  a t  t h e  h i g h e r  energ ies ,  

makes q u a n t i t a t i v e  d e s c r i p t i o n s  d i f f i c u l t .  To f a c i l i t a t e  ana l ys i s ,  t h e  cascades 

were broken down i n t o  some b a s i c  components o r  segments which c o u l d  be  q u a n t i f i e d .  

As i n  t h e  p rev ious  nonthermal cascade s tudy  t h e  d i s t i n c t  cascade segments were 

c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s :  1 ) w ide ly- separa ted  subcascades f o r  wh ich  

t h e  edge-to-edge sepa ra t i on  o f  damage areas  i s  a t  l e a s t  as l a r g e  as t h e  sub- 

cascade d iameter  ( c e n t e r - t o - c e n t e r  sepa ra t i ons  t y p i c a l l y  g r e a t e r  than 90 

l a t t i c e  parameters),  2) c l o s e  subcascades f o r  which t h e  edge- to-edge sepa ra t i on  

i s  a t  l e a s t  s i x  l a t t i c e  parameters (about  t h e  average d iameter  o f  a 2 keV 

cascade), and 3)  lobes,  which a r e  cont iguous b u t  i d e n t i f i a b l y  separa te  p a r t s  

o f  t h e  cascade ( f o r  example, an L-shaped d i s t r i b u t i o n  o f  d e f e c t s  m i g h t  be con- 

s ide red  t o  have two l o b e s ) .  The number and c e n t e r - t o - c e n t e r  sepa ra t i ons  o f  t h e  

42 



d i s t i n c t  segments o f  which t h e  cascades a r e  composed were determined f rom d e f e c t  

d e n s i t y  maps as i n  t h e  nonthermal case. 

I n  F i g u r e  1 t h e  average number o f  l obes  and subcascades p e r  cascade i s  p l o t t e d  

as a f u n c t i o n  o f  energy f o r  t h e  cascades a t  300K. 
l i n e s  a r e  t h e  r e s u l t s  f o r  nonthermal cascades. The cascades a t  300K a r e  

composed o f  g r e a t e r  numbers o f  b o t h  lobes  and subcascades. 

t h e  300K cascades have 30-40% more lobes  p e r  cascade, hence t h e  average s i z e  

o f  i n d i v i d u a l  l obes  i s  s m a l l e r .  

For comparison, t h e  dashed 

On t h e  average, 

A d d i t i o n a l  comparisons show o ther ,  s l i g h t  d i f f e r e n c e s  between t h e  300K and 

nontheri i ial  cascades. The average cen te r - t o- cen te r  spac ing o f  l obes  i s  5-10% 

s m a l l e r  a t  300K, and as w i t h  t h e  nonthermal cascades i t  i s  approx imate ly  

cons tan t  (2.40 l a t t i c e  parameters) over  t h e  50-500 keV energy range. The 

f requency o f  occurrence o f  w i d e l y  spaced subcascades i s  about t h e  same w i t h  

o r  w i t h o u t  thermal displacements,  v a r y i n g  f rom a few pe rcen t  a t  50 keV t o  

about 50% a t  500 keV. 

i s  6 %  l e s s  a t  300K than f o r  t h e  nonthermal cascades. 

The average separa t ion  o f  a l l  w ide ly- separa ted  cascades 

5.4 Discuss ion  

Thermal d isp lacements  remove t h e  p e r f e c t  c r y s t a l  symmetry which i s  a s i m p l i f y i n g  

a r t i f a c t  i n  most computer s imu la t i ons  o f  r a d i a t i o n  damage. 
o f  i n c l u d i n g  thermal displacements,  con f i rmed  by s t u d i e s  o f  low energy events,  

i s  t h e  d i s r u p t i o n  o f  focused c o l l i s i o n  sequences a l o n g  h i g h  symmetry d i r e c t i o n s .  

The n e t  e f f e c t  o f  t h i s  d i s r u p t i o n  should  be a decrease i n  t h e  average vacancy- 

i n t e r s t i t i a l  separat ion,  and t h i s  e f f e c t  was observed t o  occur, independent o f  

PKA energy, i n  t h e  MARLOWE cascades when thermal d isp lacements  were inc luded .  

The expected r e s u l t  

( 2  

The i n c l u s i o n  o f  thermal displacements appa ren t l y  has an e f f e c t  on t h e  gross 

f e a t u r e s  o f  t h e  cascade c o n f i g u r a t i o n s .  These a r e  t h e  f e a t u r e s  d i r e c t l y  i n -  

f l uenced  by h i g h  energy c o l l i s i o n s  i n  t h e  cascade. 

t h e r e  a r e  more lobes  p e r  cascade, and t h e  lobes  have s m a l l e r  average separa t ions .  

I n  t h e  p r e v i o u s  work on nonthermal cascades ( 7 )  i t  was concluded t h a t  a h i g h  

Wi th  thermal d isp lacements  
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300K - 
_-  NON-THERMAL A 

0 I00 200 300 400 500 
PKA ENERGY, keV 

FIGURE 1 .  The Average Number o f  Subcascades and  Lobes per PKA in Copper Cascades 
a t  300K a s  a Function o f  PKA Energy. 
lobes in the cascades regardless o f  the subcascade s t ruc tu re .  "Subcas- 
cades" includes b o t h  c lose  and  widely separated subcascades. 

"Lobes" a r e  the to ta l  number of 
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energy cascade can be cha rac te r i zed  as a c o l l e c t i o n  o f  most ly- connected 5-30 keV 

cascades, and t h a t  t h e  number o f  l obes  p e r  cascade i s  approx imate ly  t h e  PKA 
energy d i v i d e d  by 35 keV. As i l l u s t r a t e d  i n  F i g u r e  1, when thermal displacements 

a r e  inc luded ,  t h e r e  i s  about one l o b e  f o r  every  25 keV. However, t h e r e  i s  a 

good deal  o f  s u b j e c t i v i t y  i n v o l v e d  i n  de te rmin ing  what c o n s t i t u t e s  a l o b e  and, 

i f  any th ing ,  t h e r e  may have been a tendency t o  d i s t i n g u i s h  t o o  many r e g i o n s  as 

separate.  Thus, 25-35keV p e r  l o b e  i s  p robab ly  an a p p r o p r i a t e  range o f  va lues.  

I f  one assumes t h a t  t h e  vacancies i n  i n d i v i d u a l  l obes  o r  subcascades can c o l l a p s e  

t o  fo rm loops ,  then i t  f o l l o w s  f rom t h e  r e s u l t s  he re  t h a t  t h e  number o f  l oops  

p e r  cascade should  inc rease  w i t h  cascade energy, and t h a t  t h e  d i s t r i b u t i o n  o f  

l o o p  s i z e s  remains independent o f  energy. T h i s  behav io r  i s  observed i n  s e l f - i o n  

exper iments i n  copper where t h e r e  were t h r e e  t imes  as many loops  observed 

w i t h  90 keV s e l f - i o n s  as w i t h  30 keV s e l f - i o n s ,  and t h e  s i z e  d i s t r i b u t i o n s  were 

q u i t e  s i m i l a r .  

a t  room temperature,  where vacancies a r e  somewhat mob i le  i n  copper. 

those d e f e c t s  l a r g e  enough t o  be imaged i n  an e l e c t r o n  microscope c o u l d  be 

measured. 

I t  should  be noted, however, t h a t  t h e  exper iments were performed 

Also,  o n l y  

I t i s  i n t e r e s t i n g  t o  specu la te  on whether t h e  e f f e c t s  o f  thermal d isp lacements  

on t h e  h i g h  energy aspects  o f  cascades observed here a r e  c o n s i s t e n t  w i t h  what 

one m igh t  expect  f rom the  d i s r u p t i o n  o f  c r y s t a l  symmetry produced b y  thermal 

displacements.  
m a n i f e s t a t i o n  of t h e  mean f r e e  p a t h  f o r  c o l l i s i o n s  i n v o l v i n g  l a r g e  energy 

t r a n s f e r s .  

t o  sma l l e r  va lues t h e  d i s t r i b u t i o n  o f  impact  parameters a v a i l a b l e  t o  an atom 

w i t h  random p o s i t i o n  and d i r e c t i o n ,  c r e a t i n g  an inc reased  p r o b a b i l i t y  o f  v e r y  

e n e r g e t i c  c o l l i s i o n s ,  hence, a s m a l l e r  mean f r e e  path .  

l obes  p e r  cascade and c l o s e r  spacing of lobes.  

i nc reased  p r o b a b i l i t y  o f  major  c o l l i s i o n s  e a r l y - o n  i n  t h e  cascade development, 

r e s u l t i n g  i n  t h e  sma l l e r  va lues o f  t h e  average aspect  r a t i o .  

The l o b e d  s t r u c t u r e  o f  t h e  cascades i n  copper i s  appa ren t l y  a 

The a d d i t i o n  o f  thermal d isp lacements  appears t o  s l i g h t l y  s h i f t  

T h i s  r e s u l t s  i n  more 

T h i s  would a l s o  e x p l a i n  t h e  

On t h e  o t h e r  hand, t h e  widely- spaced subcascades may be a m a n i f e s t a t i o n  o f  

channel ing,  hence these events  a r e  n o t  s u b j e c t  t o  t h e  same mean f r e e  p a t h  
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cons ide ra t i ons  as lobes .  The smal l  d i f f e r e n c e s  i n  impact parameters encountered 

by i o n s  w i t h i n  t h e  channels a r e  appa ren t l y  n o t  enough t o  s e r i o u s l y  a f f e c t  t h e  

channe l ing  c a p a b i l i t y .  

observed t o  occur  over  l o n g  d is tances  a t  f i n i t e  temperatures.  There i s  however 

a s l i g h t  tendency f o r  somewhat s h o r t e r  subcascade separat ions,  e v i d e n t l y  due t o  

t h e  inc reased  p r o b a b i l i t y  o f  dechannel ing by atoms t h e r m a l l y  d i sp laced .  

T h i s  i s  reasonable,  s i n c e  channel ing i s  expe r imen ta l l y  

The ma jo r  e f f e c t s  o f  i n c l u d i n g  thermal displacements i n  b i n a r y  c o l l i s i o n  simu- 

l a t i o n s  o f  h i g h  energy cascades a r e  t h e  decreased average p a i r  separa t ions  and 

t h e  inc reased  number o f  d i s t i n c t  damage r e g i o n s  ( l o b e s )  i n  t h e  cascades. 

e f f e c t s  a r e  n o t  s i g n i f i c a n t  enough t o  change any o f  t h e  e a r l i e r  conc lus ions  

about  t h e  b a s i c  n a t u r e  o f  h i g h  energy cascade c o n f i g u r a t i o n s  which were based 

on nonthermal s i m u l a t i o n s .  ( 7 )  

t o  t h e i r  i n i t i a l  p roduc t ion ,  i . e . ,  d u r i n g  quenching and s h o r t  term anneal ing,  

may depend v e r y  s t r o n g l y  on t h e i r  a c t u a l  Con f i gu ra t i ons  even a t  t h e  level of 

exactness o f  MARLOWE and t h e  s imple  s h o r t  term annea l ing  s i m u l a t i o n  models 

which have been a p p l i e d  t o  MARLOWE cascades. 

These 

However, t h e  behav io r  o f  t h e  d e f e c t s  subsequent 

( 8 )  
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7.0 Fu tu re  Work 

I n t e r a c t i o n s  o f  cascades d u r i n g  s h o r t  term annea l ing  w i l l  be i n v e s t i g a t e d  

a long  w i t h  s imp le  models o f  cascade quenching. 

8 .0  P u b l i c a t i o n s  

T h i s  paper was presented a t  t h e  I n t e r n a t i o n a l  Conference on Neutron I r r a d i a t i o n  

E f f e c t s ,  November 9-12, 1981, Argonne N a t i o n a l  Laboratory ,  and i t  w i l l  be 

i n c l u d e d  i n  t h e  conference proceedings t o  appear i n  t h e  Journa l  o f  Nuc lear  

Ma t e r i  a 1 s . 
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14-MEV NEUTRON I R R A D I A T I O N  OF COPPER ALLOYS 

S. J. Z i n k l e  and G. L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1 .o Ob jec t i ves  

The o b j e c t i v e s  o f  t h i s  exper iment  a re  to :  1) determine d e f e c t  s u r v i v a b i l i t y  

i n  copper a l l o y s  i r r a d i a t e d  a t  room temperature and t h e  i n f l u e n c e  of  s o l u t e  

a d d i t i o n s  and neu t ron  f luence ,  and 2)  determine whether r e s i s t i v i t y  measure- 

ments can p r o v i d e  u s e f u l  i n f o r m a t i o n  when used i n  c o n j u n c t i o n  w i t h  TEM and 

microhardness measurements t o  study t h e  dependence o f  d e f e c t  s u r v i v a b i l i t y  

on neu t ron  enerQv and s o l u t e  a d d i t i o n s .  I n  p a r t i c u l a r ,  t h i s  exper iment  i s  

an a t tempt  t o  use r e s i s t i v i t y  a n a l y s i s  t o  e x p l a i n  t h e  d i f f e r e n c e  i n  hardness 

i nc rease  and m i c r o s t r u c t u r e  as viewed by TEM o f  Cu and Cu a l l o y s  examined 

p r e v i o u s l y  by HEDL. 

2 .o Suminary 

R e s i s t i v i t y  f o i l s  and TEM d i s k s  o f  pure copper and 3 copper a l l o y s  (Cu+5% 

A l ,  Cu+5% Mn, Cu+5% N i )  have been i r r a d i a t e d  a t  room temperature a t  t h e  
RTNS-I1 f a c i l i t y .  R e s i s t i v i t y  measurements and TEM d i s k s  have been ob ta ined  

f o r  each meta l  a t  f l uences  o f  approx imate ly  1 x 3 x 1 x 

3 x 1017 n/cmz. 

found t o  be p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  neu t ron  f luence .  

The change i n  r e s i s t a n c e  f o r  t h e  pure  copper sample was 

The r e s u l t s  f o r  t h e  copper a l l o y s  show a decrease i n  t h e  f o i l  r e s i s t i v i t y  

w i t h  neu t ron  f l uence  up t o  about  1 x 1017 n/cmz. 

n/cm2, t h e  f o i l  r e s i s t i v i t y  inc reased and became g r e a t e r  than t h e  pre-  

i r r a d i a t i o n  va lue  f o r  t h e  A1 and N i  s o l u t e  a l l o y s .  Th is  tends t o  i n d i c a t e  

t h a t  t h e  o v e r a l l  r e s i s t i v i t y  i s  due t o  a s u p e r p o s i t i o n  o f  a nega t i ve  r e s i s -  

t i v i t y  process which s a t u r a t e s  a t  h i g h  f luence ,  and a p o s i t i v e  r e s i s t i v i t y  

process. 

A t  a f l uence  o f  3 x 1017 
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3.0 Program 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  G. L. K u l c i n s k i  and R. A. Dodd 

A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin 

R a d i a t i o n  E f f e c t s  t o  Reactor M a t e r i a l s  

4.0 Re1 evan t  DAFS Program Task/Subtask 

Subtask II.E.3.2 Exper imenta l  C h a r a c t e r i z a t i o n  o f  Pr imary Damage Sta te ;  

S tud ies  o f  Meta ls  

E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  o f  Micro-  

s t r u c t u r e ;  Low-Energy/High-Energy Neutron C o r r e l a t i o n s  

14-MeV Neutron Damage C o r r e l a t i o n  

Subtask II.C.6.3 

Subtask II.C.16.1 

5 .O Accomplishments and S ta tus  

5.1 I n  t r oduc  t i on 

T h i s  s tudy i s  a c o n t i n u a t i o n  o f  research on copper a l l o y s  which was i n i t i -  

a ted  by researchers  a t  HEDL. I n  t h e i r  s t u d y , ( l )  t h e  au thors  used a combi- 

n a t i o n  o f  microhardness and TEM a n a l y s i s  i n  an a t tempt  t o  q u a n t i f y  d e f e c t  

s u r v i v a b i l i t y  and m i c r o s t r u c t u r e ,  and t h e  i n f l u e n c e  o f  neu t ron  f l uence  and 

s o l u t e  a d d i t i o n s  on these parameters. The i r r a d i a t i o n - i n d u c e d  microhardness 
changes were found t o  be independent o f  t h e  t ype  o f  a l l o y .  
a n a l y s i s ,  they  found t h a t  t h e  Cu+5% A1 had about  t w i c e  as many v i s i b l e  

c l u s t e r s  p e r  c a l c u l a t e d  PKA as compared t o  t h e  o t h e r  a l l o y s .  

t h a t  a r e s i s t i v i t y  a n a l y s i s  i n  c o n j u n c t i o n  w i t h  microhardness and TEM work 

m igh t  h e l p  t o  r e s o l v e  t h i s  puzzle.  

I n  t h e i r  TEM 

We a n t i c i p a t e d  

The c u r r e n t  study, t he re fo re ,  t r i e s  t o  d u p l i c a t e  t h e  exper imenta l  c o n d i t i o n s  

o f  t h e  p rev ious  work. 

r e s i s t i v i t y  f o i l s .  

TEM d i s k s  have aga in  been i r r a d i a t e d ,  a long  w i t h  
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5.2 Experimental  Procedure and Resu l t s  

Samples of  t h e  a l l o y s  i n  t h e  form o f  10 m i l  t h i c k  f o i l s  were ob ta ined  from 

HEDL. 

p r e v i o u s l y  r e p ~ r t e d . ( ~ . ~ )  I n  o rder  t o  o b t a i n  accura te  r e s i s t i v i t y  r e s u l t s ,  

t h e  t h i ckness  o f  t h e  f o i l s  had t o  be reduced. 

c o l d - r o l l i n g ,  w i t h  6 passes r e q u i r e d  t o  ach ieve t h e  f i n a l  t h i ckness  o f  about 

1 m i l .  
f y i n g  number. 

measured, and weighed. 

atmosphere o f  h i g h - p u r i t y  argon and a l lowed t o  a i r  coo l .  The pure copper 

samples were annealed a t  400°C f o r  15  minutes. The Cu a l l o y s  were annealed 

a t  75OOC f o r  1 /2 hour. T h i s  d u p l i c a t e d  t h e  s t r e s s  r e l i e v e d  c o n d i t i o n  f o r  

t h e  f o i l s  f rom t h e  HEDL study. A f t e r  t h e  anneal t h e  pure copper had a RRR = 
380. 

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  composi t ion o f  these a l l o y s  has been 

This  was accompl ished by 

TEM d i s k s  were punched ou t ,  deburred, and enscr ibed  w i t h  an i d e n t i -  

R e s i s t i v i t y  f o i l s  were c u t  t o  a w i d t h  o f  about 10 m i l s ,  
The samples were then  annealed under a p a r t i a l  

Standard r e s i s t i v i t y  measur ing equipment supp l i ed  by M. W. Guinan o f  LLNL 

was used t o  measure the  r e s i s t a n c e  increments.  The po ten t i ome te r  used i n  

t h e  exper iment  had a r e s o l u t i o n  o f  10 nV. 

connected i n  s e r i e s  so t h a t  t h e  same c u r r e n t  f lowed th rough a l l  samples. 

The c u r r e n t  through t h e  f o i l s  was ma in ta ined  a t  about  10 mA, and was read  

d i r e c t l y  by a Dana d i g i t a l  mu l t imeter .  

go ing  b o t h  ways through t h e  samples i n  o rde r  t o  cancel o u t  t h e  e f f e c t  o f  

thermal emfs. There was some d i f f i c u l t y  w i t h  t h e  s t a b i l i t y  o f  t h e  c u r r e n t  

supply,  so severa l  read ings  were taken and t h e  r e s u l t s  were averaged. The 

e f f e c t  o f  t h i s  i n s t a b i l i t y  has been i n c l u d e d  i n  t h e  e r r o r  ana l ys i s .  

The r e s i s t i v i t y  f o i l s  were 

Readings were taken  w i t h  t h e  c u r r e n t  

A schematic o f  t h e  sample h o l d e r  used i n  t h e  exper iment  i s  shown i n  F i g u r e  

1. Niobium dos imetry  

f o i l s  were p laced  between each r e s i s t i v i t y  f o i l  and between t h e  TEM d i s k s  t o  

determine t h e  14 MeV neut ron  f luence .  The TEM d i s k s  were spaced away f rom 

t h e  neu t ron  source a t  f o u r  d i f f e r e n t  d is tances  such t h a t  a t  t h e  end o f  t h e  

exper iment  t h e  t o t a l  dose r e c e i v e d  by t h e  d i s k s  was approx imate ly  1 x 

For s i m p l i c i t y ,  t h e  v o l t a g e  l eads  a re  n o t  shown. 
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3 x 1 x 3 x 1017 n/cm2 f o r  each a l l o y .  The v a r i a t i o n  o f  neu t ron  

f l uence  across t h e  r e s i s t i v i t y  samples was approx imate ly  15%. 

The exper imenta l  procedure c o n s i s t e d  o f  i r r a d i a t i n g  t h e  samples a t  room 

temperature t o  a c e r t a i n  f l u e n c e  l e v e l ,  then  t h e  e n t i r e  sample assembly was 

removed and t h e  f o i l s  were immersed i n  l i q u i d  he l ium w h i l e  t h e  r e s i s t i v i t y  

measurements were be ing  made. When t h e  measurement was f i n i s h e d ,  t h e  sample 

assembly was r e p o s i t i o n e d  i n  f r o n t  o f  t he  neu t ron  source and t h e  nex t  i n c r e-  

ment o f  f l uence  was s t a r t e d .  I o n  chamber read ings  were recorded a t  t h e  end 

o f  each l e g  o f  t h e  exper iment.  A f t e r  t h e  exper iment  was over,  t h e  Nb f o i l s  

were removed and counted t o  determine t h e  t o t a l  neu t ron  f l uence  rece i ved  by 

t h e  samples. By t a k i n g  t h e  r a t i o  o f  t h e  i o n  chamber read ings  a t  each s top-  

p i n g  p o i n t  o f  t h e  exper iment,  t h e  f l uence  l e v e l  f o r  each l e g  c o u l d  be d e t e r -  

mined. The sample assembly was designed so t h a t  r e p o s i t i o n i n g  e r r o r s  
between l e g s  o f  t h e  exper iment  were n e g l i g i b l e .  

The f l uence  l e v e l s  ach ieved f o r  each o f  t h e  4 r e s i s t i v i t y  samples i s  g i ven  

i n  Table I .  
p rox ima te l y  2.9 x 1017 n/cm*, which corresponds t o  about  0.001 dpa. 

u n i r r a d i a t e d  r e s i s t i v i t y  va lue  (4.2"KI f o r  each o f  t h e  samples i s  a l s o  g i ven  

i n  Table I .  The 

maximum f l uence  achieved was about 2 x 1017 n/cm2. 

t h e  maximum f l uence  f o r  t h e  r e s i s t i v i t y  f o i l s  because o f  geomet r i ca l  po- 

s i t i o n i n g .  

The i n t e g r a t e d  f l u e n c e  rece i ved  by each o f  t h e  f o i l s  was ap- 

The 

The f l u e n c e  l e v e l s  f o r  t h e  TEM d i s k s  i s  g iven  i n  Table 11. 

Th is  va lue  i s  l e s s  than  

A s i z e  e f f e c t  c o r r e c t i o n  had t o  be made f o r  t h e  pure  copper f o i l .  

r e a d i l y  done f o l l o w i n g  t h e  procedure o f  r e fe rence  4. 

f rom 18% t o  7% w i t h  i n c r e a s i n g  f l u e n c e  l e v e l  o f  t h e  f o i l .  

Th i s  was 

A va lue  o f  K = 7.0 x 

a-m2 was used. (5) The magnitude o f  t h e  s i z e  e f f e c t  c o r r e c t i o n  v a r i e d  

The convers ion  f rom t h e  measured macroscopic r e s i s t a n c e  va lues t o  r e s i s -  

t i v i t y  va lues was accompl ished as f o l l o w s .  

measured w i t h  a t r a v e l l i n g  microscope, and t h e  f o i l  was weighed w i t h  a 
The f o i l  l e n g t h  and w i d t h  were 
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TABLE I 
DATA FOR RESISTIVITY SAMPLES 

A1 loy P,,(a-cm) $1 (n/cm2) o7(n/cm2) o-,(n/cm2) 04(n/cm2) 

cu 4.49 x lo-' 0.98 x 10l6 3.03 x 10l6 9.8 x 10l6 2.93 x 1017 
Cu+5% A1 3.96 x 0.97 x 10l6 3.0 x 10l6 9.7 x 10l6 2.91 x 1017 
Cu+5% Mn 1.08 x 0.93 x 10l6  2.9 x 10l6 9.35 x 10l6  2.80 x 1017 
Cu+5% N i  5.16 x 0.96 x 1Ol6 2.98 x 1016 9.6 x 10l6 2.88 x 1017 

TABLE I1 
FLUENCE LEVELS OF TEM SAMPLES 

A1 1 oy o1 ( n/cm2) o7 ( n/cm2) Q-,( n/cm21 o4( n/cm2) 
cu 1.41 x 10l6 4.29 x 10l6 1.07 1017 1.85 1017 
Cu+5% A1 1.42 x 10l6 4.60 x 10l6 1.18 1017 2.08 1017 
Cu+5% Mn 1.42 x 10l6 4.48 x 10l6  1.16 x 1017 1.99 1017 
Cu+5% Ni 1.46 x 10l6 4.42 x 10l6 1.17 1017 2.24 1017 

microbalance. 
f o i l  thickness was deduced. 
was A/L = 1.95 x 
The conversion fac to r  can be determined d i rec t ly  from the r a t i o  po/Ro, where 
po i s  the handbook resis t ivi ty value(6)  a t  2OoC, and Ro i s  t h e  measured un- 

i r r a d i a t e d  sample r e s i s t ance  a t  ZOOC. 

agreed t o  w i t h i n  1%. 

Using the handbook value f o r  the densi ty of copper,(6) t h e  

T h i s  value was checked by an a l t e r n a t i v e  method: 
The geometry f ac to r  f o r  the pure copper sample 

m. 

The results of  these two methods 

The resistance change as a function of fluence f o r  pure copper and  the 
copper a l loys  i s  shown i n  Figures 2 and  3, respect ively.  
error bars a r e  as indicated. 

Representative 

A pos t- i r radia t ion  isochronal anneal was attempted i n  order  t o  obtain more 
information about the defec ts ,  but d i f f i c u l t i e s  w i t h  the sample holder pre- 
vented any conclusive results from being obtained. 
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5.3 D iscuss ion  

The r e s i s t i v i t y  change o f  t h e  pure  copper i s  p r o p o r t i o n a l  t o  t h e  square r o o t  

o f  f luence.  

t u r e s  where t h e  i n t e r s t i t i a l  i s  m ~ b i l e . ( ~ . ~ )  

Th is  i s  a g e n e r a l l y  w e l l  known r e s u l t  f o r  i r r a d i a t i o n  tempera- 

I r r a d i a t i o n  o f  t h e  copper a l l o y s  i n i t i a l l y  produced a decrease i n  t h e  f o i l  

r e s i s t i v i t y .  A t  h i g h e r  f luences,  t h e  r e s i s t i v i t y  increased and became 

g r e a t e r  than t h e  p r e - i r r a d i a t i o n  va lue  f o r  t h e  A1 and N i  s o l u t e  a l l o y s  a t  a 

f l u e n c e  o f  3 x I O 7  n/cm2. 

s e a r c h e r ~ ( ~ * ~ )  f o r  b o t h  e l e c t r o n  and neut ron i r r a d i a t i o n s .  The r e s i s t i v i t y  

change r a t e  i s  composed o f  2 competing processes: 

due t o  Frenke l  d e f e c t  p r o d u c t i o n  and a nega t i ve  one due t o  s o l u t e  segre-  

g a t i o n  o r  s h o r t  range order ing .  

h i g h  f l uence  b u t  f u t u r e  t e s t s  and a n a l y s i s  a r e  b e i n g  conducted on these 

a l l o y s  t o  c l a r i f y  t h e  mechanism. 

T h i s  e f f e c t  has a l s o  been observed by o t h e r  r e-  

a p o s i t i v e  change r a t e  

The nega t i ve  process probab ly  sa tu ra tes  a t  
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7 .D Fu tu re  Work 

An a t tempt  w i l l  be made t o  determine the  number o f  d e f e c t s  s u r v i v i n g  us ing  

a p p r o p r i a t e  r e s i s t i v i t y  models. 

microhardness i n  a coope ra t i ve  e f f o r t  w i t h  HEDL. 
Fu tu re  p lans  i n c l u d e  TEM a n a l y s i s  and 
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NEUTRON-IRRADIATION PLAN FOR CALIBRATION OF GAMMA AND NEUTRON DAMAGE EFFECTS 

I N  ORGANIC INSULATORS 

G. F. Hur ley ,  J. D. Fowler, J r . ,  and D. M. Park in*  (Los Alamos Na t iona l  

Labora to ry )  

1 .o O b j e c t i v e  

T h i s  s tudy i s  be ing  c a r r i e d  o u t  t o  determine t h e  e f f e c t s  o f  n e u t r o n - i r r a d i a -  

t i o n  a t  4.2 K on epoxy and p o l y i m i d e  i n s u l a t o r s ,  and t o  compare these e f f e c t s  

w i t h  those f rom gamma- i r rad ia t ions  a t  t h e  same temperature,  and i n  t h e  same 

m a t e r i a l s .  

2.0 Summary 

A p l a n  f o r  a p r e l i m i n a r y  c a l i b r a t i o n  o f  damage e f f e c t s  f rom n e u t r o n - i r r a d i a -  

t i o n  w i t h  those  f rom gamma i r r a d i a t i o n  o f  o rgan ic  i n s u l a t o r s  has been develop- 

ed. I n  t h i s  f i r s t  experiment, G- lOCR,  G - l l C R ,  two poly imide-based analogues 

o f  G-10, kapton f i l m s ,  and g l a s s - f i l l e d  Epon 828 a r e  be ing  prepared f o r  

i r r a d i a t i o n  i n  IPNS. Damage e f f e c t s  w i l l  i n i t i a l l y  be c a l i b r a t e d  p r i m a r i l y  

by a phenomenological comparison o f  mechanical and e l e c t r i c a l  p r o p e r t i e s .  

3.0 Program 

T i t l e :  R a d i a t i o n  Damage Ana lys i s  and Computer S i m u l a t i o n  ( R a d i a t i o n  E f f e c t s  

i n  Organic I n s u l a t o r s )  

P r i n c i p a l  I n v e s t i g a t o r :  G. F. Hur ley  

A f f i l i a t i o n :  Los Alamos Na t iona l  Labora to ry  

4.0 Relevant  OAFS Program Plan Task/Subtask 

Task I I .B.4:  

Subtask 11. B.4.3: Experimental V a l  i d a t i o n / C a l  i b r a t i o n  o f  Theory 

Damage Product ion  i n  I n s u l a t o r s  

* C u r r e n t l y  on assignment t o  DOE/Germantown 
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5.0 Accomplishments and S ta tus  

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

Organic i n s u l a t i o n  i s  s p e c i f i e d  f o r  t h e  superconduct ing ohmic h e a t i n g  c o i l s ,  

t o r o i d a l  f i e l d  c o i l s ,  and e q u i l i b r i u m  f i e l d  c o i l s  i n  many tokamak r e a c t o r  

designs,  i n c l u d i n g  t h e  Fusion Engineer ing Device (FED). 

qui rements f o r  o r g a n i c  i n s u l a t i o n ,  and i m p l i c a t i o n s  o f  t h e  work c a r r i e d  o u t  

t o  date,  have r e c e n t l y  been reviewed. Much work o f  a scoping n a t u r e  has 

been c a r r i e d  o u t  i n  which cand idate  i n s u l a t o r s  have been i r r a d i a t e d  t o  h i g h  

doses (>106Gy) i n  f i s s i o n  r e a c t o r s  which supp ly  most o f  t h e  dose f rom y absorp- 
(2z5) t i o n .  

f a l l  i n  t h e  dose-range o f  i n t e r e s t ,  l o 6 -  l o *  Cy. A t  t h e  same t ime, analogous 

p o l y i m i d e  m a t e r i a l s  have shown s a t i s f a c o t r y  r e t e n t i o n  o f  p r o p e r t i e s  i n  t h i s  

dose range. 

The e s s e n t i a l  r e -  

T h i s  work has d e f i n e d  l i m i t a t i o n s  f o r  epoxy-based m a t e r i a l s  which 

L i m i t a t i o n s  i n  u s i n g  t h e  e x i s t i n g  da ta  t o  p r e d i c t  i n s u l a t o r  behav ior  i n  f u s i o n  

r e a c t o r s  can be seen by comparing t h e  c o n d i t i o n s  under which t h i s  da ta  was 

ob ta ined  w i t h  t h e  o p e r a t i n g  environment i n  f u s i o n  dev ices .  

magnet i n s u l a t i o n  i n  s e r v i c e  i s  exposed t o  b o t h  neu t ron  and gamma i r r a d i a t i o n  

a t  l i q u i d  he l i um temperatures.  The t o t a l  dose i s  expected t o  be i n  t h e  range 

107-108Gy as s p e c i f i e d  f o r  a number o f  designs (Tab le  1 ) .  A s u b s t a n t i a l  p a r t  

o f  t h e  t o t a l  dose (50-90% by v a r i o u s  es t ima tes )  i s  c o n t r i b u t e d  by t h e  neut rons.  

S p e c i f i c a l l y ,  

TABLE 1 

SPECIFIED DOSE TO THE ORGANIC INSULATORS I N  3 
CONTEMPORARY FUSION REACTOR DEBIGNS 

MACHINE DOSE ( GY) ____________________------ - - - - - - - - - -_---__-_----- - - - - -  
FED 

INTOR 

1 x 107 

1 x 108 

STARFIRE 1-2 x 107 
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Dur ing o p e r a t i o n  of t h e  magnets, t h e  i n s u l a t i o n  i s  r e q u i r e d  t o  w i t h s t a n d  pu lsed  

e l e c t r i c a l  and mechanical s t resses ,  w i t h  t h e  l a t t e r  be ing  t h e  more demanding. 

Mechanical s t r esses  w i l l  be m u l t i a x i a l ,  w i t h  t e n s i l e ,  shear, and compressive 

components. 

t u r e ,  a f a c t o r  which i s  l i k e l y  t o  a f f e c t  t h e  i n s u l a t o r ' s  r a d i a t i o n  response. 
F i n a l l y ,  t h e  magnets w i  11 be p e r i o d i c a l l y  warmed t o  room tempera- 

By c o n t r a s t ,  s t u d i e s  i n  t h i s  coun t r y  (2-4) have concent ra ted  on cand ida te  

m a t e r i a l s  a f t e r  l i q u i d  he l ium i r r a d i a t i o n s ,  w i t h  most o f  t h e  dose f rom y - r a y  

abso rp t i on .  Mechanical t e s t i n g  was conducted a t  77 K a f t e r  samples had been 

warmed t o  room temperature.  

po l y im ide  m a t e r i a l s  i n  Japan(5) ,  has suggested t h a t  mechanical p r o p e r t i e s  show 

g r e a t e r  l o s s  when t e s t e d  a t  4.2 K, w i t h o u t  warmup. 

A survey o f  i r r a d i a t i o n  e f f e c t s  i n  epoxy and 

Based on t h i s  comparison i t  i s  c l e a r  t h a t  severa l  areas f o r  i n v e s t i g a t i o n  

r e q u i r e  a t t e n t i o n ,  j u s t  t o  assess expected r a d i a t i o n  performance o f  m a t e r i a l s  

which have a l ready  been examined. A key area f o r  c o n s i d e r a t i o n  i s  t h e  n a t u r e  

o f  t h e  r a d i a t i o n ,  and how t h e  mechanism o f  r a d i a t i o n- i n d u c e d  s t r u c t u r a l  change 

m igh t  be a f f e c t e d  when a much l a r g e r  f r a c t i o n  o f  t h e  dose comes f rom neutrons.  

Other aspects o f  t h e  problem which have n o t  been addressed concern t h e  e f f e c t  

o f  o t h e r  o p e r a t i n g  c o n d i t i o n s  on t h e  perce ived  degradat ion,  p a r t l y  r e f l e c t i n g  

t h e  i n f l u e n c e  o f  t h e  ope ra t i ng  environment on t h e  mechanism. These problems 
i n c l u d e  t h e  thermal  h i s t o r y ,  atmosphere d u r i n g  warmed-up per iods ,  dose r a t e ,  

and t h e  complex s t r e s s  s t a t e  expected d u r i n g  magnet s e r v i c e .  

I n  ou r  work, o f  which t h i s  i s  t h e  i n i t i a l  r e p o r t ,  we w i l l  address t h e  f i r s t  o f  

these sub jec t s ,  t h e  e f f e c t  o f  t h e  t ype  o f  i r r a d i a t i o n  on t h e  degrada t ion  o f  

those polymers which a re  a l r eady  candidates f o r  magnet s e r v i c e  and f o r  which 

some da ta  f o r  degrada t ion  i n  y - f l uxes  a l r eady  e x i s t s .  The f i r s t  s tudy  w i l l  
be a c a l i b r a t i o n  based on a phenomenological comparison o f  t h i s  data w i t h  t h a t  

ob ta ined  a f t e r  neu t ron  i r r a d i a t i o n  i n  IPNS and RTNS-11. Th is  i n i t i a l  s t udy  

w i l l  be f o l l owed  by work o f  a more fundamental n a t u r e  t o  determine t h e  

mechanism o f  degradat ion.  
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5.2 I r rad ia t ion  Experiments 

5.2.1 IPNS - 
An i n i t i a l  i r r a d i a t i o n  has been scheduled for  IPNS, t o  be ca r r i ed  out  i n  l a t e  
February o r  ea r ly  March of CY 1982. 
made f o r  a second i r r a d i a t i o n  i n  RTNS-11. 

In add i t ion ,  a tentat ive plan has been 

In the f i r s t  i r r a d i a t i o n ,  preparations f o r  which a r e  underway o r  completed, 
samples wi l l  be i r r a d i a t e d  which wi l l  mirror those tes ted  a t  ORNL a f t e r  
v-irnadtation.  The mater ia ls  which will be studied a r e  l i s ted  i n  Table 2 .  

TABLE 2 
DESCRIPTION OF MATERIALS FOR IPNS IRRADIATION 

Ma t e r i  a1 
G-1 OCR 

G-11 CR 

TM Spaulrad 

Norplex NP-530 

S i  1 i ca- fi 1 led 

Kapton 

A1 u m i n i  zed Kapton 

Description 
Glass-cloth reinforced epoxy. Meets 
NEMA G-10 specification as modified 
f o r  cryogenic service 

Similar  t o  G-1OCR; epoxy d i f f e r s  i n  
t h e  nature of i t s  cure. 

Polyimide matrix analogue of G-1OCR; 
product of the Spaulding Fiber Co., 
Tonawanda, N Y  

Similar  t o  above; p roduc t  of Norplex 
Division, Lacrosse, WI 

Epoxy res in  w i t h  40 w t  % f i l l e r  and 
0.5% 3-(2-Amino-ethylamino) propyl 
trimethoxysilane coupling agent,  cured 
w i t h  the Shell Z (blended aromatic) 
curing agent .  Duplex cure a t  355 K 
followed by 425 K. 

Non-reinforced polyimide f i lm material 
(Dupont )  

Candidate thermal insu la t ion  material 

Tests 
Mechanical and 

e l e c t r i c a l  

Mechanical and 

Mechanical and 

e l e c t r i c a l  

e l e c t r i c a l  

Mechanical and  
e l e c t r i c a l  

Mechanical and 
e l e c t r i c a l  

Elect r ica l  

Qua l i t a t ive  
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These m a t e r i a l s  a re  t h e  same as those s t u d i e d  i n  t h e  l a t e s t  work a t  ORNL, ( 2 , 3 )  

i n  y - i r r a d i a t i o n s ,  and have been s e l e c t e d  f o r  t h i s  s tudy  f o r  a phenomenologi- 

c a l  compar is ion o f  t h e  damage a f t e r  IPNS i r r a d i a t i o n ,  w i t h  t h a t  o c c u r r i n g  

a f t e r  y - i r r a d i a t i o n .  

F i g u r e  1 i l l u s t r a t e s  t h e  types o f  samples which have been prepared f o r  i r r a d i a -  

t i o n .  

t i o n  p a r a l l e l  t o  t h e  sample a x i s ,  o r  c a s t  from epoxy w i t h  t h e  a i d  o f  t h e  

f i x t u r e  shown i n  F ig .  2. 
o f  which s i x  w i l l  be eva lua ted  i n  f l e x u r e  t e s t i n g  t o  f r a c t u r e ,  and two w i l l  
be used f o r  t e n s i l e  modulus de te rm ina t ion .  Modulus changes a r e  a s e n s i t i v e  

i n d i c a t o r  o f  s t r u c t u r a l  changes i n  polymers. 

Elongated bars  were machined f rom sheet  m a t e r i a l s  w i t h  t h e  warp d i r e c -  

E i g h t  samples o f  each m a t e r i a l  w i l l  be i r r a d i a t e d ,  

FIGURE 1. Sample Forms f o r  IPNS I r r a d i a t i o n .  
A. G-1OCR compression samples. 
B. G-11CR d i s k s  f o r  e l e c t r i c a l  t e s t s .  
C. NP-530 bars f o r  t e n s i o n  and bend t e s t s .  
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FIGURE 2. Casting Fixture f o r  Epoxy Flexure Samples. 

Compression samples were machined from the reinforced materials  with their  
axes pa ra l l e l  t o  the f a b r i c  warp d i rec t ion ,  so  t h a t  the stress d u r i n g  t e s t i n g  
wil l  be in the plane of the reinforcements. Epoxy samples are being machined 
from rods c a s t  in tubular  t e f lon  molds (Fig.  3 ) .  Six samples of each material 
wil l  be i r r a d i a t e d ,  and compression modulus and f r a c t u r e  strength and  mode 
wil l  be determined. These tes t s  as well as f lexure  t e s t i n g  wil l  be ca r r i ed  out 
a t  77 K. 

Elect r ica l  propert ies  character izat ion wil l  be ca r r i ed  ou t  in two d i s t i n c t  
a reas :  
f i e l d  AC and DC conductivity. 
an atmosphere of pressurized gas t o  reduce the  l ikel ihood of f lashover.  
13mm i n  diameter have been prepared f o r  these measurements, by punch ing  from 
t h i n  sheets of the  f ibe rg lass  materials  containing only a s ing le  layer  of 
glass cloth.  
ness i n  the area of applied high voltage) due t o  the  laminar nature of the 

measurement of d i e l e c t r i c  breakdown strength and  determination of low- 

Disks 
The former wil l  be done a t  room temperature i n  

No dimpling of these samples wil l  be used ( t o  reduce the thick-  
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m a t e r i a l .  Epoxy samples a r e  be ing  s l i c e d  f rom l a r g e  ba r  c a s t i n g s  (F ig .3 )  

and w i l l  be d impled t o  l eave  :: 0.1 mm th ickness .  

m a t e r i a l  w i l l  be t e s t e d .  
Four samples o f  each 

_cI/-. ,_,_c . #. 

I 

FIGURE 3. Rod Molds. A. 6.4-mm diam f o r  compression samples 
6 .  19-mm diam f o r  e l e c t r i c a l  specimens 

C o n d u c t i v i t y  measurements w i l l  be made us ing  19mn d i s k s  w i t h  t r a d i a t i o n a l  3- 
t e r m i n a l  e l ec t rodes  a p p l i e d  t o  t h e  s u r f a c e  w i t h  a s i l v e r  paste.  

measurements w i l l  be made a t  room temperature.  AC and somewhat l e s s  s e n s i t i v e  

DC measurements w i l l  a l s o  be made a t  temperatures between 80 and 300 K i n  o rde r  

t o  determine temperature dependence and g a i n  an unders tand ing  o f  changes i n  

polymer s t r u c t u r e  through s tudy  o f  any a c t i v a t i o n  processes which may be 

found. These samples have been punched f rom t h i c k e r  r e i n f o r c e d  sheets, 

t y p i c a l l y  0.5 mm t h i c k .  Epoxy samples a re  be ing s l i c e d  f rom c a s t  bars.  

AC and DC 
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A low temperature apparatus, consist ing of two concentr ic  brass cyl inders  
containing a sample holder and thermocouple, has been constructed and tested. 
T h i s  will allow conductivity and loss  tangent measurements over a continuous 
temperature range from 80 t o  300 K. 

Prior  t o  i r r a d i a t i o n  samples wi l l  be placed i n  a copper i r r a d i a t i o n  can, of 
welded construct ion,  now being fabricated.  T h i s  can wil l  be placed i n  the 
IPNS c ryos ta t ,  immersed in a s t a t i c  helium pool. 
cooled by l i q u i d  helium flowing in a loop. To insure t h a t  the samples a r e  
held a t  l i q u i d  helium temperature, the can i t s e l f  wil l  be helium f i l l e d .  
After i r r a d i a t i o n  ( 5  days, a t t a in ing  5x1OZ1m N2)  the samples wil l  be per- 
mitted t o  warm t o  room temperature. 
time, and again a f t e r  1 month. Dosimetry f o r  this experiment wi l l  be 
supplied by L.  Greenwood of the Argonne National Laboratory. 

The l a t t e r  i s  i n  t u r n  

A gas sample wil l  be col lec ted  a t  th is  

5.2.2 RTNS- I I 

I f  poss ib le ,  a second i r r a d i a t i o n  wil l  be car r ied  out l a t e r  this year.  The 
purpose of t h i s  experiment wil l  be t o  continue the ca l ib ra t ion  of property 
degradation a f t e r  neutron i r r a d i a t i o n  agains t  exis t ing  data f o r  degradation 
a f t e r  y- o r  mixed- irradiation data.  
son with some of the recent work of Kat0 and co-workers a t  the JAERI. 

In t h i s  case we wil l  be seeking compari- 
( 5 )  

Although preparations f o r  t h i s  work a r e  n o t  as  advanced as f o r  the IPNS 
i r r a d i a t i o n ,  considerable progress has been made i n  the  preparation of sample 
cas t ing  f i x t u r e s  and a mechanical tes t  device f o r  cryogenic testing. Materi- 
a l s  which wil l  be i r r ad ia ted  are  unf i l l ed  epoxy, with a l i p h a t i c  amine 
aromatic amine, and acid anhydride hardeners. 
3 mm long cyl inders  which wil l  be tested in compression. A f i x t u r e  f o r  
cas t ing  these samples has been fabr ica ted  i n  the form of a sp l i t  mold, as  
shown i n  F i g .  4.  
trimned t o  s i z e  w i t h  the a id  of the f i x t u r e  i n  F i g .  5 

Samples wil l  be 1 .5  mm diam x 

The  cas t ings ,  shown a t  the bottom in Fig. 4, a r e  then 



FIGURE 4. S p l i t  Mold f o r  Casting Small Compression Samples. 
samples a r e  shown below the mold. 

Several a s- cas t  

FIGURE 5. Fixture #r Trim ig the Samples Shown i n  F i g .  4.  Samples a r e  
clamped and then cut  of f  and ground w i t h  t h e i r  length secured by 
the thickness o f  t h e  p la te .  
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Compression t e s t s  y ie ld ing  modulus and f r a c t u r e  s t r eng th  will be ca r r i ed  out  
a t  77 K a f t e r  i r r a d i a t i o n .  
these small samples has been designed ( F i g .  6 )  and is being fabr ica ted .  
device will employ a displacement transducer f o r  t he  measurement of s t r a i n .  

A cryogenic test f i x t u r e  s u i t a b l e  f o r  t e s t i n g  
This 

FIGURE 6. Schematic I l l u s t r a t i o n  of t he  Cryogenic Test Fixture Now Under 
Construction.  This device i s  lowered i n t o  a dewar du r ing  t e s t i n g .  

Samples i n  this study wi l l  a l so  be i r r a d i a t e d  a t  l i qu id  helium temperature. 
A He1 i t r a n  cold end* and associated hardware, which a r e  compatible with the 
arrangement f o r  cryogenic i r r a d i a t i o n s  a t  RTNS-11, a r e  on order .  
modification t o  this apparatus wi l l  be necessary,  a f t e r  i t s  r e c e i p t ,  f o r  
accommodating t h e  samples. 

Some 

*Air Products Co., Allentown, PA 18105 
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5.3 Concluding  Remarks 

A program t o  inves t iga te  radiat ion damage i n  organic insula tors  of i n t e r e s t  
t o  the magnetic fusion program has been i n i t i a t e d .  
inves t iga t ion  wil l  aim a t  ca l ibra t ing  neutron damage e f f e c t s  on physical 
propert ies  of organics i r r ad ia ted  a t  l iquid  helium temperature against  those 
measured a f t e r  s imi la r  y- i r radia t ion .  Preparations f o r  the f i r s t  i r r a d i a t i o n ,  
in IPNS, a r e  nearly complete, and  the i r r a d i a t i o n  s h o u l d  be car r ied  o u t  during 
the n e x t  quar ter .  

The i n i t i a l  s tages of the 
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7.0 Future Work 

The IPNS i r r a d i a t i o n  wil l  be car r ied  o u t  during the next quarter. 
on the  control samples wi l l  begin concurrently. 
the  planning s t a t e .  

Measurements 
An RTNS-I1 i r r a d i a t i o n  i s  i n  
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CHAPTER 3 

FUNDAMENTAL MECHANICAL BEHAVIOR 





QUANTITATIVE LOAD-ELONGATION CAPABILITIES OF AN IN-SITU HOT TENSILE STAGE FOR 

HVEM USE 
R.  D. Gerke and W. A.  Jesser ( U n i v e r s i t y  o f  V i r g i n i a )  

1 .o O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  desc r ibe  t h e  c a p a b i l i t i e s  o f  t h e  q u a n t i -  

t a t i v e  l oad- e longa t i on  t e n s i l e  r o d  t h a t  i s  used i n  an HVEM t o  conduct i n - s i t u  

s t u d i e s  o f  t h e  n a t u r e  o f  c rack  p ropaga t ion  i n  i r r a d i a t e d  m a t e r i a l s ,  and t o  

i n d i c a t e  t h e  t y p e  o f  data  t h a t  can be ob ta ined  by such an apparatus.  

2 .0  Summary 

I t has been demonstrated t h a t  l oad- e longa t i on  da ta  can be ob ta i ned  f rom t h i c k  

(40 um) areas o f  smal l  t e n s i l e  specimens w h i l e  s imu l taneous ly  observ ing  c r a c k  

p ropaga t ion  c h a r a c t e r i s t i c s  and m i c r o s t r u c t u r a l  i n t e r a c t i o n s  th rough  HVEM 

v ideo  r eco rd i ngs  ob ta ined  f rom t h e  t h i n  ( <  1 um) r e g i o n s  o f  t h e  specimen. 

3.0 Program 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  W .  A.  Jesser and R. A. Johnson 

A f f i l i a t i o n :  U n i v e r s i t y  of V i r g i n i a  

S imu la t i ng  t h e  CTR Environment i n  t h e  HVEM 

4 .0  Relevant  DAFS Program P lan  Task/Subtask 

Task l l . C . 1 3  E f f e c t s  o f  Hel ium and Displacements on Crack I n i t i a t i o n  and 

Propagat ion 
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5.0 Accomplishments and S ta tus  

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

The e m b r i t t l i n g  process due t o  r a d i a t i o n  damage produced d u r i n g  t h e  normal 

ope ra t i on  o f  a r e a c t o r  has been e x t e n s i v e l y  s t u d i e d  through eng ineer ing  t e s t s  

o f  i r r a d i a t e d  b u l k  specimens t h a t  a r e  designed t o  c h a r a c t e r i z e  the  b r i t t l e  

n a t u r e  o f  t h e  b u l k  specimens. T h i s  c h a r a c t e r i z a t i o n  i s  accompl ished th rough  

t h e  use o f  such parameters as f r a c t u r e  toughness, e l o n g a t i o n  ( t o t a l  and u n i -  

fo rm) ,  s t r e s s  i n t e n s i t y  f a c t o r  K, J - i n t e g r a l  and c rack  opening d isp lacement  

COD. 

mechanism. I n  o r d e r  t o  b e t t e r  understand t h e  mechanisms o f  f r a c t u r e  and t h e  

causes o f  embr i t t l emen t ,  i n - s i t u  de fo rmat ion  exper iments a r e  be ing conducted 

on t h i n ,  e l e c t r o n  t r anspa ren t  specimens i n s i d e  t ransmiss ion  e l e c t r o n  m i c ro-  
scopes. I n  t h i s  case, t y p i c a l  parameters which c h a r a c t e r i z e  t h e  f r a c t u r e  a r e :  

c r a c k  ang les,  c rack  t i p  r a d i u s ,  p l a s t i c  zone w i d t h  and p l a s t i c  zone l e n g t h s  

There a r e  s e r i o u s  cha l lenges  which must be met when a t t emp t i ng  t o  r e l a t e  t h e  

i n - s i t u  TEM f r a c t u r e  parameters o f  t h i n  specimens t o  those parameters a p p r o p r i -  

a t e  t o  t h e  b u l k  specimen t e s t s .  

impo r t an t  when comparing b u l k  specimens t o  t h i n  specimens because o f  t h e  d i f -  

f e r e n t  s t r e s s  s t a t e  c r e a t e d  i n  each ( p l a n e  s t r e s s  v s .  p lane s t r a i n ) .  

son o f  t h e  f r a c t u r e  parameters o f  t h i n  specimens t o  t h a t  o f  b u l k  specimens i s  

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

t h a t  q u a n t i t a t i v e  t e n s i l e  da ta  a r e  v e r y  d i f f i c u l t  t o  o b t a i n  f rom specimens de- 

formed i n s i d e  a TEM. The a im o f  t h i s  work i s  t o  deve lop a q u a n t i t a t i v e  l o a d-  

e l o n g a t i o n  h o t  t e n s i l e  s tage and t o  use i t  as a t o o l  t o  suggest methods f o r  

l i n k i n g  accepted t e n s i l e  measurements ob ta i ned  f rom b u l k  specimens t o  t h e  para-  

meters used t o  desc r i be  d u c t i l i t y  i n  t h i n  f o i l  specimens. T h i s  l i n k  can u l -  

t i m a t e l y  be used t o  q u a n t i t a t i v e l y  measure t h e  d u c t i l i t y  o f  i n - s i t u  deformed 

m a t e r i a l s  i n  t h e  TEM which c o u l d  be a v e r y  va l uab le  t o o l  when used i n  s t udy i ng  

t h e  complex f r a c t u r e  process found i n  r a d i a t i o n  damaged m a t e r i a l s .  

Only COD has any d i r e c t  m i c r o s t r u c t u r a l  r e l a t i o n s h i p  t o  t h e  f r a c t u r e  

(1 -4 )  

Specimen dimensions ( p r i m a r i l y  t h i c k n e s s )  a r e  

Compari- 
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5.2 Hot  T e n s i l e  Stage D e s c r i p t i o n  

The q u a n t i t a t i v e  l oad- e longa t i on  t e n s i l e  s tage has been designed t o  be used 

i n - s i t u  w i t h  t h e  HVEM-accelerator l i n k  cons t r uc ted  a t  t h i s  f a ~ i l i t y ( ~ - ~ )  which 

means t h a t  i t  i s  cons t r uc ted  so t h a t  i t  may be t i l t e d  t o  45" ( t o  t h e  e l e c t r o n  

beam) so t h a t  s imultaneous he l ium i o n  i r r a d i a t i o n  and v i ew ing  may be performed. 

A schematic drawing o f  t h e  t e n s i l e  r o d  i s  shown i n  F i g u r e  1. 

-7 8 Pin Connector 

Alumina ufc 

Compression 

L_IDT Tro%sb.ce~ 

F i g u r e  1. Schematic Drawing of the  Q u a n t i t a t i v e  Load-Elongat ion T e n s i l e  Rod. 

There i s  a compact h e a t i n g  element and a thermocouple l o c a t e d  i n  t h e  vacuum 

area o f  t h e  HVEM a t  t h e  t i p  o f  t h e  r o d  and two t ransducers ,  t o  determine l o a d  

and e l onga t i on ,  a t  t h e  oppos i t e  end o f  t h e  r o d  o u t s i d e  o f  t h e  HVEM ( o n l y  t h e  

e l o n g a t i o n  t ransducer  i s  shown i n  F i g u r e  1 ) .  Vo l tage  ou tpu t s  f rom t h e  t r a n s -  

ducers a r e  c o n t i n u a l l y  recorded by use o f  an x- y p l o t t e r  and a two pen s t r i p  

c h a r t  r eco rde r  which i s  p r i m a r i l y  used t o  m a i n t a i n  a r e c o r d  o f  t h e  e l o n g a t i o n  
r a t e .  The t e n s i l e  r o d  c o n s i s t s  o f  two c o n c e n t r i c  s t a i n l e s s  s t e e l  tubes.  The 

o u t e r  tube i s  f i x e d  i n  p lace  and ho lds  t h e  t e n s i l e  specimen, w h i l e  t he  c e n t e r  

p o r t i o n ,  which a c t s  as t h e  p u l l i n g  s e c t i o n ,  i s  connected d i r e c t l y  t o  a s p r i n g .  

A h y d r a u l i c  system compresses and r e s t r a i n s  t h e  s p r i n g  and c o n t r o l s  t h e  s p r i n g  

expansion r a t e  and hence t h e  e l o n g a t i o n  r a t e  o f  t h e  system, which i s  n o t  

cons tan t .  The o r i g i n a l  des ign  o f  a h y d r a u l i c a l l y  c o n t r o l l e d  t e n s i l e  r o d  was 
developed by W i l ~ d o r f ' ~ )  and has been m o d i f i e d  by Hcr ton  ( 3 )  . 

73 



5 . 3  Primary Tensile Rod Capabi l i t ies  

5.3.1 Specimen Heaters 

The heating element was made i n  house from nichrome wire and was designed 
a f t e r  t h a t  of Phi l ips  Co. I t  has a b i f i l a r  winding c i r c u l a r  in nature and 
positioned beneath the electrothinned region of the specimen. 
beam passes through the center  of the 3.5-mm diameter element which requires 
only 1 ampere t o  produce a recommended maximum specimen temperature of 700" C .  

Equilibrium time a t  t h i s  temperature i s  on the order of 15 minutes. 

The e lect ron 

5.3.2 Thermocouple 

A standard chromel-alumel thermocouple i s  mounted near the t i p  of the specimen 
s tage and i s  primarily used t o  monitor the specimen temperature by use of a 
ca l ib ra t ion  curve w h i c h  r e l a t e s  the specimen temperature to  the thermocouple 
reading. Since t h i s  t e n s i l e  rod may be used in simultaneous i n - s i t u  He ion 
i r r a d i a t i o n  and  specimen deformation experiments, a way of monitoring the ion 
beam by u s i n g  the  thermocouple wires was devised. The center  (pu l l ing  sec- 
t ion)  of the  rod was e l e c t r i c a l l y  insulated from the main body by extensive 
use of ceramics and provides a method t o  continuously monitor an e f f e c t i v e  
ion-beam cur ren t .  

t .  

5.3.3 Load and Elongation 

The unique aspect  of this apparatus i s  t h a t  i t  can quan t i t a t ive ly  measure load 
and elongation of micro- tensile specimens much l i k e  t e n s i l e  t e s t i n g  machines 
do on bulk specimens. Measurement of load and elongation i s  accomplished by 
use of  two transducers:  a D . C .  operated l i n e a r  var iable  d i f f e r e n t i a l  t r ans-  
former (LVDT) t o  determine to ta l  elongation,  crosshead speed and t o t a l  pull ing 
force provided by the spring,  and a pressure transducer used t o  determine load 
exerted on a specimen. I n  the present configuration,  loads up t o  approximate- 
ly  10 k g .  a r e  possible.  
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5.4 T e n s i l e  Specimen Geometry 

The specimens s t u d i e d  a r e  punched f rom a 1.5 m i l  (% 40 m )  sheet  which p ro-  

duces a r e c t a n g u l a r  shaped r i b b o n  specimen, 12.5 x 2.5 mm i n  dimensions, w i t h  

a smal l  h o l e  used f o r  g r i p p i n g  a t  each end. 

e l e c t o - t h i n n e d  i n  t h e  cen te r ,  approx imate ly  2 mm diameter,  l e a v i n g  a ' t h i c k '  

p o r t i o n  on each s i d e  o f  t h e  e l e c t r o p o l i s h e d  r e g i o n .  Because o f  t h e  e l e c t r o -  

p o l i s h  c o n f i g u r a t i o n ,  t h e  r i b b o n  specimen can be though t  o f  as t h e  c l a s s i c  

'dogbone' c o n f i g u r a t i o n  t y p i c a l l y  used i n  t h e  t e n s i l e  t e s t i n g  of  b u l k  s p e c i -  

mens, i f  one n e g l e c t s  t h e  smal l  c o n t r i b u t i o n  due t o  t h e  e l e c t r o p o l i s h e d  r e -  

g ion,  as  shown i n  F i g u r e  2. 

The specimen i s  annealed and then 

T h i s  i n d i c a t e s  t h a t  t h e  l o a d  suppor ted by t h e  

I 

I Dimensions 10  mm 

F i g u r e  2. Schematic I l l u s t r a t i o n  Showing t h e  S i m i l a r i t y  Between an E l e c t r o -  
t h i n n e d  HVEI4 Specimen and a Convent iona l  T e n s i l e  Specimen. 

, specimen i s  p r i m a r i l y  c a r r i e d  by t h e  p o r t i o n  o f  t h e  specimen pJ e l e c t r o -  

p o l i s h e d  which means t h a t  the  t e n s i l e  da ta  i s  ob ta ined  f rom these r e l a t i v e l y  

t h i c k  r e g i o n s  w h i l e  m i c r o s t r u c t u r a l  observa t ions ,  viewed i n  t h e  HVEM, come 

f rom t h e  e l e c t r o - t h i n n e d  reg ion .  

A lso ,  t h e  e l e c t r o - t h i n n e d  r e g i o n  i s  n o t  u n i f o r m l y  t h i n  b u t  e x h i b i t s  a t h i c k -  

ness g r a d i e n t ,  ' bow l '  shaped, which beg ins w i t h  t h e  t h i c k n e s s  o f  t h e  f o i l  and 

t a p e r s  toward t h e  c e n t e r  o f  t h e  specimen where a p e r f o r a t i o n  i s  made. 

comp l i ca ted  geometry i s  p resen t  i n  every  specimen t h a t  i s  t e n s i l e  t e s t e d .  

When a specimen i s  t e n s i l e  t e s t e d  i t  i s  secured a t  b o t h  ends w i t h  s t e e l  clamps, 

by  p l a c i n g  smal l  screws through t h e  clamp and then th rough  t h e  specimen, thus  

secur ing  t h e  specimen across i t s  e n t i r e  w i d t h .  

C o r r e l a t i o n s  between t h e  two may be p o s s i b l e .  

T h i s  
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5.5 Exper imenta l  R e s u l t s  

5.5.1 Exper imenta l  Procedure 

I n  t h i s  s tudy  a l l  specimens were t y p e  316 s t a i n l e s s  s t e e l  and were s o l u t i o n  

annealed a t  1000" C f o r  one hour, and e l e c t r o p o l i s h e d  t o  e l e c t r o n  t ransparency 

f o r  400 kV e l e c t r o n s .  The specimens were then  t e n s i l e  t e s t e d  i n  an HVEM under 

t h r e e  d i f f e r e n t  c o n d i t i o n s :  1 )  u n i r r a d i a t e d ,  t e s t e d  a t  room temperature ( 4  

specimens t e s t e d ) ,  2 )  u n i r r a d i a t e d ,  t e s t e d  a t  400" C ( 3  specimens t e s t e d ) ,  and 
22 3 )  neu t ron  i r r a d i a t e d  a t  the  LLL RTNX I 1  f a c i l i t y  ( t o t a l  f l u e n c e  

n/m ) and t e s t e d  a t  room temperature (1  specimen). I t  should  be no ted  t h a t  

a l l  u n i r r a d i a t e d  specimens were e l e c t r o p o l i s h e d  i n  t h e  same ba tch  a t  the  

U n i v e r s i t y  o f  V i r g i n i a ,  w h i l e  t h e  neu t ron  i r r a d i a t e d  specimens were e l e c t r o -  

p o l i s h e d  a t  ORNL. 

1 x 10 
2 

5.5.2 Load vs. E l onga t i on  

Q u a n t i t a t i v e  l o a d  and e l o n g a t i o n  measurements have been taken f rom each s p e c i -  

men t e n s i l e  t e s t e d  by t h e  apparatus p r e v i o u s l y  desc r ibed  and have been com- 

p i l e d  t o  produce l o a d  vs. e l o n g a t i o n  curves f o r  each specimen c o n d i t i o n .  

l o a d  vs. e l o n g a t i o n  curves a r e  shown i n  F i g u r e  3 where t h e  shaded r e g i o n s  i n  

t h e  u n i r r a d i a t e d  graphs r ep resen t  one s tandard  d e v i a t i o n  o f  t h e  data .  I t 

shou ld  be n o t i c e d  t h a t  t h e  da ta  f o r  t h e  u n i r r a d i a t e d  specimens i s  c l o s e l y  

spaced, i n d i c a t i n g  t h a t  t h e  o r i g i n a l  c ross- sec t i ona l  area o f  these specimens 

a r e  v e r y  c l o s e  which suggests t h a t  t h e  cons is tency  o f  t h e  e l e c t r o p o l i s h  f rom 

sample t o  sample i s  good. 

f rom t h e  u n i r r a d i a t e d  specimens, i t  i s  b e l i e v e d  t h a t  i t  i s  meaningfu l  t o  make 

a comparison between t h e  curves o f  t h e  u n i r r a d i a t e d  specimens and t h e  one 

cu rve  produced by t h e  RTNS I 1  specimen, even though t h e  c ross- sec t i ona l  area 

may be d i f f e r e n t  f rom t h a t  o f  t h e  u n i r r a d i a t e d  specimens. 

The 

Because o f  t h e  r e p r o d u c i b i l i t y  o f  t h e  da ta  ob ta i ned  

The r e s u l t a n t  l o a d  vs.  e l o n g a t i o n  curves and t h e  specimen's l o a d  bear ing  capa- 

b i l i t i e s  depend on t h e  c ross- sec t i ona l  area o f  t h e  specimen. I n  o r d e r  t o  

76 



a. I 

ELONGATION l y m )  

C. 

F i g u r e  3 .  Graphs o f  Load-Elongat ion Data Obtained From a )  R .  T .  U n i r r a -  -.ted, 
b)  400" C Un i r r ad i a t ed ,  and c )  R. T. RTNS I1 ( n e u t r o n  i r r a d i a t e d  t o  
% 1 x 1 0 2 2  n/m2) specimens. 
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measure t h i s  area several specimens were observed in a n  SEM. 

a t e d  case,  cross- sect ional  areas were determined by observing specimens a f t e r  
f a i l u r e  as  well as  a non- tensile tes ted  specimen t h a t  was cut  in half by a 
r azo r  blade. Each method deforms the specimen from i t s  original  s t a t e  b u t  

y i e lds  a way of comparing cross- sect ions.  
1 %  with each other .  
men was determined by using the already t e n s i l e  tes ted  specimen a n d  was found 
t o  be 15% grea ter  t h a n  t h a t  of the unirradiated specimens. 

In the unirradi-  

The cross- sect ions agreed t o  within 
The cross- sect ional  area of the neutron i r r ad ia ted  speci-  

Cross-sectional 
Area 

Specimen # tested ( x  mmz) 

R .  T. 
Uni rradiated 4 

4.30 
400" c 

Uni rradiated 3 

R.  T. 
neutron 

Irradiated 1 5.04 

After obtaining cross- sect ional  areas i t  i s  possible t o  ca lcu la te  ultimate 
t e n s i l e  s trengths (UTS) and  y ie ld  s trengths ( Y S )  f o r  the micro- tensile speci-  
mens and compare them t o  the accepted values f o r  b u l k  specimens. The per- 

t i n e n t  values are shown i n  Table 1 .  

Elongation Maximum 
to Failure Load 

(m) (kg) 

245 i 7 0.99 t 0.07 

133 i 12 0.83 2 0.05 460 

200 1.46 

T A B L E  1 

5 .6  Discussion 

A quan t i t a t ive  comparison of the mechanical propert ies  of small and  la rge  
specimens encounters many d i f f i c u l t i e s ;  however, several fea tures  o f  the data 
are  apparent .  There i s  a high degree of s i m i l a r i t y  between each of the l o a d-  
elongation curves f o r  equivalent specimens tes ted  under equivalent condit ions.  
The reproducibi l i ty  of the experiment suggests t h a t  there are no uncontrolled 



v a r i a b l e s .  The s i g n i f i c a n t  d i f fe rences  between t h e  curves f o r  t h e  d i f f e r e n t  

groups o f  specimens suggests t h a t  t h e  v a r i a b l e s  which a r e  be ing  c o n t r o l l e d  

have a pronounced e f f e c t  and hence should  p e r m i t  a c o r r e l a t i o n  t o  be made 

between the  m ic roscop ic  c rack  p ropaga t ion  behav io r  and t h e  da ta  f rom load-  

e l o n g a t i o n  curves.  

22 m-2 

inc reases  t h e  room temperature y i e l d  s t r e s s  o f  b u l k  specimens by 110 MPa. (11)  
The e f f e c t  o f  neu t ron  i r r a d i a t i o n  by 14-MeV neut rons t o  a f l u e n c e  o f  10 

The i n c r e a s e  measured f o r  the  room temperature y i e l d  s t r e s s  o f  the  HVEM s p e c i -  

mens was 97 MPa. Whi le  these r e l a t i v e  va lues show agreement between b u l k  and 

HVEM specimens t h e  abso lu te  va lues a r e  n o t  i n  agreement. S i m i l a r l y  t h e  change 

i n  e l o n g a t i o n  t o  f r a c t u r e  w i t h  neu t ron  i r r a d i a t i o n  i n  t h e  HVEM specimens i s  
c o n s i s t e n t  w i t h  t h a t  measured i n  t h e  b u l k  specimens. 

From t h e  above r e s u l t s  one can reasonably  expect  t h a t  when q u a n t i t a t i v e  mech- 

a n i c a l  p r o p e r t y  comparisons a r e  made among HVEM specimens sub jec ted  t o  v a r i o u s  

i r r a d i a t i o n  c o n d i t i o n s ,  these comparisons should  s e m i - q u a n t i t a t i v e l y  r e f l e c t  

b u l k  specimen data .  Because o f  t h i s  agreement between HVEII  and b u l k  specimens 

a more v a l i d  c o r r e l a t i o n  between m i c r o s t r u c t u r a l  behav io r  and mechanical prop-  

e r t i e s  may be made p a r t i c u l a r l y  w i t h  r e g a r d  t o  f l o w  l o c a l i z a t i o n  mechanisms. 

5 . 7  Conclusions 

1.  From l oad- e longa t i on  curves ob ta ined  f rom HVEM r i b b o n  specimens 40 

t h i c k  by 2.5 mm wide and 12.5 mm long ,  i t  i s  p o s s i b l e  t o  o b t a i n  r e p r o d u c i b l e  

da ta  on such mechanical p r o p e r t i e s  as t e n s i l e  s t r e n g t h ,  y i e l d  s t r e n g t h  and 

t o t a l  e l o n g a t i o n .  

2. 

b u l k  specimens; however, abso lu te  va lues agree l e s s  w e l l  w i t h  those f rom b u l k  

specimens. 

R e l a t i v e  changes i n  t h e  measured mechanical p r o p e r t i e s  agree w i t h  t e s t s  on 

3 .  Video reco rd i ngs  o f  c rack  p ropaga t ion  c h a r a c t e r i s t i c s  may be ob ta ined  f rom 
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t h e  t h i n  r e g i o n s  o f  t h e  specimen and c o r r e l a t e d  t o  t h e  l oad- e longa t i on  curves.  

6.0 F u t u r e  Work 

The above techniques f o r  o b t a i n i n g  q u a n t i t a t i v e  mechanical p r o p e r t i e s  o f  r i b -  

bon specimens t e n s i l e  t e s t e d  i n  the  HVEM w i l l  be a p p l i e d  t o  t ype  316 s t a i n l e s s  

s t e e l  specimens which have been neu t ron  i r r a d i a t e d .  C o r r e l a t i o n s  between 

c rack  p ropaga t ion  c h a r a c t e r i s t i c s  and mechanical p r o p e r t i e s  ob ta ined  s imu l -  

taneous ly  f rom t h e  same specimen w i l l  be made i n  o r d e r  t o  b e t t e r  understand 

t h e  mechanisms o f  f l o w  l o c a l i z a t i o n .  
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MECHANICAL BEHAVIOR EVALUATION USING THE M I N I A T U R I Z E D  D I S K  BEND TEST 

M. P. Manahan, A.  S .  Argon, and 0. K.  H a r l i n g  (Massachusetts I n s t i t u t e  o f  
Technology) 

1 .o O b j e c t i v e  

The purpose o f  t h i s  research has been t o  develop t e s t  techniques capable o f  

e x t r a c t i n g  p o s t i r r a d i a t i o n  mechanical behav ior  i n f o r m a t i o n  f rom disk-shaped 

specimens no l a r g e r  than those used f o r  Transmission E l e c t r o n  Microscopy. 

2.0 Summary 

1 )  A new M i n i a t u r i z e d  Disk Bend Test  (MDBT) has been designed, cons t ruc ted  

and i s  be ing  developed f o r  p o s t i r r a d i a t i o n  d e t e r m i n a t i o n  o f  mechanical be- 
h a v i o r .  Th is  new t e s t  i s  p o t e n t i a l l y  capable o f  de te rm in ing  most o f  the  me- 

chan ica l  p r o p e r t y  i n f o r m a t i o n  needed t o  screen a l l o y s  i n  the  p o s t i r r a d i a t e d  

s t a t e .  

2 )  Exper imental  r e p r o d u c i b i l i t y  has been demonstrated between room tempera- 

t u r e  and 500°C. Various techniques f o r  p o s t i r r a d i a t i o n  specimen i d e n t i f i c a -  

t i o n  have been i n v e s t i g a t e d  and l a s e r  eng rav ing  has been shown t o  be s u p e r i o r  

i n  genera l .  

3 )  A f i n i t e  element computer model has been developed u t i l i z i n g  a f r i c t i o n -  

gap boundary c o n d i t i o n  t o  a c c u r a t e l y  model t h e  MDBT t o  c o n v e r t  the  e x p e r i -  

mental c e n t r a l  l o a d - d e f l e c t i o n  curves i n t o  s t r e s s / s t r a i n  i n f o r m a t i o n .  Pre- 

l i m i n a r y  r e s u l t s  u s i n g  smal l  s t r a i n  theo ry  show e x c e l l e n t  agreement w i t h  

expe r i  menta 1 data  . 

3.0 Program 

T i t l e :  A l l o y  Development f o r  I r r a d i  t i  n Performance i n  Fusion Reactors 

P r i n c i p a l  I n v e s t i g a t o r s :  0. K. H a r l i n g  and N. J. Grant  



A f f i l i a t i o n :  Nuc lear  Reactor Labora to ry  and M a t e r i a l s  Science and Engineer-  

i n g  Department, Massachusetts I n s t i t u t e  o f  Technology 

4.0 Relevant  OAFS Program P lan  Task/Subtask 

Task I I . C . 7  E f f e c t s  o f  Hel ium and Displacements on Flow 

I I . C . 8  E f f e c t s  o f  Hel ium and Displacements on F r a c t u r e  

I I . C . 9  E f f e c t s  o f  Hydrogen on F r a c t u r e  

I I .C .10  E f f e c t s  o f  S o l i d  Transmutat ion Products  on F r a c t u r e  Behav ior  

I I . C . l l  E f f e c t s  o f  Cascades and F l u x  on Flow 

I I .C.12 E f f e c t s  o f  C y c l i n g  on Flow and F r a c t u r e  

I I .C .13  E f f e c t s  o f  Hel ium and Displacements on Crack I n i t i a t i o n  and 

I I .C.15 E f f e c t  o f  Near Sur face Damage on Fat igue  

I1 .C.19 

Propagat ion 

Comparison o f  ___  I n  S i t u  and P o s t i r r a d i a t i o n  F r a c t u r e  Behav ior  

5.0 Accomplishments and S t a t u s  

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

There e x i s t  many p romis ing  advanced a l l o y  systems f o r  p o s s i b l e  C o n t r o l l e d  

Thermonuclear Reactor a p p l i c a t i o n s  and, o f  course,  w i t h i n  each system myr iads 

o f  thermomechanical t rea tments  and p rocess ing  c o n d i t i o n s  can be developed. 
The mechanical behav io r  o f  pr ime candidates f rom each o f  these a l l o y  systems 

needs t o  be r e a d i l y  determined i n  t h e  p o s t i r r a d i a t e d  s t a t e  i n  a t i m e l y  and 

c o s t  e f f e c t i v e  f a s h i o n .  To t h i s  end, a M i n i a t u r i z e d  Disk  Bend Test  (MDBT) i s  

b e i n g  developed, which i s  p o t e n t i a l l y  capable  o f  de te rm in ing  f rom b i a x i a l  

measurements: 

1. p l a s t i c  s t r e s s / s t r a i n  response 

2.  d u c t i l i t y  

3. s t r e s s  r e l a x a t i o n  behav io r  

4. creep response 

5. c reep d u c t i l  i t y  
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6 .  S-N f a t i g u e  response 

7 .  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 

Disk-shaped specimens a r e  used which a re  no l a r g e r  than  those used f o r  T r a r : s -  

m i ss i on  E l e c t r o n  Microscopy (TEM). I n  a d d i t i o n ,  i n f o r m a t i o n  on c y c l i c  be- 

h a v i o r  c o u l d  be ob ta ined  by use o f  t h e  s tandard  low c y c l e  f a t i g u e  fo r ra l i s . . : s  

u s i n g  i n f o r m a t i o n  f rom the  t e n s i l e  response o f  t h e  m a t e r i a l ,  o r  d i r e c t l y  via 
b rr)- measurements u s i n g  the  MDBT procedure t o  generate  S - N  cu rves .  I n  the  I '  1 u: 

measurements, t h e  s t r e s s  f i e l d  i s  b i a x i a l ,  and the  a n a l y t i c a l  model ing O C  t h e  

exper iment  accounts f o r  m u l t i a x i a l  s t r e s s  s t a t e s .  There fo re  i t  i s  r e a d i l y  

p o s s i b l e  u s i n g  the  MDBT t o  r e p o r t  b i a x i a l  behav io r  as w e l l  as r e f e r e n c i n g  

back t o  the  more conven t iona l  u n i a x i a l  b e h a v i o r .  

Thus, o u t s i d e  o f  f r a c t u r e  toughness, the  MDBT c o u l d  p o t e n t i a l l y  p r o v i d e  : ' l o j t  

o f  the  mechanical behav io r  i n f o r m a t i o n  d e s i r e d  t o  screen many a l l o y  syste,'-s 
i n  t h e  p o s t i r r a d i a t e d  s t a t e .  There a r e  two p r i n c i p a l  conceptua l  i n n o v a t i o n s  

p resen t  i n  t h e  MDBT. The f i r s t  i n n o v a t i o n  i s  t o  use bending t o  e x t r a c t  r ie- 

c h a n i c a l  behav io r  i n f o r m a t i o n  f rom a ve ry  smal l  sample a s  opposed t o  the  :.:ore 

s tandard  approach o f  u s i n g  u n i a x i a l  t e n s i l e  l o a d i n g  r e q u i r i n g  g r i p p i n g  e r t e n -  

s i o n s .  The second i n n o v a t i o n  i s  the  use o f  t h e  f i n i t e  e le inent method t o  ex-  

t r a c t  u s e f u l  eng inee r i ng  i n f o r m a t i o n  f rom t h e  exper imen ta l  d a t a .  N h i l e  t ne  

fo rmer  i n n o v a t i o n  has been suggested and used a l s o  by o t h e r s  

a n a l y t i c a l  model ing,  t h e  l a t t e r  was f i r s t  proposed by Manahan and Argon'\'" 

and d e r i v e s  i t s  m o t i v a t i o n  f rom t h e  impress ion  creep and impress ion  f a t i 7 J e  
t e s t s  desc r i bed  by L i  and coworkers ( 6 - 8 )  

(1-3 ,5)  . w i  '.n 
( 1 '  

The de te rm ina t i on  o f  a s t r e s s / s t r a i n  cu r ve  f rom a pure  bending t e s t ,  u s i n g  

a n a l y t i c a l  express ions,  was f i r s t  r e p o r t e d  by H e r b e r t" )  f o r  c a s t  i r o n  b a r s .  

More r e c e n t l y ,  Cracker") has o b t a i n e d  s t r e s s / s t r a i n  i n f o r m a t i o n  f o r  l a r g e  

d e f l e c t i o n s  and p l a s t i c  s t r a i n s  u s i n g  a t h r e e  p o i n t  r o t a r y  bend t e s t .  He 
uses t h e  same a n a l y t i c a l  express ions  as He rbe r t  and implements a p rog ress i ve  

r e c o n s t r u c t i o n  techn ique  t o  t r a n s f e r  the  moment-angle measurements i n t o  a 

s t r e s s / s t r a i n  r e l a t i o n s h i p .  

l e r  t o  measure f o r c e  and d isp lacement  d u r i n g  b rake fo rming  t o  e s t i m a t e  
S te l son  e t  a1 . ( 3 )  have used an adap t i ve  c o n t t - o l -  - _  
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workpiece parameters w i t h  a microcomputer, which a r e  then used i n  an a n a l y t i -  

c a l  e l a s t i c - p l a s t i c  m a t e r i a l  model t o  p r e d i c t  c o r r e c t  f i n a l  punch p o s i t i o n .  

A l though these e a r l i e r  developments have been u s e f u l ,  p a r t i c u l a r l y  i n  t h e  

meta ls- fo rm ing  i n d u s t r y ,  they  a r e  n o t  r e a d i l y  adaptab le  t o  p o s t i r r a d i a t i o n  

mechanical behav io r  t e s t i n g  because o f  l a r g e  s i z e  and awkward l o a d i n g  c o n f i g u-  

r a t i o n .  

m i n i a t u r i z e d  d i s k  o f  t h e  s i z e  o f  TEM specimens, which we have now developed 

much f u r t h e r .  

t o  p r o v i d e  f o r  d u c t i l i t y  sc reen ing  has a l s o  been under development a t  t h e  

Hanford Eng ineer ing  Development Labora to ry  (HEDL), u s i n g  smal l  s t r a i n  a n a l y t i -  

c a l   expression^'^). The advantage o f  t h e  f i n i t e  element method f o r  data  i n -  

v e r s i o n  t h a t  we a r e  deve lop ing  i s  t h a t  i t  p e r m i t s  t h e  e x t r a c t i o n  o f  b o t h  

p l a s t i c  r e s i s t a n c e  and creep r e s i s t a n c e  f rom t h e  raw data  i n  a d d i t i o n  t o  t h e  

i n f o r m a t i o n  on d u c t i l i t y  f rom i r r a d i a t e d  samples e x h i b i t i n g  moderate t o  l a r g e  

l e v e l s  o f  s t r a i n  t o  f r a c t u r e  and w i t h  a minimum o f  m a t e r i a l .  Recent progress 

on t h e  t a s k  o f  gene ra t i ng  s t r e s s / s t r a i n  and d u c t i l i t y  i n f o r m a t i o n  u s i n g  t h e  

MDBT w i l l  be r e p o r t e d  i n  Sec t ions  5.3-5.5. S e c t i o n  5.2 p r o v i d e s  a b r i e f  d i s -  

cuss ion  o f  t h e  exper imen ta l  approach taken. The reader  i s  r e f e r r e d  t o  

References 4 and 9 f o r  f u r t h e r  d e t a i l s .  

For  t h i s  a p p l i c a t i o n  we have proposed e a r l i e r ( 4 )  a s i m p l y  suppor ted 

We a r e  aware t h a t  a s i m i l a r  specimen and l o a d i n g  c o n f i g u r a t i o n  

5.2 Exper imenta l  Approach 

I n  t h e  MDBT t h e  s imp l y  suppor ted d i s k  i s  c e n t r a l l y l o a l e d .  
which has dimensions o f  3.0 mm x 0.25 mm, r e s t s  i n  a c y l i n d r i c a l  d i e  and t h e  

alumina punch presses t h e  d i s k  i n t o  t h e  c a v i t y  as shown schema t i ca l l y  i n  

F i g u r e  1 .  

The specimen d i sk ,  

The a c t u a l  t e s t  apparatus has been adapted t o  an I n s t r o n  1331 se r vo- hyd rau l i c  

machine w i t h  env i ronmenta l  chamber and i n d u c t i o n  fu rnace  as shown schemati-  

c a l l y  i n  F i g u r e  2. 

t i m e  under cons tan t  impress ion  v e l o c i t y ,  o r  t h e  punch d isp lacement  vs t i m e  

under cons tan t  a p p l i e d  l o a d  a r e  measured. 

t o  t h e  env i ronmenta l  chamber w i t h  MTS a x i a l  extensometers (Type 632.12). 

Dur ing the  t e s t ,  e i t h e r  t h e  a p p l i e d  l o a d  o f  t h e  punch vs 

D e f l e c t i o n s  a r e  measured e x t e r n a l  

The 
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F I G U R E  1 .  Schematic o f  M i n i a t u r i z e d  D i s k  Bend Test  Showing Simply S u p p o r t e d  
Cent ra l  Loading.  

INSTROX CROSSFEAD 

WATER COOLED 
AXIAL UPPE'I PULL R03 

ENVIPOUXEYTAL 

4x1 S Y l l E T P l  c 
LOAD/SI'lP?Y 

SUPPLY AXIAL EXTENSO'IETER '~\C:;;;m 
INSTRON ACTUATOR 

FIGURE 2 .  M i n i a t u r i z e d  D i s k  Bend Tes t  Exper imenta l  C o n f i g u r a t i o n .  
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maximum e r r o r  i n  d e f l e c t i o n  measurement over  t he  e n t i r e  c a l i b r a t e d  range i s  

0.00254 mn. 
v i des  accura te  l o a d  measurement. The maximum e r r o r  i n  l o a d  measurement over  

t h e  e n t i r e  c a l i b r a t e d  range i s  6.67 N. 
apparent s t r a i n  e f f e c t s  due t o  temperature d r i f t s .  The l oad  c e l l  i s  p laced  

i n  t he  env i ronmenta l  chamber t o  e l i m i n a t e  e f f e c t s  due t o  f r i c t i o n a l  f o r c e s  

a t  t he  upper be l lows  s e a l .  

A water  coo led  l o a d  c e l l  us ing  semi-conductor s t r a i n  gauges p r o -  

The water  c o o l i n g  e l i m i n a t e s  any 

The t e s t  apparatus i s  shown i n  F igure  3 i n  exploded v iew.  Most i n t e r f a c e s  i n  

t he  l o a d  t r a i n  a r e  p res t ressed  t o  m i n i n i z e  n o n l i n e a r  c o n t a c t  f o r ces .  

d e n s i t y  alumina was chosen f o r  t h e  punch and d i e  m a t e r i a l  because o f  i t s  

l a r g e  compressive s t r e n g t h ,  good wear r e s i s t a n c e ,  and low thermal conduc t i v -  

i t y  compared w i t h  t he  s t e e l  specimens. 

m a t e r i a l  because i t s  low thermal expansion c o e f f i c i e n t  matches t h a t  o f  t he  

s t r a i n  gauges and thus e s s e n t i a l l y  e l i m i n a t e s  apparent  s t r a i n  e f f e c t s  f rom 

temperature v a r i a t i o n s .  

t u r e  were f a b r i c a t e d  from 304SS t o  p rov ide  some thermal expansion and thus 

m a i n t a i n  s imp ly  supported c o n d i t i o n s  a t  e l e v a t e d  temperatures.  

compression rods a r e  wate r  cooled, hea t  l o s s  v i a  conduc t ion  through them i s  

reduced by us ing  ceramic washers i n  t h e  l o a d  t r a i n .  

d l i n g  system has been designed t o  f a c i l i t a t e  r a d i o a c t i v e  specimen hand l i ng  

and p o s i t i o n i n g .  

High 

I n v a r  was chosen f o r  t he  l o a d  t r a i n  

The p o s i t i o n i n g  washer and upper d i s k  suppor t  s t r u c -  

Since the  

A s u c t i o n  operated han- 

The MDBT has been designed t o  opera te  a t  e l e v a t e d  temperatures.  

two thermocouples (TC) permanent ly a t t ached  t o  t he  upper d i s k  suppor t  s t r u c -  

tu re ;  one f o r  c o n t r o l ,  and one f o r  r e c o r d i n g .  For c a l i b r a t i o n  purposes, a 

smal l  d iameter  TC was s i l v e r  so ldered  t o  t h e  d i s k  and the  temperature c a l i -  

b r a t e d  w i t h  t h e  permanent c o n t r o l  TC, which i s  l o c a t e d  i n  t he  upper d i s k  sup- 

p o r t  s t r u c t u r e .  Wi th  t he  p resen t  des ign o f  t h e  MDBT apparatus,  t e s t i n g  i s  

c u r r e n t l y  c a r r i e d  o u t  i n  an i n e r t  gas atmosphere a f t e r  t h e  env i ronmenta l  

chamber has been pumped down and f l u s h e d  severa l  t imes.  

There a r e  
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COLLET 
ASWlBLY 

I 1 lNVAR _- I 

Locotor 1 1 I 

Punch lcer-~c 

Ins '11a1 :or 

STRUCTURE 1 

F I G U R E  3 .  M i n i a t u r i z e d  Disk  Bend Tes t  Apparatus.  

5 . 3  Exper imenta l  R e p r o d u c i b i l i t y  

Exper imenta l  R e p r o d u c i b i l i t y  f o r  t e n  separa te  t e s t s  a t  room temperature i s  

shown i n  F i g u r e  4.  The t e s t e d  m a t e r i a l  w a s  316SS w i t h  Z O ' ,  c o l d  work (C! , l ) .  

Th is  m a t e r i a l  was chosen because the  mechanical  behav io r  has been w e l l  

1 

' M a t e r i a l  ob ta i ned  f rom HEDL i n  r o l l e d  sheet  0.348 mm t h i c k ;  hea t  d e s i g n a t i o n  
87210; HEDL N-LOT. For  t h i s  we a r e  g r a t e f u l  t o  O r .  J .  St raa lsund ,  D r .  R .  \ , I .  
Powel l ,  and D r .  M. Paxton. 
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c h a r a c t e r i z e d  and shou ld  serve  as a good v a l i d a t i o n  o f  t h e  MDBT. The spec i -  

mens were stamped f rom r o l l e d  sheet  t o  a d iameter  o f  3 .0  1 0,0076 mm and suh- 

sequen t l y  p r e c i s i o n  lapped t o  a t h i ckness  o f  0 . 2 5 4  - 0 .00254 tiirn. 

Al ignment  o f  t h e  punch and d i e  as w e l l  as specimen c e n t e r i n g  a r e  c r i t i c a l  

s i n c e  d i s k  s t i f f n e s s  inc reases  w i t h  e c c e n t r i c i t y  o f  l o a d i n g .  There a r e  t d o  

b a s i c  c o n t r i b u t i o n s  t o  t o t a l  e c c e n t r i c i t y  which a r e  o f  p r ime in ipor tance:  1 1  

punch a x i s  o f  symmetry n o t  c o i n c i d e n t  w i t h  d i e  a x i s  o f  symmetry, and 2 )  des ig?  

t o l e rances  f o r  d i e ,  p o s i t i o n i n g  washer, upper d i s k  suppo r t  s t r u c t u r e ,  and 

specimen o u t e r  d iameter .  The former e c c e n t r i c i t y  has been reduced by a s i n g  a 

p r e c i s i o n  a l i gnmen t  f i x t u r e ,  and t h e  l a t t e r ,  by  c a r e f u l  expe r imen ta t i on  and by 

accu ra te  mach in ing  o f  key components. The t o t a l  e c c e n t r i c i t y  o f  l o a d i n g  w a s  

measured and found  t o  be app rox ima te l y  0.0178 mm f o r  a l l  t h e  curves  i n  F i g .  4 .  

For  t h i s  e c c e n t r i c i t y ,  t h e  c e n t r a l  l o a d - d e f l e c t i o n  curves  f o r  t h e  t e n  t e s t s  

f e l l  w i t h i n  a band t h a t  i s  o n l y  1.8.: o f  t h e  mean a l ong  the  e n t i r e  cu r ve .  An 

e a r l i e r  r e p r o d u c i b i l i t y  i n v e s t i g a t i o n  w i t h  a t o t a l  e c c e n t r i c i t y  o f  a p o r o x i -  

ma te l y  0.0635 mm was r e p o r t e d  i n  Ref .  9 f o r  room temperature on t e n  satnples o f  
t h e  same m a t e r i a l .  I n  t h i s  case,  t h e  r e p r o d u c i b i l i t y  hand was 3 . 0  o f  t h e  

mean a l o n g  t h e  e n t i r e  cu rve .  

The c e n t r a l  l o a d - d e f l e c t i o n  r e p r o d u c i b i l i t y  i s  as good as o r  b e t t e r  t han  t n a t  

no rma l l y  a t t a i n a b l e  i n  conven t i ona l  mechanical behav io r  t e s t i n g  o f  rmater ia ls  

f rom a g i v e n  h e a t .  The American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  (,4STh!) i s  

deve lop ing  q u a n t i t a t i v e  es t ima tes  o f  t h e  p r e c i s i o n  and accurac:/ o f  t h e  methods 

s e t  f o r t h  i n  Standard E8, "Tension T e s t i n g  o f  M e t a l l i c  M a t e r i a l s " ( l 0 ) .  The 

ASTM c u r r e n t l y  adv ises  t h a t  s ta tements  on  accuracy shou ld  he l i m i t e d  t o  t h e  

documented performance o f  p a r t i c u l a r  l a b o r a t o r i e s .  Ref.  11 r e p o r t s  a x i a l  ten-  

s i l e  da ta  f o r  Fas t  Tes t  Reactor  p r o t o t y p i c  f u e l  c l a d d i n g  l o t s .  

room tempera tu re  were r e p o r t e d  f o r  t h e  N-LOT m a t e r i a l .  

p a r i s o n  w i t h  MOBT data,  95', conf idence l i n i i  t s ,  assuming a normal d i s t r i b u t i o n ,  

were c a l c u l a t e d  f o r  t h e  0.2': y i e l d  s t r e s s  and t h e  e n g i n e e r i n g  U l t i m a t e  T e n s i l e  

S t r e n g t h  (UTS) f rom t h e  da ta  i n  Ref.  11 .  The con f idence l i m i t s  were found t o  

be ? 1.75% o f  t h e  mean f o r  t h e  0.2:; y i e l d  s t r e s s ,  and i 0.95' o f  t h e  mean f o r  

t h e  UTS.  L ikewise ,  95% conf idence l i m i t s  f o r  t h e  l o a d  response were c a l c u l a t e d  

Nine t e s t s  a t  

For purposes o f  corii- 



u s i n g  t h e  MDBT da ta  i n  F ig .  4 f o r  a c e n t r a l  d e f l e c t i o n  o f  0.76 mm. The c o n f i -  

dence l i m i t s  i n  t h i s  case were found t o  be f 0.52% o f  t h e  mean. Work i s  c u r -  

r e n t l y  underway t o  determine t h e  accuracy o f  t h e  f i n i t e  element model i n  con- 

v e r t i n g  t h e  exper imenta l  da ta  i n t o  s t r e s s / s t r a i n  i n f o r m a t i o n .  

The r e p r o d u c i b i l i t y  f o r  500°C t e s t s  i sshown i n  F ig .  5 f o r  t h e  same m a t e r i a l .  

T h i s  m a t e r i a l  has been shown t o  have n e g l i g i b l e  s t r a i n  r a t e  dependence a t  t h i s  

temperature ( 1 2 )  f o r  s t r a i n  r a t e s  i n  the  range o f  10-5sec-1 t o  1 0  sec-’ and, 

t h e r e f o r e ,  a conven ien t  punch v e l o c i t y  of 4.23 x mm/sec was chosen. Th is  

v e l o c i t y  corresponds t o  a s t r a i n  r a t e  o f  approx imate ly  10-3sec-1. 

e c c e n t r i c i t y  was approx imate ly  0.178 mm, and t h e  f i v e  c e n t r a l  l o a d - d e f l e c t i o n  

curves a l l  f e l l  w i t h i n  1.4% o f  t h e  mean a l ong  t h e  e n t i r e  curve.  Exper imental  

r e p r o d u c i b i l i t y  i n  general  has been judged  t o  be q u i t e  good and t o t a l  eccen- 

t r i c i t i e s  o f  l e s s  than  0.0254 mm a r e  ach ievab le  i n  p r a c t i c e  and produce e r r o r s  

i n  t e s t  r e s u l t s  which a r e  comparable t o  o r  l e s s  than  o t h e r  exper imenta l  and 

a n a l y t i c a l  model ing u n c e r t a i n t i e s .  

The t o t a l  

Demonstrat ion o f  e l e v a t e d  temperature r e p r o d u c i b i l i t y  i s ,  o f  course, o f  pr ime 

importance s i n c e  a l l  exper imenta l ,  geometr ic  and m a t e r i a l  v a r i a b l e s  c o n t r i b u t e  

t o  the  data  spread. 

f o r  m i n i a t u r i z e d  samples. However, t h i s  i s  n o t  the  case f o r  t h e  MDBT as e v i -  

denced by t h e  rep roduc i  b i  l i ty curves.  Two o f  the  rep roduc i  b i  l i ty samples i n  

t h e  p r e-  and pos t- ben t  s t a t e  were sect ioned,  p o l i s h e d ,  and examined u s i n g  a 
Bausch and Lomb o p t i c a l  research meta l log raph .  There were approx imate ly  s i x  

g r a i n s  th rough  t h e  th i ckness  and approx imate ly  70 g r a i n s  across t h e  d iamete r  

f o r  t h e  N-LOT m a t e r i a l .  Cons ider ing t h a t  about 10 g r a i n s  p robab ly  rep resen ts  

a l o w e r  l i m i t  t o  ach ieve cont inuum behav ior ,  i t  i s  c l e a r  t h a t  i n  the  through 

t h i c kness  d i r e c t i o n  t h i s  i s  n o t  t h e  case. However, t h e  s t r e s s  components and 

t h e  p l a s t i c  s t r a i n s  t h a t  l e a d  t o  f r a c t u r e  a r e  approx imate ly  tangen t  t o  t h e  

c u r v a t u r e  throughout  t h e  de fo tmat ion .  .Therefore,  t h e  number o f  g r a i n s  across 

t h e  d iameter  i s  more impo r t an t  than t h e  number th rough  t h e  th i ckness .  

i s  one o f  t h e  main reasons why t h i s  l o a d i n g  c o n f i g u r a t i o n  was chosen. 

m a t e r i a l s  w i t h  s m a l l e r  g r a i n  s i zes ,  such as those produced by r a p i d  s o l i d i f i -  

c a t i o n ,  these cons i de ra t i ons  a r e  o f  even 125s concern s ince,  i n  genera l ,  con- 

t inuum behav io r  through the  th i ckness  i s  ach ieved t h e r e  as w e l l .  

I n  p a r t i c u l a r ,  g r a i n  s i z e  e f f e c t s  can be q u i t e  l i m i t i n g  

T h i s  

For 
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5.4 Specimen I d e n t i f i c a t i o n  Study 

S ince t h e  MDBT i s  b e i n g  developed p r i m a r i l y  f o r  p o s t i r r a d i a t i o n  a p p l i c a t i o n s ,  

i t  i s  i m p e r a t i v e  t h a t  a method o f  i d e n t i f y i n g  specimens w i t h o u t  a l t e r i n g  t h e  

k i nema t i c  response be i n v e s t i g a t e d .  

t h a t  t h e  i d e n t i f i c a t i o n  c h a r a c t e r i s t i c  be v i s i b l e  on remote c l osed  c i r c u i t  

t e l e v i s i o n  cameras f o r  h o t  c e l l  s o r t i n g  o f  t h e  samples. Three methods o f  

i d e n t i f i c a t i o n  have been i n v e s t i g a t e d :  1 )  r a d i a l  s l i t t i n g ,  2 )  s t y l u s  en- 

g r a v i n g  and 3 )  l a s e r  engrav ing.  

A second c r i t e r i o n  t o  be cons idered  i s  

5.4.1 Radia l  S l i t t i n g  

Three r a d i a l  s l i t s  0.254 mm wide were c u t  th rough  t h e  t h i c k n e s s  on t h e  o u t e r  

specimen edge approx iamte ly  0.254 mm a p a r t .  

f o r  a g i v e n  specimen were 0.254 mm and 0.127 mm r e s p e c t i v e l y .  

r a d i a l  dep th  i s  j u s t  v i s i b l e  i n  remote cameras i n  normal p r a c t i c e .  The 

fo rmer  r a d i a l  depth  was chosen because i t  i s  t h e  l e n g t h  o f  t h e  p o r t i o n  o f  t h e  

specimen which i n i t i a l l y  r e s t s  on t h e  f l a t  p a r t  o f  t h e  d i e  i n  t h e  MDBT. 

specimens were f a b r i c a t e d  f rom 316SS w i t h  20% CW (N-LOT) and t e s t e d  a t  room 

temperature.  I n  b o t h  cases t h e  c e n t r a l  l o a d - d e f l e c t i o n  curves f e l l  below t h e  

r e p r o d u c i b i l i t y  band f o r  the  same mater ia1,as shown i n  F i g u r e  6. The removal 

o f  m a t e r i a l  f rom t h e  o u t e r  edge r e s u l t s  i n  a decrease i n  p l a t e  s t i f f n e s s .  No 

cracks were found near  t h e  s l i t s .  T h i s  method o f  i d e n t i f i c a t i o n  has been 
abandoned f o r  a l l  f u t u r e  i r r a d i a t i o n s .  

The r a d i a l  depths o f  t h e  s l i t s  

The l a t t e r  

The 

5.4.2 Sty1 us/Laser Engrav ing 

An a l t e r n a t i v e  method o f  specimen i d e n t i f i c a t i o n  i s  t o  engrave alphanumeric 

cha rac te r s  on one o r  b o t h  specimen su r faces .  S t y l u s  engrav ing  ploughs t h e  

m a t e r i a l  and leaves a t r a c k  w i t h  a m a t e r i a l  l i p  p r o t r u d i n g  above t h e  specimen 

su r face .  Laser engrav ing  e x f o l i a t e s  t h e  m a t e r i a l  by a b l a t i o n  and a l s o  leaves 

a t r a c k  w i t h  a p r o t r u d i n g  l i p .  We can q u a n t i f y  these processes somewhat by 

measur ing t h e  h e i g h t  o f  t h e  l i p  f rom t h e  specimen su r face ,  the  w i d t h  o f  t h e  
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t r a c k  a t  t h e  specimen sur face,  and t h e  dep th  o f  t h e  t r a c k  f rom t h e  specimen 

su r face .  Table I l i s t s  measurements o f  these  parameters f o r  t h e  t h r e e  spec i-  

men groups examined. 

micrometer .  Group 1 was engraved by hand a t  M.I.T. and t h e  t r a c k s  were r e l a -  

t i v e l y  sha l l ow  and narrow. Tests on N-LOT m a t e r i a l  a t  room temperature were 

performed on specimens w i t h  one and two s ides  engraved and t h e  c e n t r a l  l o a d-  

d e f l e c t i o n  curves were found t o  be w i t h i n  the  r e p r o d u c i b i l i t y  band f o r  t h i s  

m a t e r i a l ,  as shown i n  F igu re  6 .  

The measurements were made u s i n g  an o p t i c a l  dep th  

Group 2 specimens were prepared a t  Hanford Eng ineer ing  and Development Labora- 

t o r y  (HEDL) and were s t y l u s  engraved. 

t i v e l y  wide and deep. These specimen dimensions were 3 mm x 0.31750 mm and 

the  m a t e r i a l  was N-LOT. The c e n t r a l  l o a d - d e f l e c t i o n  curves f o r  t h e  engraved 

samples were found t o  be q u i t e  d i f f e r e n t  f rom t h e  unengraved samples a t  room 

temperature and a t  500"C, as shown i n  F i g u r e  7. 

1 The t r a c k s  were one s i d e d  and r e l a -  

Group 3 specimens, hav ing  t h e  same dimensions as those o f  Group 2, were a l s o  

prepared and l a s e r  engraved on one s i d e  a t  HEOL. 

curves f o r  t h e  engraved and unengraved Group 3 samples were found t o  be w i t h i n  

expected r e p r o d u c i b i l i t y  bands f o r  room temperature and 500°C. 

The c e n t r a l  l o a d - d e f l e c t i o n  

. 

In  summary, s t y l u s  engrav ing  i s  i n  genera l  accep tab le  p rov i ded  t h e  cha rac te r  

t r a c k s  a r e  r e l a t i v e l y  narrow and sha l low.  Wide and deep t r a c k s  cause a p l a t e  
s t i f f n e s s  r e d u c t i o n .  However, one- s ided l a s e r  engrav ing  i s  somewhat more de- 

s i r a b l e  because t h e  e x f o l i a t e d  l i p  h e i g h t  i s  g r e a t e r  than  t h e  l i p  ob ta ined  by 

sha l l ow  s t y l u s  t r a c k s  and i s  t h e r e f o r e  more v i s i b l e  f o r  h o t  c e l l  s o r t i n g  a f t e r  

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

5.5 

The f i n i t e  element a n a l y s i s  o f  t h e  MDBT da ta  i s  e s s e n t i a l  f o r  t h e  convers ion  

o f  t h e  expe r imen ta l l y  determined c e n t r a l  l o a d - d e f l e c t i o n  cu rve  t o  s t r e s s /  

s t r a i n  i n f o r m a t i o n .  I n  o r d e r  t o  a c c u r a t e l y  ana lyze  t h i s  h i g h l y  n o n l i n e a r  

'We a r e  g r a t e f u l  t o  D r .  D. Peterson f o r  specimen p r e p a r a t i o n .  
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TABLE I 
STYLUS/LASER-ENGRAVED PARAMETER MEASUREMENTS 

sty1 us 
Engraved 

Character  h e i g h t  f rom 

specimen s u r f a c e  

Track w i d t h  a t  spec i-  

men s u r f a c e  

Track depth f rom spec i  

men s u r f a c e  

s t y 1  us 
Engr 

(mm) 

0.0127- 

0.02032 

0.127- 

0.254 

0.01 27- 

0.03302 

ed 

( i n )  

0.0005- 

0.0008 

0.005- 

0.010 

0.0005- 

0.0013 

3 
Laser  

boundary va lue problem w i t h  s h i f t i n g  con tac ts ,  a model t o  reproduce the f r i c -  

t i o n a l  c o n t a c t  has been developed f o r  t h e  s u p p o r t ( 1 3 ) .  A s i m i l a r  model w i t h  

the  a d d i t i o n a l  boundary c o n d i t i o n  o f  punch v e l o c i t y  has a l s o  been developed. 

There i s  exper imenta l  evidence t h a t  suggests t h a t  a t  t h e  c e n t e r  o f  l o a d i n g  the  

specimen may separate  f rom t h e  punch and leave  o n l y  an annu la r  s e c t i o n  i n  con- 

t a c t  f o r  a punch t i p  r a d i u s  o f  0.508 mm. I n  a l l  exper iments u s i n g  t h i s  s i z e  

punch, t h e  specimen was s tuck  on the  punch t i p  a f t e r  l a r g e  p l a s t i c  s t r a i n s .  

I n  a d d i t i o n ,  f r a c t u r e  has been observed t o  occu r  a t  a r a d i a l  l o c a t i o n  o f  ap- 

p r o x i m a t e l y  0.254 mm f o r  302SS shim s tock .  T h i s  i s  due t o  t h e  f a c t  t h a t  the  

punch t i p  i s  o f  f i n i t e  r a d i u s  and causes an a b r u p t  change i n  specimen curva-  

t u r e  a t  t h i s  l o c a t i o n .  Thus, i t  i s  a n t i c i p a t e d  t h a t  t h e  f r i c t i o n - g a p  model, 

a p p l i e d  a t  t h e  suppo r t  and a l s o  a t  t h e  punch, w i l l  p rove  e s s e n t i a l  i n  accu- 

r a t e l y  p r e d i c t i n g  t h e  specimen c u r v a t u r e  as a f u n c t i o n  o f  c e n t r a l  d e f l e c t i o n  

and a l s o  i n  p r e d i c t i n g  t h e  f r a c t u r e  l o c a t i o n .  F u r t h e r  exper imenta l  evidence 

i l l u s t r a t i n g  t h e  importance o f  a c c u r a t e l y  model ing t h e  punch boundary cond i-  

t i o n  i s  shown i n  F igu re  8, where t h e  punch t i p  r a d i u s  i s  v a r i e d  w h i l e  a l l  

o t h e r  exper imen ta l  v a r i a b l e s  a r e  h e l d  cons tan t .  
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The ABAQUS ( I 4 )  computer code was chosen f o r  t h i s  model ing a p p l i c a t i o n  because 

o f  i t s  s u p e r i o r  n o n l i n e a r  c a p a b i l i t i e s  and the  f a c t  t h a t  i t  a l ready  con ta ins  

a s imp le  two body s i n g l e  node f r i c t i o n a l - g a p  model a p p l i c a b l e  t o  Car tes ian  

space. The code uses c l a s s i c a l  Colomb f r i c t i o n  w i t h  a s t i f f n e s s  i n  s t i c k  

method t o  a i d  convergence. 

b l ock  t o  a c c u r a t e l y  r ep resen t  m u l t i p l e  node f r i c t i o n  c o n t a c t  boundary cond i-  

t i o n s  f o r  e s s e n t i a l l y  any geometry by t he  i n t r o d u c t i o n  o f  t he  shadow node con- 

c e p t  t h a t  he lps  mon i t o r  t he  r e g i o n  o f  c o n t a c t  between a r i g i d  suppor t  and a 

deforming s t r u c t u r e  i n  c o n t a c t  w i t h  i t .  The d e t a i l s  o f  t h i s  f i n i t e  element 

development w i l l  be presented i n  f u t u r e  r e p o r t s  and papers.  I t  w i l l  s u f f i c e  

here t o  s t a t e  t h a t  t h e  m u l t i p o i n t  c o n s t r a i n t  equat ions due t o  such s l i d i n g  

con tac t s  have been i nco rpo ra ted  i n t o  t he  ABAQUS program as  subrou t ines .  

This s imple model can be used as a bas i c  b u i l d i n g  

The v a l i d i t y  o f  t he  MDBT must be demonstrated f o r  a m a t e r i a l  w i t h  w e l l  charac-  

t e r i z e d  t e n s i l e  p r o p e r t i e s  be fo re  i t  can be s a f e l y  used i n  p r a c t i c e .  

LOT m a t e r i a l  was chosen f o r  t h i s  purpose. 

p l i s h e d ,  t he  MDBT can be used t o  determine mechanical behav io r .  The known 

t e n s i l e  p r o p e r t i e s  o f  t he  N-LOT m a t e r i a l  were used a s  code i n p u t .  

lem a t  hand, there fo re ,  reduces t o  t h a t  o f  genera t ing  t h e  c e n t r a l  l oad-  

d e f l e c t i o n  curve us ing  the  f i n i t e  element method. 

r e s u l t s  a re  shown i n  F igure  9. Twenty e ight- noded two dimensional  a x i s y m e t r i c  

continuum elements were used f o r  t h i s  a n a l y s i s  and t h e  punch and d i e  f r i c t i o n -  

gap models were implemented. M u l t i l i n e a r  hardening was used. The smal l  

s t r a i n  t heo ry  i n  ABAQUS-3 was used and i s  v a l i d  up t o  approx imate ly  5% s t r a i n .  

I t  was found t h a t  s i g n i f i c a n t  p o r t i o n s  of  t h e  p l a t e  had exceeded 5% s t r a i n  f o r  
c e n t r a l  d e f l e c t i o n s  l e s s  than  0.254 mm. 

theory  i s  necessary t o  analyze m a t e r i a l s  w i t h  moderate t o  l a r g e  d u c t i l i t y .  

Work i s  c u r r e n t l y  underway t o  implement t he  f i n i t e  s t r a i n  v e r s i o n  o f  ABAQUS. 

Also, t h e  convergence parameters were q u i t e  generous f o r  t h e  r e s u l t s  shown i n  

F igure  9. Never the less,  the agreement o f  t h e  f i n i t e  element mod21 wiLh the  

exper imenta l  data i s  shown t o  be q u i t e  good. 

mesh re f inement ,  t i g h t e r  convergence parameters,  and f i n i t e  s t r a i n  model ing 

w i l l  enable a n a l y t i c a l  model p r e d i c t i o n  o f  t he  e n t i r e  exper imenta l  curve.  

The N- 
O f  course, once t h i s  i s  accom- 

The prob-  

P r e l i m i n a r y  f i n i t e  element 

I t  i s  obv ious t h a t  f i n i t e  s t r a i n  

I t i s  a n t i c i p a t e d  t h a t  f u r t h e r  
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DEFOFUIED CWFIGURATION AT l00X 

FIGURE 10. Finite Element Model Prediction o f  Displaced Disk for Central 
Punch Displacement of 0.254 mm. 

STRAIN CONTWR IN UJDEFORKD CONFIGURATION 

FIGURE 11. Finite Element Model Prediction o f  Equivalent Plastic Strain Contour 
for Punch Displacement of 0.254 m, Referenced Back to Underformed 
Configuration. 
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The deformed c o n f i g u r a t i o n  o f  ha1 f t h e  p l a t e  superimposed on the  undefor ~d 

c o n f i g u r a t i o n  i s  shown i n  F i g u r e  1 0  f o r  a c e n t r a l  d e f l e c t i o n  o f  0.254 rnrn. The 

model p r e d i c t s  sepa ra t i on  o f  t h e  punch and p l a t e  a t  t h e  c e n t e r  when t h e  punch 

d isp lacement  i s  0.0762 mm. F i g u r e  11 p resen ts  s t r a i n  con tours  i n  t h e  un- 

deformed c o n f i g u r a t i o n  cor responding t o  a c e n t r a l  d e f l e c t i o n  o f  0.254 mm. 
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AN APPROACH TO SMALL SCALE DUCTILITY TESTS 

M. Dooley, G. E. Lucas, J. W. Sheckherd (University of California, 
Santa Barbara) 

1 .o Objective 

The purpose of this aspect of the program is to develop test techniques to 

extract mechanical property information from small volume specimens either 

being used or  planned for use in neutron irradiation experiments f o r  the 

fusion materials development program. 

2.0 Summary - 

A study was undertaken to investigate the potential applicability of a 

bulge test for extracting ductility information from small, thin sheet 

specimens. A bulge testing apparatus was fabricated and used to test to 
failure 13 different materials under balanced biaxial tension. Uniaxial 

tensile data were also obtained for these materials. The bulge test was 

found to be useful in characterizing plastic instability and in evaluating 

a ductile failure parameter. 

3 . 0  Program 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor 

Materials Development 

Principal Investigators: G.R. Odette and G.E. Lucas 

Affiliation: University of California, Santa Barbara 
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4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical Properties 

Subtask C Correlation Methodology 

5.0 Accomplishments and Status 

5.1 Introduction 

Near term devices which are (or will be) available to provide high energy 

neutron irradiation environments for the fusion materials development 

program have, by their nature, somewhat limited test volumes. A need 

therefore exists to develop small volume specimens and the test techniques 

necessary to extract both microstructural and mechanical property 

information from them. One such test is a ductility test. 

Quantitatively, ductility bas numerous definitions which has, at times, 

led to some ambiguity in discussions of ductility. However, 

qualitatively, ductility is taken as the ability of a material to 

plastically deform without failing. Changes in ductility with neutron 

irradiation are of particular interest to the fusion materials program for 

several reasons. Ductility has some engineering significance for 

structural design. Moreover, ductility is sensitive to certain 
microstructural features, especially small second phase particles and 

extended defects; thus ductility changes can be used to monitor 

microstructural and microchemical evolution. Finally, ductility 

parameters may serve as important input to fracture correlation models and 

failure criteria I11  

In addition to the standard tensile test a number of techniques have been 

developed to measure ductility. Many of these have been developed in 

conjunction with the sheet metal forming industry to address the question 

of stress state effects. Such tests include the hydraulic bulge test , 
sheet stretching over hemispherical punches [ 3 1 ,  the Swift ' 4 1 ,  Fukui , 

[21 

[5 1 
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[ S I  and Marciniak 16] cup tests, sheet bend tests [’I and punch tests 

More recently a disc bend test has been developed to assess the relative 

ductility of irradiated TEM discs [’I .  In addition, a considerable 

literature has evolved to address the question of interpreting the data 

generated in these tests in terms of a metal’s ability to deform and its 

susceptibility to fail under multiaxial stresses. 

Of the tests developed, sheet stretching over a hemispherical punch -- 
referred to here as a bulge test - -  has received the most attention, both 
analytically and experimentally. Consequently, this study was undertaken 

to assess 1 )  the adequacy of existing theories and analyses for extracting 

from the bulge test information pertinent to the fusion materials 

development program and 2 )  the potential for scaling the bulge test down 

to TEM disc-type specimens. 

5 . 2  Background 

From a review of existing theories and analyses of the bulge test, it is 

evident that the bulge test may be generally useful in characterizing two 

types of phenomena which affect ductility; namely, plastic instability and 

failure. Typically, plastic deformation prior to failure consists 

initially of uniform deformation after which plastic instability results 

in some nonuniform thinning, or necking, of the sample. The nature of 

this necking may be diffuse or localized 1 3 ’ .  Specifically, then, the 

bulge test may be useful in characterizing 1) the onset and nature of the 

plastic instability and 2 )  the magnitude of the local plastic deformation 

prior to failure under a specific biaxial stress state. More importantly, 

however, the possibility exists to use the bulge data in conjunction with 

instability or failure criteria to predict these phenomena for a general 

state of stress. 

The criterion for plastic instability is still under debate although the 

picture is improving. ConsidGre ‘lo] originally proposed an instability 

criterion which was later generalized by Keeler and Backofen L 3 ’  to 
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predict both localized and diffuse necking for uniaxial and biaxial stress 

states. Although their theory predicted that localized necking would not 

occur for balanced biaxial tension, such necking was observed 

experimentally [61 ; and considerable theoretical and experimental work to 
understand this has ensued [6'11'121. Most recently, Ghosh [13 '  and Ghosh 

and Hecker [14] have proposed that the onset of diffuse and localized 

necking occurs in the bulge test as the result of the particular strain 

and strain rate distributions which arise from imposed geometric and 

frictional constraints and not as a consequence of some existing or 

imposed inhomogeneity in the sample. The theory, supported by 

experiments, may be applied to predict the onset of local plastic 

instability - if the strain history of the specimen can be predicted, and if 

the constitutive equation of the material (specifically the strain 

hardenability and strain rate sensitivity) is known. This may be compli- 

cated, however, by the stress state dependence of strain hardening . [ I21  

As in the case of plastic instability, a number of criteria have been 

proposed to describe ductile failure in thin sheets and thus to predict 

the total strain to failure under various stress states. Included in 

these failure criteria are such continuum mechanics relations as the 

"maximum shear stress" [15', "maximum volume strain" ' 7 1 ,  and "maximum 

tensile work" [16] rules, as well as criteria based on the micromechanisms 

of ductile fracture, such as the shear linking or coalescence of voids 
117 '181 .  In general, these theories all predict a decrease in the total 

strain to failure with increasing hydrostatic tension. However, there 

seems to be conflicting evidence about the applicability and usefulness of 

these theories, especially with respect to bulge testing of thin sheet 

samples. 

_ _ _ _ _  

To further evaluate existing instability and failure criteria and to 

evaluate the scalability of the bulge test itself, a research program was 

initiated in three parts. The first part of the program was directed at 

using the finite-difference, finite-element code STEALTH [''I to track the 

strain history of the bulge sample. This would be quite useful, for 
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instance, in coupling with the plastic instability criterion of Ghosh and 

Hecker ‘14]. This aspect of the program is ongoing and is not reported 

here. The second part of the program addressed the usefulness of several 

ductile failure criteria in predicting failure for planar stress states by 

means of comparisons between uniaxial and balanced biaxial failure data. 

The third part of the program addressed the scalability of the bulge test 

to small sample sizes. The results of these latter parts of the program 

are described below. 

5.3 Experimental Procedure 

Thirteen metals were selected for testing. These were copper, aluminum, 

yellow brass, mild steel and stainless steel in various metallurgical 

conditions ranging from highly cold-worked to recrystallized. All metals 

were obtained as sheet stock 0.51mm or 0.64mm in thickness. 

For baseline data, tensile tests were performed on flat tensile specimens 

with a gage section 2.54cm long x 0.635cm wide machined from the sheet 
stock. A square grid of 0.20mm wide lines spaced 1.Omm apart was applied 

to the gage section of each sample by a photoetch/bluing technique. Three 

samples of each material type were tested in an Instron 1122 testing 

machine at a cross head speed of O.O2lmm/s. Macroscopic gage length 

displacements were determined with a clip gage extensometer. Local grid 

deformations, including deformations at the failure site, were determined 

along both principal axes by measuring the grids directly with a 

travelling microscope and by measuring micrographs of the grids. 

Through-thickness strains were measured with a micrometer and by measuring 

micrographs of the sample after it had been sectioned and mounted on its 

side in a metallographic mount. The data were analyzed to determine K and 
n (in the parabolic hardening relation u = K& , where u is the flow stress 
at a true plastic strain &) ,  R (the planar anisotropy coefficient), the 

uniform tensile strain , and the three principal strains at failure 
(where 1 = test axis, 2 = width, 3 = thickness 

direction). In all cases, a final localized neck formed which was smaller 

n 

t 

t t 
and Gf &f ’ “2f 
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in extent than the grid. Hence ct was taken as the negative sum of F. t 
If 2f 

and st . 
are shown in Fig. 1. 

A typical tensile sample and its corresponding photomicrographs 
3f 

Bulge tests were performed on samples large relative to TEM discs to 

facilitate testing and to develop a working understanding of the test 

parameters important for scaling down the sample size. The bulge test 

apparatus, which is shown in Fig. 2, was used in the following way. The 

two plates were used to clamp square samples of various sizes beneath a 

right cylindrical hole in the upper plate and over a t.apered hole in the 

bottom plate. The radius of the taper shoulder was 0.635 cm, the same as 
the cylindrical hole. The assembly was mounted in an MTS 810 testing 
machine, which was used to force a small ram, tipped with a 1.27cm 

diameter steel ball, through the top hole and into the sample. By backing 

the sample with a neoprene sheet, the sample could be forced to fail at 

the tip of the ram where the stress state was one of balanced biaxial 

tension. Failure was signaled by a sudden load drop. 

The most important scaling parameters were found to be the ratio of the 

sample width to the hole diameter and the ratio of the sample width to 

thickness. For samples with width-to-thickness ratios below 30 and a 

width-to-hole-diameter ratio less than 3 (i.e., a sample width less than 

4.0  cm) there was insufficient material around the edges to keep the 

sample clamped in place during bulging. 

To facilitate strain analysis of bulged samples, a square grid of 0.05 nun 

wide lines spaced 0.25 nun apart was applied to each specimen by the same 

photoetch/bluing technique used for the tensile samples. Following 

failure the sample was removed and grid deformations analyzed as described 

above. The sample was then sectioned, mounted in a metallographic mount 

and photographed, and the specimen thickness as a function of distance 

from the failure site was measured from the photomicrographs. Unlike the 

tensile tests, there were only two materials for which a localized neck 

formed prior to failure. In these cases the extent of the neck was again 
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FIGURE 1. Photograph of a Gridded Tensile Sample Tested to Failure and the 
Corresponding Photomicrographs of the Grid and Sample Thickness at 
the Failure Site. 

FIGURE 2. Bulge Testing Apparatus. 
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smaller than grid, and %f was taken as -+Gf [ 1 8 ] .  A typical bulged 

specimen and its corresponding photomicrographs are shown in Fig. 3 .  

5.4 Results 

Results of the uniaxial tension tests are given in Table 1. Several 

points are notable. Not all the metals exhibited strictly parabolic 

hardening; some instead exhibited a transition in K and n after some 

accumulated strain (e.g., S A I ,  SA2, SSA3 and SSA4). For these metals the 

values given for K and n are those after the transition. 

In all of the materials the onset of plastic instability appeared to occur 
by the formation of a diffuse neck. In most cases the uniform axial 
strain was approximately equal to the strain hardening exponent, i.e. E S 

n, For the 

materials SAR, SSAR, SSA1, and SSA2, there was poor agreement with such a 

relationship. This may be largely due to the low ductility and hence 
greater uncertainty in both E and n. 

in agreement with the criterion of Keeler and Backofen 1 3 ] .  

The results of the biaxial tests are also given in Table 1. Here is 

defined as the principal grid strain accumulated prior to failure in grids 

adjacent to the failure site; hence, Eb contains both uniform and diffuse 

neck strains but not the local necking strain. In agreement with earlier 
findings r31 ,  the biaxial strains E are all larger than the corresponding 

values of E ~ .  That is , with the suppression of local necking and the 
extension of diffuse necking strains in biaxial tests, the macroscopic 

deformation of bulge samples was considerably enhanced over uniaxial 

samples; this was particularly true for the materials exhibiting very 

small values of (i.e., SAR, SSAR, SSAl  and SSA2). 

b 

m 

m 

U 

U 

In all but two of the materials, CUAR and ALAR, Z E' ;~ ,  indicating the 
b 
If ' samples failed without local necking. For CUAR and ALAR < E 

indicating local necking took place prior to failure. These observations 

were consistent with the through-thickness profiles of the bulged samples. 

m 
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FIGURE 3. Photograph of a Gridded Bulge Sample Tested to Failure and the 
Corresponding Photomicrographs of the Grid and Sample Thickness 
at the Failure Site. 

TABLE 1 

TENSILE AND BIAXIAL TEST DATA 

I Uniaxial Data 

cum 
ALAR 
BAR 
BA 1 
BA2 
SAR 
SA1 
SA2 
ssm 
SSAl 
SSA2 

352 .28 .52 .310 1.01 
196 .24 .16 .140 .93 
565 .I8 .18 ,207 .84 
550 .19 .51 .I91 .82 
641 .25 .92 .225 .76 
765 .02 3.00 .005 .64 
513 .16 .45 .217 1.22 
508 .20 .71 .252 1.38 
2534 .ll .94 .012 .50 
1552 .05 .55‘ .012 .47 
1410 .06 .12 .015 .53 

.22 .79 

.18 .75 

.16 .69 

.19 .62 

.I9 .57 

.02 .63 

.32 .90 

.37 1.01 

.21 .29 

.ll .36 

.os .41 ~~ - 
SSA3 1636 .34 .60 .404 .93 .31 .62 
SSA4 1436 .17 .78 .270 .71 .32 .40 
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Biaxial Data 

b 
3f Eb - E  m If E 

.42 .52 1.04 

.37 .56 1.11 

.37 .35 .71 

.38 .38 .76 

.35 .37 .73 

.14 .17 .34 

.67 .66 1.31 

.67 .64 1.28 

.I6 .13 .25 

.I3 .I1 .22 

.18 .21 .41 

.49 .45 .90 

.27 .24 .48 
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For example, the sample shown in Fig. 3 failed with no local necking; 

after diffuse necking, failure occurred abruptly by shear. 

These data were used to test the applicability of the failure criteria 
listed earlier, with the exception of the criterion of McClintock [I71 

for which inclusion size, shape and spacing and microvoid growth rate 

information are required. All the other criteria could be tested with the 

hem to predict a biaxial strain to failure from available data by using 

the uniaxial data. 

The criterion of Ghosh 18] was the only one which adequately fit the 

data. This failure criterion is based on the linkage of growing 

microvoids when a critical shear stress is achieved in the material 

between the voids. It is given by 

where CY = u /u  u and 0 = principal stresses, and K is a material 

parameter which accounts for inclusions and second phase particle size and 

shape distributions and microvoid growth rates. In theory, if one can 

determine Kcr in one type of test (i.e. at one stress state) it can be 
used to predict failure (and failure strains) under other conditions, 

given a stress state, a constitutive equation, and a flow rule. 

2 1' 1 2 cr 

For the particular case at hand, the bulge (biaxial) failure strain 

should be predicted from the uniaxial tension failure strain & 
t 
If by 
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where : 

2R p' = - 
l+R 

t t 
pu = &2f'&lf 

A comparison of the predicted values o f  & with the observed values is 

shown in Fig. 4 along with the 45O line representing a perfect fit. 

As can be seen the agreement is quite good, indicating the validity of the 

Ghosh criterion for this application. 

' O 0 I  80 

D 
W 

I I 1 I 
0 20 40 60 80 100 

PREDICTED Elf  (Vo) 

0 20 40 60 80 100 

FIGURE 4 .  Comparison of the Predicted and Measured Values of the Principal 
Strain to Failure in the Bulge Test. 
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5.6 Conclusions 

A considerable amount of information has been developed in the literature 

to describe the deformation and failure of thin metal sheets. Much of 

this appears applicable to bulge testing small thin metal sheet samples 

and thus to providing information for the selection of metals to he used 

in thin-walled structures like the first wall of a fusion reactor. There 

are currently analytical and semi-empirical methods of predicting the 

onset of plastic instability in such samples for a variety of planar 

stress states, although these have yet to be tested for irradiated 

material. 

Moreover, the ductile failure criterion of Ghosh appears to he quite 

successful in correlating uniaxial with biaxial data. 

The bulge test, or some modification of the bulge test, i s  a potentially 

attractive test for extracting ductility information. Although the 

samples and the punch used in this study were relatively large (4.0cm 

square samples and a 1.27cm diameter punch), it should he relatively 

straight-forward to scale this down to smaller sample and punch sizes. 

For example, using the scaling rules determined in this study, bulge 

testing should be feasible with a 0.75cm x 0.75cm x .025cm thick sample 
and a 0.25cm diameter punch. Such a sample would be of the order of TEM 
discs in size. Moreover, the test data could be used in conjunction with 

flow properties obtained either from other tests or from some extension of 

the test itself to determine a failure parameter like K . Such a 

parameter would actually have more utility than some direct measure of 

ductility since it 1 )  has a direct microstructural relationship, 2 )  can be 

used to predict ductilities under various stress states and 3)  could be 

used in place of ductility as an input parameter for some correlation 

model for fracture. 

cr 

t 
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7.0 Future Work 

The computer program STEALTH is being used to model plastic flow in the 
bulge test. Some analytical work will be done with STEALTH before 

attempts are made to scale the bulge test down. In addition the 

investigation of a shear punch test to determine strength - and ductility 

information is being continued. 

8.0 Publications 

1 .  M. Dooley, G.E. Lucas, J . W .  Sheckherd, "Small Scale Ductility Tests," 

to be published in J. Nucl. Mater. as part of Proceedings of the 

Second Topical Meeting on Fusion Reactor Materials, Seattle, Aug. 

8-12, 1981. 
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AN EVALUATION OF THE APPLICATION OF FRACTURE MECHANICS PROCEDURES 

TO FUSION FIRST WALL STRUCTURES 

G.R. Odet te (UC Santa Barbara) ,  R.O. R i t c h i e  (UC Berkeley) ,  P. McConnell 

and W. Server  ( F r a c t u r e  Con t ro l  Corpora t ion)  

1 .0  O b j e c t i v e  

re1  

wa 1 

2.0 

The o b j e c t i v e  o f  t h i s  work i s  t o  e s t a b l i s h  t h e  procedures which w i l l  a l l o w  

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

s t r u c t u r e s .  

Summary 

An a n a l y s i s  of  t h e  a p p l i c a t i o n  of J i n t e g r a l  based e l a s t i c - p l a s t i c  

f r a c t u r e  mechanics procedures t o  f u s i o n  s t r u c t u r e s  i s  c a r r i e d  out. Some 

l i m i t i n g  f l a w - s t r u c t u r e  geometr ies a re  s p e c i f i e d  a long  w i t h  es t imates  o f  

upper- and lower-bound s e r v i c e  p r o p e r t i e s  o f  a m a r t e n s i t i c  s t a i n l e s s  

s t e e l .  S ize  requ i rements  f o r  J procedures i n  unconst ra ined f low 

geometr ies and f o r  low s t r a i n - h a r d e n i n g  c o n d i t i o n s  r e s u l t  i n  a smal l  range 

o f  v a l i d  a p p l i c a t i o n  even f o r  lower-bound p r o p e r t i e s .  I n  c o n s t r a i n e d  

de fo rmat ion  geometr ies,  t h e  range o f  a p p l i c a t i o n  i s  extended f o r  

lower-bound p r o p e r t i e s .  F a i l u r e  o f  J procedures i s  shown t o  c o i n c i d e  w i t h  

approach t o  f u l l y  p l a s t i c  f r a c t u r e ,  which can be t r e a t e d  p a r t l y  w i t h  

l i m i t - l o a d  o r  n e t - s e c t i o n  s t r e s s  c r i t e r i a .  
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4.0 Relevant  OAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical P r o p e r t i e s  

5 .0  Accomplishments and Sta tus  

5 . 1  I n t r o d u c t i o n  

Major  problems f a c i n g  development o f  f us ion  power a re  t h e  l i m i t a t i o n s  i n  

t he  performance, r e l i a b i l i t y  and s e r v i c e  l i f e  o f  b l a n k e t  suppor t  and 

vacuum b a r r i e r  f i r s t  w a l l  s t r u c t u r e s .  I n  t h i s  paper,  a p r e l i m i n a r y  

assessment i s  made o f  one p o t e n t i a l  f a i l u r e  mode, ex tens ion  o f  a 

p r e - e x i s t i n g  f l a w  t o  l e a k  o r  break c o n d i t i o n s  due t o  monotonic a p p l i e d  

loads;  no a t tempt  is made t o  assess f a t i g u e  o r  c y c l i c  c rack  growth 

f a i l u r e ,  a l though these a re  l i k e l y  t o  be t h e  prox imate causes o f  f o rma t i on  

o f  c r i t i c a l l y  s i z e d  f l aws .  

F rac tu re  mechanics o f t e n  focusses on the  problem o f  measur ing a presumed 

m a t e r i a l  p r o p e r t y ,  such as toughness, from smal l ,  i d e a l i z e d  t e s t  specimens 

and then  app l y i ng  the  p r o p e r t i e s  t o  p r e d i c t  f r a c t u r e  c o n d i t i o n s  f o r  r e a l  

s t r u c t u r e s  (1- 3) .  When t h e  s t r u c t u r e s  a re  l a r g e ,  some of  t h e  b a s i c  
assumptions of f r a c t u r e  mechanics a r e  l i k e l y  t o  be reasonably  m e t  (e.g., 

p l a n e - s t r a i n  and sma l l - sca le  y i e l d i n g ) .  I n  t h e  case o f  f u s i o n  f i r s t  w a l l  

s t r u c t u r e s ,  l a r g e  s i z e  sca les  i n  t h e  t h i ckness  dimension a re  n o t  

a n t i c i p a t e d .  Hence, f r a c t u r e  r e s i s t a n c e  may n o t  be r e a d i l y  represen ted  by 

a s i n g l e  toughness p r o p e r t y  and some " e a s i l y "  computed l o c a l  s t r e s s  

c h a r a c t e r i z i n g  parameter,  e.g. t h e  l i n e a r  e l a s t i c  s t r e s s  i n t e n s i t y  f a c t o r  

K. 

Of course, s i z e  i s  o n l y  one o f  a number of cons ide ra t i ons  which confound 

f r a c t u r e  a n a l y s i s .  I n  genera l ,  t h e r e  are :  complex m u l t i a x i a l  s t r e s s -  
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s t a t e s  and s t r e s s  g r a d i e n t s ;  non-standard three-dimensional  f l a w  

geometr ies; complex l o a d  h i s t o r i e s ;  v a r i a b l e  s t r u c t u r e  compliance/ 

secondary s t resses ;  and non- idea l  c o n s t i t u t i v e  behav ior .  F u r t h e r ,  t he  

m i c r o s t r u c t u r e ,  hence mechanical p r o p e r t i e s ,  o f  f u s i o n  a l l o y s  w i l l  evo lve  

i n  s e r v i c e  due t o  neu t ron  i r r a d i a t i o n  and o t h e r  envi ronmental  f a c t o r s .  

The m o s t  a p p r o p r i a t e  h i g h  energy neu t ron  i r r a d i a t i o n  t e s t  f a c i l i t i e s  w i l l  

have ve ry  l i m i t e d  volumes r e q u i r i n g  t h e  use of  smal l  t e s t  specimens; t h i s  

compounds the  normal d i f f i c u l t y  o f  b o t h  remote r a d i o a c t i v e  specimen 

t e s t i n g  and i n t e r p r e t a t i o n  o f  t e s t  data.  

Thus i t  i s  impor tan t  t o  a s c e r t a i n  i f  approaches such as e l a s t i c - p l a s t i c  

f r a c t u r e  mechanics, w i l l  be a p p l i c a b l e  f o r  m a t e r i a l  and s t r u c t u r a l  

c o n d i t i o n s ,  and f r a c t u r e  modes p e r t i n e n t  t o  f u s i o n  systems. We beg in  w i t h  
a b r i e f  r e v i e w  o f  f r a c t u r e  mechanics, emphasizing c o n s t r a i n t s  i m p l i c i t  i n  

i t s  a p p l i c a t i o n ;  w h i l e  t h e  r e s u l t s  we p r e s e n t  a re  n o t  new, some a r e  r e c e n t  

and n o t  w i d e l y  app rec ia ted  by t h e  m e t a l l u r g i c a l  community. 

5.2 Formal F r a c t u r e  Mechanics Methods 

F r a c t u r e  mechanics i s  based on t h e  presumpt ion t h a t  a fundamental m a t e r i a l  

p r o p e r t y  ( i . e . ,  toughness) can rep resen t  t h e  f r a c t u r e  response o f  a 

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

process zone i n  t h e  v i c i n i t y  o f  a f l aw .  There a re  severa l  b a s i c  

assumptions i m p l i c i t  i n  o b t a i n i n g  unique f i e l d s ,  p r i m a r i l y  r e l a t e d  t o  s i z e  

and geometry requirements needed t o  c o n s t r a i n  t h e  deformat ion.  

I n  t h e  case o f  L i n e a r  E l a s t i c  F r a c t u r e  Mechanics (LEFM), the  t e s t  specimen 

o r  s t r u c t u r e  i s  loaded g r o s s l y  o n l y  i n  t h e  l i n e a r  e l a s t i c  regime. Here an 

e l a s t i c  ' K '  f i e l d  surrounds and dominates a smal l  p l a s t i c  r e g i o n  which 

i n e v i t a b l y  forms ahead o f  t h e  crack .  For LEFM c o n d i t i o n s ,  unique 

s t r e s s - s t r a i n  f i e l d s  can be d e f i n e d  f o r  l i m i t i n g  s t a t e s  o f  p l a n e  s t r e s s  

and s t r a i n ;  t h e  ampl i tudes o f  these f i e l d s  a r e  u n i q u e l y  d e f i n e d  by K. Any 

process i n  t h e  f r a c t u r e  zone i s  c o n t r o l l e d  by  de fo rmat ion  i n  t h e  e l a s t i c  
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' K '  f i e l d ,  r e s u l t i n g  i n  a c r i t i c a l  va lue  o f  t h e  a p p l i e d  K f o r  ex tens ion  o f  

t h e  c r a c k  i n  t h e  process zone - v i z .  f r a c t u r e .  From a mic roscop ic  

l o c a l  f r a c t u r e  pe rspec t i ve ,  a t  t h e  c r i t i c a l  s t r e s s  i n t e n s i t y  

s t r e s s / s t r a i n  c r i t e r i a  a r e  reached over a m i c r o s t r u c t u r a l l y  s i g n i f i c a n t  

d is tance .  

K I C  * 

The major  advantage o f  LEFM i s  t h a t  a p p l i e d  K values a re  r e a d i l y  computed 

from express ions con ta ined  i n  handbooks. However, t h e  major  l i m i t a t i o n  o f  

t h e  a p p l i c a t i o n  o f  LEFM procedures a r e  s i z e  requi rements f o r  ' K '  f i e l d  

dominance (4); s i nce  these s i z e s  a r e  g e n e r a l l y  much l a r g e r  than  c r i t i c a l  

f u s i o n  s t r u c t u r e  dimensions (< 1 cm) we w i l l  n o t  pursue a n a l y s i s  o f  LEFM 

approaches f u r t h e r .  

I n  lower  s t r e n g t h  m a t e r i a l s  t h e  s i z e  o f  t h e  p l a s t i c  zone increases and may 

grow t o  t h e  p o i n t  where l a r g e  sca le  y i e l d i n g  occurs be fo re  f r a c t u r e ,  

i n t e r s e c t i n g  t h e  boundaries o f  t h e  specimen o r  s t r u c t u r e .  I n  t h i s  case, 

t h e  s t r e s s - s t r a i n  f i e l d s  may o r  may n o t  be u n i q u e l y  d e f i n a b l e  by a s i n g l e  

c a l c u l a b l e  parameter which i s  a f u n c t i o n  o f  t h e  remote l o a d  and t h e  t e s t  

specimen o r  f lawed s t r u c t u r e  geometry. Rice (5), Rice and Rosengren (61, 

and Hutch inson (7) have shown t h a t ,  based on c e r t a i n  assumptions, a new 

f i e l d  c h a r a c t e r i z i n g  parameter, J ,  can d e f i n e  t h e  s c a l a r  amp l i tude  o f  a 

unique s t r e s s - s t r a i n  f i e l d  i n  t h e  i n t e n s e l y  deformed process zone near t h e  
crack.  These a re  commonly r e f e r r e d  t o  as HRR f i e l d s  ( a f t e r  Hutch inson (7)  

and R ice  and Rosengren (6)). The c rack  d r i v i n g  c h a r a c t e r i z i n g  parameter 

J* i s  a f u n c t i o n  o f  t h e  remote s t resses ,  c r a c k  l eng th ,  e x t e r n a l  

dimensions, y i e l d  s t r e s s  and s t ra i n- ha rden ing ;  c rack  ex tens ion  i n  

p l a n e - s t r a i n  mode I i n i t i a t e s  a t  a u n i q u e l y  d e f i n e d  JIc. 

* J i s  sometimes i n t e r p r e t e d  as a gene ra l i zed  energy re l ease  r a t e  
c a l c u l a t e d  by means o f  a p a t h  independent i n t e g r a l .  J reduces t o  J = G = 
K (1-u )/E (where E i s  Young's Modulus and u Poisson 's  Ra t i o )  i n  t h e  
e l a s t i c  l i m i t  (1-3). We a l s o  no te  t h a t  J i s  d i r e c t l y  r e l a t e d  t o  o t h e r  
e l a s t i c - p l a s t i c  f r a c t u r e  parameters,  n o t a b l y  c rack  t i p  opening 
d isp lacement .  
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The assumptions used i n  t h i s  a n a l y s i s  i nc l ude :  

1) c o n s t i t u t i v e  behav io r  which can be represen ted  reasonably  by 

de fo rmat ion  t h e o r y  p l a s t i c i t y  o r  non- l i nea r  e l a s t i c i t y ;  t h i s  i m p l i e s  

monotonic i n c r e a s i n g  and p r o p o r t i o n a l  l o a d i n g  ( i . e . ,  s t r e s s  i s  u n i q u e l y  

determined by t he  e x i s t i n g  s t r a i n ) ;  2) f i n i t e  s t r a i n  hardening; 3 )  smooth 

c rack  b l u n t i n g  as t h e  i n i t i a l l y  sharp c rack  opens; 4) independence o f  t h e  

s p e c i f i c  f l ow f i e l d  geometry o r ,  e q u i v a l e n t l y ,  s u f f i c i e n t l y  cons t ra i ned  

de fo rmat ion  w i t h  a HRR s i n g u l a r i t y  dominance. Fu r t he r ,  t h e r e  i s  an 

i m p l i c i t  assumption t h a t  J values ( l i k e  o t h e r  parameters used as c rack  

d r i v i n g  f o r ces ,  e.g.  K )  can be c a l c u l a t e d  f o r  p e r t i n e n t  s t r u c t u r e  and 

c rack  geometr ies.  

Assumptions 2 and 4 a r e  p a r t i c u l a r l y  s i g n i f i c a n t .  Consider two l i m i t i n g  
s l i p  f i e l d  l i n e s  i n  F i gu re  1. F igu re  l a  shows t h e  f i e l d s  assoc ia ted  w i t h  

a specimen w i t h  an a p p l i e d  bending moment (e.g. a compact t e n s i o n  

specimen, CT) where t h e  de fo rmat ion  i s  cons t ra i ned ;  i n  t h i s  case t h e  

s t r e s s - s t a t e  i s  h i g h l y  t r i a x i a l  w i t h  a h y d r o s t a t i c / f l o w  s t r e s s  r a t i o  o f  

2.4 f o r  r i g i d - p e r f e c t l y  p l a s t i c  behav ior .  I n  c o n t r a s t ,  F i gu re  l b  shows 

t h e  uncons t ra ined  de fo rmat ion  f i e l d  f o r  a c e n t e r  c rack  panel  (CCP)  o f  

f i n i t e  w id th ;  here de fo rmat ion  may be c h a r a c t e r i z e d  by l a r g e  shear s t r a i n s  

l o c a l i z e d  i n  i n c l i n e d  bands. These bands extend l ong  d i s t ances  and may 

i n t e r s e c t  f r e e l y  d i s p l a c i n g  sur faces .  I n  t h i s  case t h e  de fo rmat ion  f i e l d s  

a re  n o t  unique. The maximum s t r e s s  t r i a x i a l i t y  i s  < 1 f o r  such f i e l d s ,  

and t h e  c rack  t i p s  o f t e n  t end  t o  be sharp v e r t i c e s  formed by a l t e r n a t e  

s l i d i n g  o f f  and on s l i p  bands. The s t r e s s  s t a t e ,  t h e  tendency t o  l o c a l i z e  

de fo rmat ion  (which i s  i n f l u e n c e d  by s t r a i n- ha rden ing ) ,  and t h e  shape of 

c rack  t i p s  a re  a l l  known t o  be impo r tan t  f a c t o r s  i n  t h e  micromechanisms of  

f r a c t u r e  i n  t h e  process zone (8). 

These e f f e c t s  have been i n v e s t i g a t e d  r e c e n t l y  by a number o f  au thors  

(8-11) u s i n g  b o t h  exper imenta l  and a n a l y t i c a l  ( i . e .  f i n i t e  element) 

techniques.  The c l e a r  conc lus i on  o f  t h i s  work i s  t h a t  t h e r e  a re  a l s o  s i z e  

l i m i t a t i o n s  t o  t h e  measurement and a p p l i c a t i o n  o f  J dominated c rack  
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FIGURE 1. Slip Field Lines for (a) Highly Constrained Deformation of High 
Triaxiality and (b )  Unconstrained Deformation and Low Triaxiality. 
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i n i t i a t i o n  which va ry  w i t h  t h e  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  gross 

de fo rmat ion  f i e l d .  

For cons t ra ined  (e .g . ,  CT) f i e l d  t ype  cracks  i t i s  suggested t h a t  (11) 

a, b > 25-50 JIc/u0 ( l a )  

w h i l e  f o r  unconst ra ined geometry (e.g.,  CCP) (11) 

Hancock and Cowling have c a r r i e d  o u t  a conv inc ing  s e t  o f  exper iments which 
demonstrate these p o i n t s  i n  quenched and tempered s t e e l s  s i m i l a r  t o  HY80 

(8). Using s i x  specimen geometr ies w i t h  v a r y i n g  degrees o f  c o n s t r a i n t .  

t h e y  found nominal JIc values rang ing  f rom - 147 t o  570 kN-m i n  s p i t e  of  

t h e  f a c t  t h a t  t h e  specimens g e n e r a l l y  met t h e  g e n e r a l l y  accepted s i z e  

requ i rements  o f  Equat ion  l a .  

I n  b o t h  cases, t h e  t h i c k n e s s  must be B > a,b t o  m a i n t a i n  p l a n e - s t r a i n  i f  

t h a t  i s  des i red.  The s t a t e  o f  p l a n e- s t r e s s  can be approached i n  t h e  

specimens w i t h  B < a, b, b u t  t h i s  may n o t  be a s y m p t o t i c a l l y  de terminate ;  

indeed,  i f  t h e  specimen becomes t o o  t h i n ,  f r a c t u r e  may s h i f t  t o  a t y p e  I11 
a n t i p l a n e  shear mode w i t h  lower toughness values.  La rge ly  because o f  

p r imary  a p p l i c a t i o n  t o  l a r g e  s t r u c t u r e s ,  p l a n e- s t r e s s  J a n a l y s i s  

procedures a r e  n o t  y e t  developed. 

Wi th  r e s p e c t  t o  t h e  o t h e r  assumptions: low s t r a i n- h a r d e n i n g  and i n  t h e  

l i m i t  p e r f e c t l y  p l a s t i c  behav ior  f o r m a l l y  p rec lude  a p p l i c a t i o n  o f  J based 

e l a s t i c - p l a s t i c  f r a c t u r e  t h e o r y  (3,8-11); however, i n  p r a c t i c e ,  low 

s t r a i n - h a r d e n i n g  may n o t  seve re l y  l i m i t  J a p p l i c a t i o n  t o  bend t ype  

geometr ies.  I n  c o n t r a s t ,  t h e  CCP t y p e  geometr ies,  s i z e  requirements have 
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been found t o  be ve ry  s e n s i t i v e  t o  s t ra in- ha rden ing ;  indeed, t h e  s i z e  

requ i rement  f o r  J dominance i n  Equat ion  l b  assumes low s t r a i n - h a r d e n i n g  (n 

.. 0 . 1  f o r  ut 01 c n  where u i s  t h e  t r u e  f l o w  s t r e s s  and E t h e  t r u e  

s t r a i n ) ;  however, t h i s  m igh t  n o t  be s u f f i c i e n t  f o r  even more p e r f e c t l y  

p l a s t i c  m a t e r i a l s .  The s i g n i f i c a n c e  o f  t h e  monotonic l o a d i n g  requ i rement  

l i e s  p r i m a r i l y  i n  t h e  f a c t  t h a t  s i nce  un load ing  i n e v i t a b l y  f o l l o w s  c r a c k  

growth,  JIc procedures cannot be d i r e c t l y  used t o  c h a r a c t e r i z e  con t i nued  

c r a c k  ex tens ion .  I n  r e a l i t y ,  d u c t i l e  m a t e r i a l s  o f t e n  d i s p l a y ,  a ve ry  

r a p i d l y  r i s i n g  JR r e s i s t a n c e  t o  cont inued c r a c k  ex tens ion ,  v i z .  - s t a b l e  

c rack  growth. Hence, i n i t i a t i o n  values may be a conse rva t i ve  measure o f  

t h e  a c t u a l  f r a c t u r e  l o a d  o r  displacement .  P a r i s  (12,13) and o t h e r s  have 

suggested t h i s  can be t r e a t e d  us ing  another  p o s s i b l e  m a t e r i a l  p r o p e r t y ,  

t h e  t e a r i n g  modulus T LY dJR/da, when t h e  s t a b l e  growth o f  t h e  c rack  i s  

J - c o n t r o l l e d .  Use o f  T i n t roduces  new s i z e  and geometry c o n s i d e r a t i o n s  

(3) and may n o t  be ve ry  u s e f u l  s i nce  i t  i s  l i m i t e d  t o  smal l  c r a c k  growth 

((6%); and dJ /da may be smal l  f o r  i r r a d i a t e d  s t e e l s  (14). 

t t 

R 

F i n a l l y ,  even i f  we can a c c u r a t e l y  c h a r a c t e r i z e  J ( o r  T) as a m a t e r i a l  

parameter ,  we must a l s o  be a b l e  t o  c a l c u l a t e  J (app l i ed )  as a v a l i d  c r a c k  

d r i v i n g  c h a r a c t e r i z i n g  parameter f o r  t h e  f lawed f u s i o n  s t r u c t u r e .  I n  

t h i s  case t h e  fo rmal  d e f i n i t i o n  o f  JI as a p a t h  independent energy 

i n t e g r a l  must u s u a l l y  be invoked (5).  C a l c u l a t i o n  o f  J I  i s  n o t  t r i v i a l ;  
indeed,  t h i s  has n o t  been c a r r i e d  o u t  f o r  many i m p o r t a n t  c r a c k- s t r u c t u r e  

geometr ies. However, e s t i m a t i o n  procedures which combine e l a s t i c  and 

f u l l y  p l a s t i c  s o l u t i o n s  ( o b t a i n a b l e  f rom approximate a n a l y t i c  o r  f i n i t e  

element c a l c u l a t i o n s )  which a r e  c h a r a c t e r i z e d  i n  terms o f  t h e  y i e l d  

s t r e s s ,  work hardening exponent and specimen- f law geometry have been 

s y s t e m a t i c a l l y  developed i n  handbook fo rma t  f o r  a number o f  s tandard  

specimen geometr ies (15) ;  these general  approaches may be extended t o  

c o n d i t i o n s  p e r t i n e n t  t o  f u s i o n  s t r u c t u r e s ,  b u t  t h i s  would r e q u i r e  

cons ide rab le  e f f o r t .  

I C  
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5.3 Fus ion  S t r u c t u r e s  and M a t e r i a l  P r o p e r t i e s  

I t i s  necessary t o  s p e c i f y  f l a w- s t r u c t u r e  geometr ies and some b a s i c  

m a t e r i a l  p r o p e r t i e s .  O f  course,  these must be viewed as t e n t a t i v e ,  s i n c e  

an i r r a d i a t e d  m a t e r i a l s  p r o p e r t y  base i s  j u s t  now b e i n g  developed* and 

f u s i o n  r e a c t o r  designs are ,  a t  b e s t ,  schematic. 

I n  t h e  most genera l  sense, f l a w  geometr ies m igh t  be expected t o  be p a r t  

t h rough  su r face ,  c racks ;  such f l aws  would p robab ly  be s u b j e c t  t o  a range 

o f  p r i m a r y  and secondary s t resses  w i t h  b o t h  t e n s i l e  and bending moment 

components. The magnitude and cha rac te r  of  t h e  s t resses  would v a r y  w i t h  

t ime  due t o  d imensional  changes r e s u l t i n g  f rom s w e l l i n g  and i r r a d i a t i o n  

creep and v a r i o u s  programmed and a c c i d e n t a l  t r a n s i e n t s .  Few J s o l u t i o n s  
f o r  such su r face  p a r t  th rough c racks  a r e  a v a i l a b l e  a t  t h i s  t ime,  even f o r  

s imp le  l o a d i n g  c o n d i t i o n s .  Fu r the r ,  t h e  c r i t i c a l  smal l  dimension o f  

f u s i o n  s t r u c t u r e s  w i l l  p robab ly  be -2-10 mm. Hence, we cons ide r  t h e  two 

l i m i t i n g  de fo rma t ion  f i e l d  geometr ies shown i n  F i g u r e  1 f o r  b o t h  

p lane- s t ress  and p l a n e- s t r a i n  s t r e s s  s t a t e s  t o  b r a c k e t  i m p o r t a n t  regimes 

o f  f l aw  geometry w i t h  r e s p e c t  t o  de format ion  c o n s t r a i n t  and s t r e s s - s t a t e .  

We w i l l  assume t h e  s t r u c t u r e  i s  made o f  HT-9, which i s  a quenched and 

tempered m a r t e n s i t i c  s t a i n l e s s  s t e e l .  Est imates o f  t h e  y i e l d  s t r e n g t h ,  

(=JJIcE/(l-u)), of HT-9 a r e  shown i n  F i g u r e  2. u and toughness 

These curves a r e  c o n s t r u c t e d  f rom l i m i t e d  da ta  f rom seve ra l  sources 

(16-19). The i r r a d i a t e d  curves  a r e  f o r  ' s a t u r a t e d '  p r o p e r t i e s  o f  s t e e l s  

i r r a d i a t e d  t o  moderate f l uences  T < 400°C. Whi le  n o t  h i g h l y  accura te ,  

these m i g h t  rep resen t  reasonable upper and lower  bounds o f  t h e  i n - s e r v i c e  

K I c  Y '  

* Indeed, because i t  i s  e s s e n t i a l l y  imposs ib le  t o  s imu la te  a c t u a l  
i n - s e r v i c e  c o n d i t i o n s ,  and s ince  p r o p e r t i e s  a r e  ve ry  s e n s i t i v e  t o  t h e  
s p e c i f i c  a l l o y  c o n d i t i o n ,  any t e s t  da ta  base must be cons idered an 
approximate r e p r e s e n t a t i o n  o f  t h e  a c t u a l  m a t e r i a l  s t a t e  o f  a f u s i o n  
component. 
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behav io r  o f  a l l o y s  i n  e a r l y  f u s i o n  eng ineer ing  t e s t  r e a c t o r s  o r  improved 

a l l o y s  s u b j e c t  t o  more aggress ive c o n d i t i o n s  i n  commerical r e a c t o r s .  

I r r a d i a t i o n  a l s o  causes a l a r g e  r e d u c t i o n  i n  t h e  s t ra i n- ha rden ing  and 

d u c t i l i t y  parameters,  p a r t i c u l a r l y  un i f o rm  e l o n g a t i o n  (20). Th i s  i s  

accompanied by a mic roscop ic  r e d u c t i o n  i n  t he  homogeneity o f  s l i p  -- v i z .  

severe l o c a l i z a t i o n  o f  de fo rmat ion  i n  coarse bands, known as channels. 

The u l t i m a t e  m a n i f e s t a t i o n  of  t h i s  termed channel f r a c t u r e  has been 

observed i n  some h i g h 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 s ;  here, t h e  

de fo rmat ion  i s  a lmost  e n t i r e l y  con f i ned  t o  very  narrow bands (<1pm) 

r e s u l t i n g  i n  e s s e n t i a l l y  zero d u c t i l i t y  and a b r i t t l e  f r a c t u r e  su r face  

appearance (21). Hence, w h i l e  we w i l l  n o t  q u a n t i t a t i v e l y  d e f i n e  these 

parameters,  i t  w i l l  be assumed t h a t  t h e  s t r a i n - h a r d e n i n g  exponent and 
un i f o rm  d u c t i l i t y  w i l l  be l e s s  than  - 0.1. 

5 .4  Eva lua t i on  o f  F r a c t u r e  Mechanics Procedures 

Equat ions l a  and l b  can be used t o  determine s i z e  requi rements f o r  J 

c o n t r o l l e d  f r a c t u r e  i n  f u s i o n  s t r u c t u r e s .  We assume t h e  c o n d i t i o n  a = b; 

hence t h e  minimum dimension w i l l  be t = 2a. F i g u r e  3 shows t h e  r e q u i r e d  t 

f o r  J dominance, ( i . e . ,  v a l i d  J ) f o r  b o t h  M = 50 and 200, < . e . ,  f o r  

h i g h l y  cons t ra i ned  and uncons t ra ined  de fo rmat ion  f i e l d s ,  r e s p e c t i v e l y .  

Note aga in  t h a t  t h e  use o f  M = 200 may be somewhat conse rva t i ve  f o r  

u n i r r a d i a t e d  upper bound t ype  p r o p e r t i e s  and n o t  s u f f i c i e n t l y  conse rva t i ve  

f o r  ve ry  low s t r a i n - h a r d e n i n g  i r r a d i a t e d  a l l o y s .  

I C  

Upper-bound p r o p e r t i e s  ( u n i r r a d i a t e d ) ,  even JIc approaches, would be 

l i m i t e d  t o  use f o r  low temperature and cons t ra i ned  f l o w  f i e l d  cases. For  

t h e  lower-bound toughness p r o p e r t i e s  ( i r r a d i a t e d )  JIc based f r a c t u r e  

a n a l y s i s  would appear t o  be u s e f u l  over  range o f  temperature f o r  t h e  

cons t ra i ned  f l o w  f i e l d s ;  however, f o r  uncons t ra ined  f l o w  f i e l d s ,  t h e  

a p p l i c a b i l i t y  o f  J procedures may be l i m i t e d  t o  f a i r l y  low temperatures,  

even w i t h  t h e  degraded p r o p e r t i e s .  
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F r a c t u r e  s t resses  es t ima ted  u s i n g  JIc c r i t e r i a  o u t s i d e  t h e  range o f  v a l i d  

a p p l i c a t i o n  w i l l  g e n e r a l l y  be conserva t i ve ;  t h a t  i s ,  a c t u a l  f r a c t u r e  w i l l  

occur a t  l i m i t  loads by  f u l l y - p l a s t i c  c o l l a p s e  governed by the  s t r e n g t h  

l e v e l  and c o n s t r a i n t  f a c t o r s .  A s e m i - q u a n t i t a t i v e  assessment o f  t h i s  can 

be made u s i n g  one o f  t he  severa l  procedures (22-27) ( a l l  i m p l i c i t l y  based 

on s i m p l i f i e d  c rack  t i p  s t r i p  y i e l d  models ( 2 6 ) )  which i n t e r p o l a t e  between 

e l a s t i c  LEFM f r a c t u r e  and f u l l y  p l a s t i c  c o l l a p s e .  For a p lane- s t ress  CCP 

t ype  c r a c k- l o a d i n g  geometry, these y i e l d  an express ion i n  t h e  form 

uN - = 2 cos-' (exp ( - A ) )  (1 - a / t ) - '  o n  
Y 

where 

and where u i s  t h e  n e t  s e c t i o n  s t r e s s  a t  f r a c t u r e .  A p p l i c a t i o n  o f  t h e  

r e s u l t s  o f  Smith (27) show t h a t  t h e  e f f e c t s  o f  f i n i t e  w i d t h  a re  smal l  i n  

these geometr ies.  

N 

I f  we assume f u l l y  p l a s t i c  f r a c t u r e  occurs a t  oN/o 2 0.9 ( l a r g e  A )  and 

b r i t t l e  f r a c t u r e  a t  uN/u 5 0.6 (smal l  A ) ,  t h e  tempera ture / th ickness 

regimes o f  v a r i o u s  f r a c t u r e  modes ( p l a s t i c ,  e l a s t i c - p l a s t i c ,  f u l l y  

p l a s t i c )  can be mapped. I n s e r t i n g  a p p r o p r i a t e  values,  we f i n d  t h a t  even 

i n  t h e  case o f  lower-bound p r o p e r t i e s  t h e r e  i s  e s s e n t i a l l y  no s i g n i f i c a n t  

regime o f  e l a s t i c  f r a c t u r e ;  and a very l i m i t e d  regime, a t  T < 100°C and 

t - > 2 mm, which would e x h i b i t  e l a s t i c - p l a s t i c  f r a c t u r e .  Smith has a l s o  

shown t h a t  t h e  n e t  s e c t i o n  f r a c t i o n  s t r e s s  i s  o n l y  weakly geometry 

dependent i n  t h e  f u l l y - p l a s t i c  case (28). 
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Whi le  t h e  b a s i c  model does n o t  s t r i c t l y  app l y  t o  cons t ra ined  deformat ion  

f i e l d  geometr ies and p l a n e- s t r a i n  c o n d i t i o n s ,  express ions  o f  t h e  fo rm o f  

Equat ion  2 have been w i d e l y  a p p l i e d  t o  i n t e r p o l a t e  f r a c t u r e  between modes 

i n  these cases; a t  l e a s t  i n  s imp le  t e s t  specimen geometr ies these 

procedures have met some success (23-26). For  c o n s t r a i n e d  f l o w  geometr ies 

u must be m u l t i p l i e d  by a c o n s t r a i n t  f a c t o r ,  M; t y p i c a l  va lues o f  M a r e  - 
2 i n  CT t y p e  geometr ies. F i g u r e  4 shows a t - T  f r a c t u r e  regime map f o r  M = 

2 and a / t  = 0.5 ( t h e  r e s u l t s  a r e  o n l y  weakly dependent on a / t ) .  These 

r e s u l t s  suggest t h a t  f o r  cons t ra ined  f l o w  geometr ies w h i l e  t h e r e  i s  s t i l l  

a ma jor  T - t  regime o f  f u l l y - p l a s t i c  f r a c t u r e ,  t h e r e  i s  a l s o  a p o t e n t i a l l y  

s i g n i f i c a n t  regime o f  e l a s t i c - p l a s t i c  f r a c t u r e .  The dashed l i n e  i n  F i g u r e  

4 shows t h e  s i z e  requ i rement  f o r  a p p l i c a t i o n  o f  JIc f r a c t u r e  c r i t e r i a  

which a r e  met i n  t h e  e l a s t i c - p l a s t i c  f r a c t u r e  regime. 

Y 
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FIGURE 4 Est imated F r a c t u r e  Regimes f o r  Const ra ined Deformat ion  F i e l d  
Geometries. 

131 



Thus, f r a c t u r e  i n  r e l a t i v e l y  t h i n  f u s i o n  s t r u c t u r e s  may take  p lace  

p redominan t l y  by p l a s t i c  co l l apse .  Our a n a l y s i s  a l s o  showed t h a t  f r a c t u r e  

s t resses  f o r  t h e  i r r a d i a t e d  c o n d i t i o n  always exceed t h e  t e n s i l e  y i e l d  

s t r e s s  of t h e  u n i r r a d i a t e d  c o n d i t i o n  i n  t - T  regimes o f  p r a c t i c a l  i n t e r e s t .  
Hence, u n i r r a d i a t e d  s t r e n g t h  l e v e l s  may be a u s e f u l  and conserva t i ve  

des ign parameter. 

5 . 5  Summary and Conclusions 

Our a n a l y s i s  has shown a l i m i t e d  r e g i o n  o f  s t r u c t u r a l  a p p l i c a b i l i t y  f o r  

e l a s t i c - p l a s t i c  J procedures. These l i m i t s  a re  p r i m a r i l y  assoc ia ted  w i t h  

t h e  p o t e n t i a l l y  low s t ra i n- ha rden ing  c a p a c i t y  o f  i r r a d i a t e d  s t e e l s  coupled 

w i t h  t h e  p o s s i b i l i t y  o f  unconst ra ined de fo rmat ion  f i e l d s ,  e.g. t h e  t ype  
formed i n  center- cracked-panels  w i t h  f i n i t e  w id ths .  Other problems 

i nc lude :  a n a l y s i s  o f  s h o r t  o r  sha l low c racks ;  t r e a t i n g  p o s s i b l e  

s t r e s s - s t a t e s  o t h e r  than p l a n e- s t r a i n ;  and c a l c u l a t i n g  J c rack  d r i v i n g  

parameters f o r  a c t u a l  s t r u c t u r e s ,  v i z .  - p a r t - t h r o u g h  cracks.  Indeed i t  

has y e t  t o  be demonstrated t h a t  c rack  i n i t i a t i o n  o r  s t a b l e  growth can be 

p r e d i c t e d  f o r  t h e  complex c o n d i t i o n s  encountered i n  s t r u c t u r e s  from 

convent iona l  l a b o r a t o r y  t e s t  specimens (29). 

There i s  a regime i n  which one would a n t i c i p a t e  f u l l y - p l a s t i c  c o l l a p s e ;  i n  

t h i s  case, l i m i t  l o a d  a n a l y s i s  m igh t  be s u f f i c i e n t  and r e l a t i v e l y  e a s i l y  

a p p l i e d  (30) .  However, w h i l e  secondary s t resses  should n o t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  f r a c t u r e  i n  t h e  f u l l y  p l a s t i c  regime, t hey  must be 

cons idered i n  t r e a t i n g  e l a s t i c - p l a s t i c  f r a c t u r e  (25). Even i n  t h e  

f u l l y  p l a s t i c  regime t h e  ques t i on  o f  d u c t i l i t y  i n  de fo rmat ion  o r  

d isp lacement  c o n t r o l l e d  f r a c t u r e  remains. I n  t h i s  case, accura te  f r a c t u r e  

p r e d i c t i o n s  would r e q u i r e  a p p r o p r i a t e  measures o f  " d u c t i l i t y " ,  - v i z . ,  

t e s t  procedures which p r o v i d e  a p roper  i n t e r a c t i o n  between macroscopic and 

micromechanical  de fo rmat ion  and f r a c t u r e  processes. Simple t e n s i l e  

d u c t i l i t y  parameters a re  p robab l y  n o t  s u f f i c i e n t .  
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Two approaches t o  a s c e r t a i n i n g  more u s e f u l  d u c t i l i t y  parameters m igh t  be 

considered. One i s  t o  a t tempt  t o  s imu la te  d i r e c t l y  l i m i t i n g  

f l a w- s t r u c t u r e  geometr ies p e r t i n e n t  t o  f u s i o n  components i n  s u i t a b l y  

cond i t i oned  non-standard specimens. The second i s  t o  conduct more 

fundamental s t u d i e s  o f  t h e  micromechanics o f  f r a c t u r e  as a f u n c t i o n  o f  

m i c ros t r uc tu re ,  s t r e s s - s t a t e  and macroscopic deformat ion p a t h  (31). O f  

course,  JIc measurements o f  f r a c t u r e  w i t h  we l l - cha rac te r i zed  c rack  t i p  

f i e l d s  a r e  ve ry  va luab le  i n  t h i s  regard.  Since t h e  micromechanisms o f  

de fo rmat ion  and f r a c t u r e  i n  h i g h l y  i r r a d i a t e d  a l l o y s  a r e  l i k e l y  t o  be 

a t y p i c a l  (e.g. phenomena such as f l o w  l o c a l i z a t i o n  and even channel 

f r a c t u r e ) ,  b e t t e r  unders tanding may be impor tan t  t o  long- term e f f o r t s  t o  

develop more accura te  methods o f  p r e d i c t i n g  performance l i m i t s  o f  f u s i o n  

s t r u c t u r e s  and b e t t e r  a l l o y s  t o  extend these l i m i t s .  
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7 .0  Fu tu re  Work 

Exper iments a re  be ing  designed t o  t e s t  t h e  p r e d i c t i o n s  o f  t h i s  a n a l y s i s ,  

w i t h  emphasis on t h e  behav io r  o f  pa r t - t h rough  cracks.  

8.0 P u b l i c a t i o n s  

The con ten t  work was presented a t  t h e  Second Top ica l  Meet ing on Fus ion 

Reactor M a t e r i a l s ,  S e a t t l e ,  Washington, August 9-12, 1981 and w i l l  be 

i n c l u d e d  i n  t he  Proceedings o f  t h a t  Conference. 
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A FATIGUE TEST FOR SPECIMENS FROM SIMULTANEOUSLY ION-BOMBARDED AND STRESS/ 

TEMPERATURE-CYCLED 316 SS PRESSURIZED TUBES 

G. Kohse and 0. K .  H a r l i n g  (Massachusetts I n s t i t u t e  o f  Technology) 

1 .o  O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  s t udy  i s  t o  understand and q u a n t i f y  t h e  e f f e c t s  o f  near 

su r face  damage and imp lan ted  gas on t h e  performance o f  t h e  f u s i o n  r e a c t o r  

f i r s t  w a l l  . 

2 .0  Summary 

A f a t i g u e  t e s t  t o  supplement i n f o r m a t i o n  ga ined from mic roscop ic  a n a l y s i s  o f  

s imu l taneous ly  ion-bombarded and s t ress / tempera tu re  c y c l e d  316SS p ressu r i zed  
tube specimens has been developed. Th is  w i l l  a l l o w  t e s t i n g  o f  a l a r g e r  n u r d x r  

o f  f a t i g u e  specimens f rom each i r r a d i a t e d  tube.  Using u n i r r a d i a t e d  specimens, 

a v i a b l e  approach w i t h  l o a d  c o n t r o l l e d  t o  produce s t r e s s e s  o f  approx imate ly  

95% o f  y i e l d  w i th  R = 0.05 and a f requency o f  20-50 HZ has been e s t a b l i s h e d .  

3.0 Program 

T i t l e :  E f f e c t s  o f  Near Sur face Damage and Hel ium on t h e  Performance o f  t h e  

F i r s t  Wall  

P r i n c i p a l  I n v e s t i g a t o r :  0. K.  H a r l i n g  

A f f i l i a t i o n :  Nuc lear  Reactor Laboratory ,  Massachusetts I n s t i t u t e  o f  Technology 

4 .0  Relevant  DAFS Program P l a n  Task/Subtask 

Task I I . C . 5  E f f e c t s  o f  C y c l i n g  on M i c r o s t r u c t u r e  

I I . C . 8  E f f e c t s  o f  Hel ium and Displacement on F r a c t u r e  

I I .C .12  E f f e c t s  o f  C y c l i n g  on Flow and F r a c t u r e  

I I .C .13  

I I . C . 1 5  E f f e c t s  o f  Near Sur face Damage on Fat igue  

E f f e c t s  o f  Hel ium and Displacement on Crack I n i t i a t i o n  and 

Propagat ion 
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A FATIGUE TEST FOR SPECIMENS FROM SIMULTANEOUSLY ION-BOMBARDED AND STRESS/ 

TEMPERATURE-CYCLE0 316 S S P R E S S U R I Z E D  TUBES 

G. Kohse and 0. K. H a r l i n g  (Massachusetts I n s t i t u t e  o f  Technology) 

1 .o Objective 

The o b j e c t i v e  o f  t h i s  s tudy  i s  t o  understand and q u a n t i f y  t h e  e f f e c t s  o f  near  

s u r f a c e  damage and imp lan ted  gas on t he  performance o f  t h e  f u s i o n  r e a c t o r  

f i r s t  w a l l .  

2.0 Summary 

A f a t i g u e  t e s t  t o  supplement i n f o r m a t i o n  gained f rom mic roscop ic  a n a l y s i s  o f  

s imu l taneous ly  ion-bombarded and s t ress / tempera tu re  c y c l e d  316SS p ressu r i zed  
tube specimens has been developed. 

o f  f a t i g u e  specimens f rom each i r r a d i a t e d  tube. 
a v i a b l e  approach w i t h  l o a d  c o n t r o l l e d  t o  produce s t r e s s e s  o f  approx imate ly  

95% o f  y i e l d  w i t h  R = 0.05 and a f requency o f  20-50 HZ has been es tab l i shed .  

Th is  w i l l  a l l o w  t e s t i n g  o f  a l a r g e r  nulrber 

Us ing u n i r r a d i a t e d  specimens, 

3.0 Program 

T i t l e :  E f f e c t s  o f  Near Sur face Damage and Hel ium on t h e  Performance o f  t h e  

F i r s t  Wall  

P r i n c i p a l  I n v e s t i g a t o r :  0. K .  H a r l i n g  

A f f i l i a t i o n :  Nuc lear  Reactor Laboratory ,  Massachusetts I n s t i t u t e  o f  Technology 

4.0 Relevant  DAFS Program P l a n  Task/Subtask 

Task I I .C .5  E f f e c t s  o f  C y c l i n g  on M i c r o s t r u c t u r e  

I I . C . 8  

I I .C .12  E f f e c t s  o f  C y c l i n g  on Flow and F r a c t u r e  

I I .C.13 

E f f e c t s  o f  Hel ium and Displacement on F r a c t u r e  

E f f e c t s  o f  Hel ium and Displacement on Crack I n i t i a t i o n  and 

Propagat ion 

I I .C.15 E f f e c t s  o f  Near Sur face Damage on Fa t igue  
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5.0 Accomplishments and S ta tus  

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

The aims, procedures and i n i t i a l  r e s u l t s  o f  t h e  scop ing  exper iment  have been 

desc r ibed  i n  p rev i ous  DAFS r e p o r t s  and elsewhere (' ' 2 ' 3 ) .  

tube specimens a r e  i r r a d i a t e d  i n  the  M.I.T. research  r e a c t o r ,  surrounded by a 

l o B  f i l m  t o  p r o v i d e  i o n  bombardment f rom l O B ( t ~ , a ) ~ L i .  The temperature o f  t h e  

specimens i s  cyc led ,  which produces a concu r ren t  s t r e s s  c y c l e  i n  t h e  sample 

w a l l s .  

and c ross- sec t ions  t o  determine whether o r  n o t  t h e  ion-bombarded s u r f a c e  l a y e r  

enhances the  i n i t i a t i o n  o f  p o s s i b l y  f a t a l  f a t i g u e  c racks .  The p ressu r i zed  

tubes a r e  n o t  c y c l e d  t o  f a i l u r e  i n  t h e  r e a c t o r  due t o  t h e  r e l a t i v e l y  l o n g  

c y c l e  p e r i o d  (-3.5 min) .  

developed t o  supplement the  m ic roscop ic  i n v e s t i g a t i o n  o f  t h e  e v o l u t i o n  o f  t h e  

ion-bombarded sur faces,  and p o s s i b l e  c r a c k  i n i t i a t i o n  under c y c l i c  c o n d i t i o n s .  

The es tab l i shmen t  o f  a s u i t a b l e  t e s t  method i s  desc r i bed  i n  t h i s  r e p o r t .  

B r i e f l y ,  p ressu r i zed  

Prev ious work has cen te red  on m ic roscop ic  a n a l y s i s  o f  sample su r faces  

A p o s t i r r a d i a t i o n  f a t i g u e  t e s t  has t h e r e f o r e  been 

5.2 Tes t  Development 

The p r ima ry  c o n s t r a i n t s  on t h e  p o s t i r r a d i a t i o n  t e s t  a re :  

t i v e  t o  t h e  presence o f  s h o r t  c racks  on t h e  o u t e r  s u r f a c e  o f  t h e  samples; 2 )  

t h a t  i t  p r o v i d e  as many samples as p o s s i b l e  f rom each t e s t  capsule;  3 )  t h a t  i t  

n o t  supp lan t  t h e  m ic roscop ic  i n v e s t i g a t i o n ;  and 4 )  t h a t  i t  be adaptab le  t o  t h e  

techniques necessary f o r  t h e  hand1 i n g  o f  r a d i o a c t i v e  specimens w i t h o u t  damage 

t o  t h e  h i g h l y  e m b r i t t l e d  ion-bombarded s u r f a c e .  

t e s t  p reserve  the  range o f  data  a v a i l a b l e  f rom each p ressu r i zed  tube specimen 

as a r e s u l t  o f  t h e  v a r y i n g  w a l l  t h i ckness ,  which produces a range o f  s t r e s s e s  

a long  t h e  sample a x i s  (see F i g u r e  1 ) .  
t o  f a t i g u e  t e s t  t o  f a i l u r e  a s e c t i o n  f rom any a x i a l  p o s i t i o n  on t h e  tube. 

1 )  t h a t  i t  be sens i-  

I t i s  a l s o  d e s i r a b l e  t h a t  t h e  

I n  o t h e r  words, i t  shou ld  be p o s s i b l e  

The t e s t  which has been designed meets a l l  these c r i t e r i a  and u t i l i z e s  equ ip-  

ment which has been developed under t h e  A D I P  program a t  t h e  M.I.T. Nuc lear  

Reactor Labora to ry  f o r  the  M i n i a t u r i z e d  Disk  Bend Test  (MDBT). ( 4 )  E s s e n t i a l l y ,  
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RELATIVE HOOP STRESS 

1 1 8  1 (d imens ion i n  mm) 

F I G U R E  1 .  Pressure Capsule Showing Sec t i on i ng  Cuts and Hoop S t ress  V a r i a t i o n .  

t h i s  equipment c o n s i s t s  o f  an I n s t r o n  1331 se r vohyd rau l i c  t e s t i n g  machine 

equipped w i t h  a l ow- load  (0-150 l b )  l o a d  c e l l  and f i x t u r e s  f o r  h o l d i n g  a pbr ich 

and d i e .  I n  the  s tandard  MDBT, t h e  punch and d i e  a r e  bo th  ax isy in inet r ic ,  ' w i t n  

t h e  punch a c t i n g  on t h e  c e n t e r  o f  a 3 mm d i s k  suppor ted  around t h e  edges (see 

Ref .  4 ) .  
i n  F i g u r e  2a. Samples a r e  s e c t i o n s  c u t  f rom t h e  r i n g s  i n d i c a t e d  i n  F l g u r e  1 ,  

and t h e  t e s t  t he re fo re  i n v o l v e s  t h r e e  p o i n t  bending o f  a s m a l l  cu rved  beaiii 

w i t h  dimensions dependent on the  segment o f  t h e  i n i t i a l  sample tube f ro i l l  w h i c h  

i t  i s  c u t .  A t y p i c a l  f a t i g u e  specimen i s  shown i n  F i g u r e  2b. 

The c o n f i g u r a t i o n  o f  t h e  punch and d i e  f o r  t h e  c u r r e n t  t e s t  i s  snoi in  

Developmental t e s t i n g  has been c a r r i e d  o u t  u s i n g  b o t h  t h e  3 mm d i s k s  and m i n i -  

a t u r e  "beams." The t e s t  c o n f i g u r a t i o n  p e r m i t s  l o a d i n g  i n  one d i r e c t i o n  o n l y ,  

and t e s t s  a r e  t h e r e f o r e  per formed i n  a l o a d  regime where p l a s t i c  de fo rmat ions  

a r e  s m a l l .  S t a b l e  c o n t r o l  can be ma in ta i ned  w i t h  t h e  c u r r e n t  equipment a t  
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FIGURE 2 .  a )  Punch and D ie  f o r  Fa t igue  T e s t  o f  P a r t i a l  R ing Specimens. 
b )  Test  C o n f i g u r a t i o n  f o r  P a r t i a l  R ing Specimen. 

t e s t  f requenc ies  up t o  50 HZ, i n  bo th  s t r o k e  c o n t r o l  and l o a d  c o n t r o l  modes. 

The t e s t  parameters which have been e s t a b l i s h e d  on non rad ioac t i ve  specimens 

i n d i c a t e  a t e s t  a t  20-50 HZ, w i t h  maximum s t r e s s  o f  approx imate ly  95% o f  t h e  

y i e l d  s t r e s s  and R = 0.05. As c u r r e n t l y  p lanned t h e  t e s t  w i l l  be c a r r i e d  

o u t  i n  l o a d  c o n t r o l  and t h e  maximum s t r o k e  w i l l  be mon i to red  t o  d e t e c t  f a i l -  

u re .  
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7.0 Fu tu re  Work 

T e s t i n g  o f  specimens c u t  f rom t h e  f o u r  p r e s s u r i z e d  tubes desc r i bed  i n  Re fe r-  

ence 3 w i l l  commence immed ia te ly  f o l l o w i n g  t h e  necessary m o d i f i c a t i o n s  f o r  

r o u t i n e  t e s t i n g  o f  r a d i o a c t i v e  specimens. Two o f  these specimens were i o n -  

bombarded and s t ress / tempera tu re  c y c l e d  as desc r i bed  above, w h i l e  two were 

s t ress / tempera tu re  c y c l e d  i n  a r e a c t o r  w i t h o u t  ion-bombardment. D i r e c t  com- 

p a r i s o n  between ion-bombarded and non- ion-bombarded specimens o f  s i m i l a r  

geometry and thermal and s t r e s s  h i s t o r y  w i l l  be under taken.  Twenty t o  t h i r t y  

specimens a r e  expected t o  be a v a i l a b l e  f rom each p ressu r i zed  tube sample. 
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CHAPTER 4 

CORRELATION METHODOLOGY 
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FISSION FUSION CORRELATIONS FOR SWELLING AND MICROSTRUCTURE I N  STAINLESS 

STEELS: EFFECT OF THE HELIUM TO DISPLACEMENT PER ATOM RATIO 

G.R. Odet te  (U.C. - Santa Barbara), P.M. Maziasz (Oak Ridge N a t i o n a l  

Labora tory )  and J.A. Sp i tznage l  (Westinghouse Research and Development 

Center)  

1 .0  O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  rev iew  t h e  d a t a  base on t h e  i n f l u e n c e  o f  

he l i um on m i c r o s t r u c t u r a l  e v o l u t i o n  i n  charged p a r t i c l e  and neu t ron  

i r r a d i a t i o n s ;  and t o  develop p r e d i c t i v e  models o f  t h e  behav io r  o f  

s t a i n l e s s  s t e e l s  a t  he l i um t o  d isplacement p e r  atom r a t i o s  c h a r a c t e r i s t i c  

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

2.0 Summary 

The i r r a d i a t e d  f u s i o n  m a t e r i a l s  da ta  base w i l l  be i n i t i a l l y  developed i n  

f i s s o n  reac to rs .  Hence, p r e d i c t i o n s  o f  t h e  i n - s e r v i c e  performance of  

m a t e r i a l s  i n  f u s i o n  r e a c t o r s  must account  f o r  t h e  e f f e c t  o f  a number o f  

v a r i a b l e s  which d i f f e r  between f i s s i o n  and f u s i o n  environments. I d e a l l y  

such f i s s i o n - f u s i o n  c o r r e l a t i o n s  shou ld  r e f l e c t  sound mechan is t i c  

understanding.  I n  t h i s  paper we rev iew  t h e  e f f e c t s  o f  t h e  he l i um t o  

d isplacement p e r  atom r a t i o  on m i c r o s t r u c t u r a l  e v o l u t i o n ,  w i t h  emphasis on 

a u s t e n i t i c  s t a i n l e s s  s t e e l s .  Charged p a r t i c l e  da ta  i s  analyzed t o  

de termine mechan is t i c  t r ends .  These r e s u l t s  appear t o  be c o n s i s t e n t  w i t h  

a more d e t a i l e d  comparison made between da ta  f rom neu t ron  i r r a d i a t i o n s  o f  

t y p e  316 s t a i n l e s s  s t e e l  i n  EBR-I1 ( low hel ium) and H F I R  ( h i g h  hel ium).  

F i n a l l y ,  a model c a l i b r a t e d  t o  t h e  f i s s i o n  r e a c t o r  da ta  i s  used t o  

e x t r a p o l a t e  t o  f u s i o n  c o n d i t i o n s .  
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3 .0  Program 

T i t l e :  Damage A n a l y s i s  and Fundamental S tud ies  for- F u s i o i l  Keactu, .  

M a t e r i a l s  Development 

P r i n c i p a l  I n v e s t i g a t o r s :  G . R .  Odet te and G . € .  Lucas 

A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara 

4 .0  Relevant  OAFS Program Task/Subtask 

Subtask C C o r r e l a t i o n  Methodology 

5 . 0  Accomplishments and S ta tus  

5 . 1  I n t r o d u c t i o n  

The i r r a d i a t i o n  envi ronments i n  which e n g i n e e r i n g  da ta  can be o t i t a i i i r c l  tu!’ 

s t r u c t u r a l  a l l o y s  d i f f e r  f rom f u s i o n  c o n d i t i o n s  i n  a v a r i e t y  o f  p o t e : ~ -  

t i a l l y  i m p o r t a n t  ways. Sys temat ic  development o f  a b a s i s  f o r  p re t i i c t i i i c i  

t h e  i n - s e r v i c e  behav io r  o f  f u s i o n  a l l o y s  w i l l  r e q u i r e :  j u d i c i o u s  11se u i  

e x i s t i n g  f i s s i o n  r e a c t o r s ;  e x t r a p o l a t i o n  o f  f i s s i o n  da ta  t o  f i i i i o n  

c o n d i t i o n s  u s i n g  p h y s i c a l l y  based models; and use o f  b o t h  f i s s i o r l  r eac to r ’ i  

and s p e c i a l  i r r a d i a t i o n  f a c i l i t i e s  t o  h e l p  deve lop .  and u l t i m a t e l y  v e r i f y .  

c o r r e l a t i o n  procedures.  These f a c i l i t i e s  i n c l u d e  h i g h  energy neu t ron  

sources and t h e  d u a l - i o n  charged p a r t i c l e  i r r a d i a t i o n  dev ices  ( 1 . 2 ) .  

Recent ly ,  emphasis has been p laced  on c o n d i t i o n s  p e r t i n e n t  t o  near  te rm 

f u s i o n  dev ices ;  namely low temperatures (i 35OoC f o r  wh ich  very  l i t t l e  

da ta  e x i s t s )  and l o w- t o- i n t e r m e d i a t e  exposures ( <  60 dpa) .  Proposed 

a l l o y s  i n c l u d e  20% cold-worked (CW) and t i t a n i u m  m o d i f i e d  t ype  316 

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  ( S S ) ,  and m a r t e n s i t i c  s t a i n l e s s  s t e e l  a l l o y s  

( e . g .  HT-9). C o r r e l a t i o n s  f o r  20% CW t y p e  316 S S  have been fo rmu la ted  f o r .  

a number o f  p r o p e r t i e s .  These w i l l  he i n c l u d e d  i n  t h e  Fus ion  M a t e r i a l s  

Handbook ( 3 ) .  
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T h i s  paper emphasizes t h e  d a t a  base and mechan is t i c  unders tanding 

p e r t i n e n t  t o  deve lop ing  a s t r e s s  f r e e  s w e l l i n g  c o r r e l a t i o n  f o r  t h i s  a l l o y .  

We focus on t h e  e f f e c t  o f  o n l y  one o f  t h e  severa l  env i ronmenta l  v a r i a b l e s ,  

t h e  r a t i o  o f  he l ium (He) t o  displacements p e r  atom (dpa), o r  t h e  He/dpa 

r a t i o . "  Even t h i s  narrow e x e r c i s e  demonstrates t h e  cha l lenges  t o  

deve lop ing  r e l i a b l e  f i s s i o n - f u s i o n  c o r r e l a t i o n s .  

To beg in ,  however, i t  i s  u s e f u l  t o  l i s t  t h e  env i ronmenta l  v a r i a b l e s  

o t h e r  t h a n  temperature,  dpa and He/dpa r a t i o  which may be impor tan t .  

These i n c l u d e :  s t r e s s  (4 ) ;  damage r a t e  (4 ) ;  h i s t o r y  e f f e c t s  (4 ) ;  p u l s i n g  

( 5 ) ;  and neu t ron  spectrum [due t o  t h e  i n f l u e n c e  o f  p r ima ry  r e c o i l  

d i s t r i b u t i o n s  (6), s o l i d  t ransmutants  (7) and hydrogen (a)]. Commercial 

s t a i n l e s s  s t e e l s  o f t e n  have h i g h l y  heterogeneous m i c r o s t r u c t u r e s  b o t h  

p r i o r  t o  and a f t e r  i r r a d i a t i o n  (9).  F u r t h e r ,  i r r a d i a t i o n  response i s  

s e n s i t i v e  t o  many m e t a l l u r g i c a l  v a r i a b l e s  (4,lO). There fo re ,  c o r r e l a t i o n s  

must u l t i m a t e l y  be developed f o r  s p e c i f i c  a l l o y s ,  and t r e a t  f a c t o r s  which 

l e a d  t o  hea t- to- hea t  v a r i a b l i t y .  

We f i r s t  rev iew cha rged- pa r t i c l e  s t u d i e s  o f  he l ium e f f e c t s  t o  

determine t rends  found i n  a wide range o f  meta ls  and a l l o y s  f o r  a v a r i e t y  

o f  exper imenta l  c o n d i t i o n s .  T h i s  demonstrates t h a t  he l ium i s  an 

impor tan t ,  and i n  some cases necessary, f a c t o r  i n  t h e  f o rma t i on  o f  
observable  c a v i t i e s .  Increased He/dpa r a t i o s  l e a d  t o  h i g h e r  c a v i t y  

d e n s i t i e s  and s m a l l e r  c a v i t y  s i z e s .  The degree o f  re f inement  v a r i e s  w i t h  

t h e  He/dpa r a t i o  i n  sys temat i c  ways, which can be desc r ibed  u s i n g  s imp le  

s c a l i n g  laws. 

The e f f e c t  o f  he l ium on t o t a l  c a v i t y  volume, o r  s w e l l i n g ,  i s  more 

complex and depends on t h e  coupled behav io r  o f  o t h e r  m i c r o s t r u c t u r a l  

components as w e l l  as o t h e r  v a r i a b l e s .  M i c r o s t r u c t u r e s  which a r e  

*The He/dpa r a t i o  i s  a lways g i v e n  here i n  u n i t s  o f  atom p a r t s  p e r  m i l l i o n  
p e r  d isp lacement  p e r  atom. 
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dominated by h i g h  d e n s i t i e s  of  c a v i t i e s ,  which can be induced by l a r g e  

concen t ra t i ons  o f  hel ium, o f t e n  r e s u l t  i n  lower  s w e l l i n g  and r e t a r d e d  

p r e c i p i t a t i o n .  I n  c o n t r a s t ,  a t  i n t e r m e d i a t e  c a v i t y  d e n s i t i e s ,  assoc ia ted  

w i t h  h ighe r  temperatures and/or i n t e r m e d i a t e  he l i um concen t ra t i ons ,  

enhanced s w e l l i n g  i s  o f t e n  observed. 

These r e s u l t s  a r e  c o n s i s t e n t  w i t h  r a t e  t heo ry  i n t e r p r e t a t i o n s ,  and 

i n d i c a t e  t h e  impor tan t  elements which must be cons idered i n  f o r m u l a t i o n  o f  

s w e l l i n g  models which i n c o r p o r a t e  he l i um e f f e c t s .  These i nc lude :  he l ium 

p a r t i t i o n i n g  and i n v e n t o r y  c a l c u l a t i o n s ;  bubb le- to- vo id  convers ion  

c r i t i c a l  r a d i u s  c r i t e r i a ;  and m i c r o s t r u c t u r a l l y  complete d e s c r i p t i o n s  o f  

v o i d  growth k i n e t i c s .  I n  p a r t i c u l a r ,  t h e  importance o f  c o n s i d e r i n g  

concu r ren t  p r e c i p i t a t e  e v o l u t i o n ,  and p r e c i p i t a t e - c a v i t y  a s s o c i a t i o n  i s  
demonstrated. The c h a r g e d- p a r t i c l e  da ta  suggests t h a t  he l i um can 

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  genera l  c h a r a c t e r  o f  t h e  m i c r o s t r u c t u r e ;  t h i s  

may va ry  f rom cases o f  dominance o f  h i g h  d e n s i t i e s  o f  smal l  m a t r i x  bubbles 

t o  c a v i t y  m i c r o s t r u c t u r e s  c h a r a c t e r i z e d  by l a r g e  vo ids  a t tached  t o  

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

These obse rva t i ons  gu ide  and s t reng then  ou r  i n t e r p r e t a t i o n  o f  l i m i t e d  da ta  

on neu t ron  i r r a d i a t i o n s  o f  t y p e  316 SS. T h i s  a n a l y s i s  i n v o l v e s  a d e t a i l e d  

comparison o f  m i c r o s t r u c t u r e s  formed i n  f a s t -  and mixed-spectrum r e a c t o r s  

which produce lower  and h i g h e r  concen t ra t i ons  o f  he l i um r e l a t i v e  t o  f u s i o n  

c o n d i t i o n s ,  r e s p e c t i v e l y .  The t r e n d s  i n  t h e  neu t ron  i r r a d i a t i o n s  a r e  ve ry  

s i m i l a r  t o  t h e  c h a r g e d- p a r t i c l e  r e s u l t s .  S p e c i f i c a l l y ,  t h e  h i g h  he l i um 

c o n c e n t r a t i o n s  produced i n  mixed spectrum i r r a d i a t i o n s  leads t o  

acce le ra ted  n u c l e a t i o n  o f  a r e f i n e d ,  c a v i t y  dominated m i c r o s t r u c t u r e .  

Th i s  appears t o  r e s u l t  i n  e a r l i e r  s w e l l i n g  a t  low r a t e s  f o r  i n t e r m e d i a t e  

exposures (< 60 dpa). I n  c o n t r a s t ,  f a s t  r e a c t o r  i r r a d i a t i o n s  r e s u l t  i n  

much lower  c a v i t y  d e n s i t i e s ,  w i t h  l a r g e  vo ids  a t tached  t o  p r e c i p i t a t e s .  

I n  t h i s  case, i n c u b a t i o n  exposures p r i o r  t o  t h e  onset  o f  s w e l l i n g  a r e  

l a r g e ,  b u t  t h e  h i g h  exposure (> 60 dpa) s w e l l i n g  r a t e s  a r e  h igh.  
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The exper imenta l  observa t ions  a re  used t o  gu ide  t h e  c o n s t r u c t i o n  o f  a 

t h e o r e t i c a l  model which i nco rpo ra tes  t h e  elements no ted  above. The model 

i s  c a l i b r a t e d  t o  t h e  neu t ron  i r r a d i a t i o n  da ta ,  and used t o  i n t e r p o l a t e  t o  

a c t u a l  f u s i o n  He/dpa r a t i o s .  The r e s u l t s  suggest t h a t  environments which 

generate ve ry  h i g h  and low he l i um concen t ra t i ons  may n o t  r e s u l t  i n  

s w e l l i n g  which b racke ts  behav ior  i n  f u s i o n  environments. F i n a l l y ,  t h i s  

a n a l y s i s  shou ld  be cons idered t e n t a t i v e .  The l i m i t a t i o n s  o f  b o t h  t h e  

c u r r e n t  da ta  base and unders tand ing  o f  b a s i c  mechanisms a re  d iscussed 

b r i e f l y .  

5 . 2  Charged P a r t i c l e  S tud ies  o f  t h e  E f f e c t  o f  Hel ium on 

M i c r o s t r u c t u r a l  E v o l u t i o n  

5 . 2 . 1  Background 

Charged- pa r t i c l e  s t u d i e s  u s i n g  s i n g l e  o r  m u l t i p l e  beams o f  h i g h  energy 

i o n s  o r  e l e c t r o n s  t o  i m p l a n t  he l i um and produce d isplacement damage 

possess severa l  unique c a p a b i l i t i e s .  I n  p a r t i c u l a r ,  t hey  p r o v i d e  f o r  

p r e c i s e  and independent c o n t r o l  o f  a number o f  expe r imen ta l va r i ab les  (e.g.  

temperature,  dpa r a t e  and p u l s i n g )  f o r  any m a t e r i a l .  However, exper ience 

has shown t h a t  these techn iques cannot g e n e r a l l y  d i r e c t l y  s i m u l a t e  neu t ron  
e f f e c t s ;  and t h a t  a number o f  c r i t i c a l  f a c t o r s ,  such as damage r a t e ,  must 

be cons idered i n  i n t e r p r e t i n g  c h a r g e d- p a r t i c l e  da ta  (11-13).  Several  

p r o m i s i n g  exper imenta l  and t h e o r e t i c a l  e f f o r t s  a r e  underway t o  e s t a b l i s h  

charged- p a r t i c l e - n e u t r o n  da ta  c o r r e l a t i o n s  (13). However, a t  t h i s  t ime ,  

these techn iques a r e  most u s e f u l  f o r  s t u d y i n g  c r i t i c a l  mechanisms and 

parameters. Reviews o f  some o f  t h e  c h a r g e d- p a r t i c l e  l i t e r a t u r e  have been 

p u b l i s h e d  (6.14). 

Charged- par t i c l e  s t u d i e s  have been conducted on a wide v a r i e t y  o f  meta ls  

and a l l o y s  w i t h  He/dpa r a t i o s  up t o  500, dpa r a t e s  f rom about 2x105 t o  

3x103 dpa/s, and temperatures f rom about  0 .3  t o  0.6 o f  t h e  m e l t i n g  p o i n t .  

The genera l  t r ends  found i n  t h i s  da ta  base a re  grouped i n t o  t h r e e  broad 
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ca tegor ies :  he l i um t o  d isplacement p e r  atom e f f e c t s  on t h e  s i z e  and number 

d e n s i t y  o f  m i c r o s t r u c t u r a l  f ea tu res ;  s c a l i n g  laws; and consequences t o  

c a v i t y  volume. F u r t h e r ,  t h e  e f f e c t s  of  beam h i s t o r y  a r e  rev iewed b r i e f l y .  

We analyse exper iments i n  which he l i um i s  p r e i n j e c t e d  f o l l o w e d  by 

c h a r g e d- p a r t i c l e  i r r a d i a t i o n  t o  generate d isplacement damage, and d u a l - i o n  

s t u d i e s  i n  which s imul taneous he l ium i m p l a n t a t i o n  and d isplacement damage 

i s  produced u s i n g  two ( o r  more) p a r t i c l e  beams. 

5 . 2 . 2  Hel ium Induced M i c r o s t r u c t u r a l  Refinement 

I n c r e a s i n g  t h e  He/dpa r a t i o  r e f i n e s  t h e  m i c r o s t r u c t u r e  i n  t h e  sense o f  

caus ing  c a v i t y  and loop  f o r m a t i o n  t o  occur on a f i n e r  sca le ;  t h a t  i s ,  

h i g h e r  number d e n s i t i e s  and s m a l l e r  s i z e s  (14-47). F u r t h e r ,  he l i um o f t e n  
promotes t h e  f o r m a t i o n  of  bimodal c a v i t y  s i z e  d i s t r i b u t i o n s  (14-24). 

D i s t i n c t  upper l i m i t s  on the s i z e  o f  t h e  smal l  component o f  t h e  bimodal 

c a v i t y  d i s t r i b u t i o n s ,  which a r e  presumably gas bubbles,  i s  commonly 

observed (15-23). Th i s  has i m p o r t a n t  i m p l i c a t i o n s  w i t h  respec t  t o  t h e  

mechanism o f  v o i d  f o r m a t i o n  which w i l l  be d iscussed i n  Sec t i on  5.4. I n  

complex a l l o y s  c o n t a i n i n g  p r e c i p i t a t e s ,  t h e  balance between m a t r i x  

c a v i t i e s  ( u s u a l l y  sma l l )  and those assoc ia ted  w i t h  p r e c i p i t a t e s  ( u s u a l l y  

l a r g e )  o f t e n  s h i f t s  i n  f a v o r  o f  t h e  smal l  m a t r i x  c a v i t i e s  w i t h  h i g h e r  

He/dpa r a t i o s  (17,19,25,26). 

Va ry ing  degrees o f  loop enhancement w i t h  he l i um i m p l a n t a t i o n  have been 

r e p o r t e d  (14,17,19,22-24). The e f f e c t s  a r e  more pronounced f o r  

p r e i n j e c t e d  than  f o r  d u a l - i o n  c o n d i t i o n s  (14,17,19,24) and f o r  commerical 

t y p e  316 SS compared t o  a h i g h  p u r i t y  F e- N i - C r  model a l l o y  (18,22). 
However, t h e  t o t a l  d i s l o c a t i o n  d e n s i t y  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  

He/dpa r a t i o  and i n j e c t i o n  mode (16-19,21-23,27). 

The i n f l u e n c e  o f  he l i um on p r e c i p i t a t i o n  has a l s o  been s t u d i e d  f o r  some 

s t a i n l e s s  s t e e l s  a l l o y s  (17,19,23,26,28,29). P r e c i p i t a t i o n  appears t o  be 

h i g h l y  coupled t o  c a v i t y  and loop m i c r o s t r u c t u r e s .  Segregat ion  t o  these 
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f e a t u r e s  o f  s o l u t e s  such as s i l i c o n  and n i c k e l ,  sometimes l e a d i n g  t o  

p r e c i p i t a t e s  o r  p r e c i p i t a t e  s h e l l s ,  i s  w e l l  e s t a b l i s h e d  (19,26). I n  some 

cases, e a r l y  l oop  f o r m a t i o n  appears t o  s e t  t h e  stage f o r  subsequent phase 

i n s t a b i l i t y  and s w e l l i n g  (19). When c a v i t y  and loop m i c r o s t r u c t u r e s  a re  

r e f i n e d ,  s o l u t e s  p a r t i t i o n  t o  more s i t e s .  Th is  can l e a d  t o  a f i n e r  

d i s t r i b u t i o n  and a lower volume f r a c t i o n  o f  second phase 

(17,19,23,26,28,29). These observa t ions  a re  summarized schemat i ca l l y  i n  

Table 1. 

TABLE I 

A SCHEMATIC REPRESENTATION OF HELIUM-INDUCED 
MICROSTRUCTURAL REFINEMENT TRENDS OBSERVED I N  CHARGED-PARTICLE I R R A D I A T I O N S  

I n c r e a s i n g  He/dpa R a t i o  
Feature  (1) (50) (500)  

C a v i t y  Dens i t y  NC 10-50Nc 20-100Nc 

Loop Dens i t y  NL 1-3NL 2-4NL 

Network D i s l o -  
0. 5-2pd 0. 5-2pd c a t i o n  D e n s i t y  

P r e c i p i t a t e  

'd 

V 0.5-1V -0 
P Volume F r a c t i o n *  P 

* I r r a d i a t i o n  induced o r  m o d i f i e d  

The r e s u l t s  o f  a number o f  s t u d i e s  can be used t o  q u a n t i f y  t h e  i n f l u e n c e  

o f  t h e  He/dpa r a t i o  on some m i c r o s t r u c t u r a l  f ea tu res .  Such s c a l i n g  laws 

p r o v i d e  i n s i g h t s  i n t o  c r i t i c a l  mechanisms. F i g u r e  1 shows one example f o r  

t ype  304SS d u a l - i o n  i r r a d i a t e d  a t  7OOOC (23). The t o t a l  c a v i t y  number 

d e n s i t y  has been normal ized by d i v i d i n g  by t h e  square r o o t  o f  t h e  he l ium 

c o n c e n t r a t i o n  [He] (note  t h a t  t h e  [He] i s  p r o p o r t i o n a l  t o  t h e  he l ium 

i n j e c t i o n  r a t e  KHe). The normal ized q u a n t i t y  e x h i b i t s  a smal l  dependence 

on t h e  he l ium i n j e c t i o n  r a t e  over two o rde rs  o f  magnitude. Thus, the  

c a v i t y  d e n s i t y  Nc can be c r u d e l y  r e l a t e d  t o  t h e  he l i um c o n c e n t r a t i o n  [He] 
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in terms of a simple power dependence p as 

Nc CI [Help ( 1  1 

where p - 0.5. Such scaling is consistent with other experimental 

observations (19,30,31). However, some studies suggest different scaling 

dependence. Values o f  p - 0.25 (27,32), 1(22,33) and 2(17,18) have been 

observed. 
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Some of these variations may result from inconsistent definitions of what 

constitutes a cavity or failure to resolve small bubbles. However, cavity 

scaling behavior is probably dependent on a number of variables. For 

example, the existing dislocation and precipitate microstructure is 

expected to influence the balance between homogeneous and heterogeneous 

nucleation of cavities. Further, cavity densities often decrease at high 

exposures due to void coalescence. The concentration of residual gases, 

FIGURE 1. The Cavity Density Normalized by Dividing by the Square Root of 
the Helium Concentration Versus the Helium Injection Rate f o r  a 
700°C Dual-Ion Irradiation of Type 304SS. 
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which may a c t  as a su r roga te  f o r  hel ium, seems t o  be an i m p o r t a n t  f a c t o r  

(14,34). F i n a l l y ,  t h e  temperature and sequence o f  he l i um i m p l a n t a t i o n  a r e  

s i g n i f i c a n t  as d iscussed below. S c a l i n g  laws f o r  loops and p r e c i p i t a t e s  

have n o t  been es tab l i shed .  

5.2.3 Consequences of t h e  Ref ined M i c r o s t r u c t u r e  

W i t h i n  t h e  framework o f  t h e  k i n e t i c s  o f  p o i n t  d e f e c t  seg rega t i on  and 

c l u s t e r i n g  ( i . e . ,  r a t e  t heo ry )  t h e  major  e f f e c t  o f  he l i um on macroscopic 

p r o p e r t i e s  such as c a v i t y  s w e l l i n g  i s  due t o  p e r t u r b e d  p o i n t  d e f e c t  

a b s o r b t i o n  / emiss ion  balances a t  s inks .  The n e t  e f f e c t  o f  i n c r e a s i n g  t h e  

He/dpa r a t i o  on s w e l l i n g  v a r i e s  depending on t h e  c i rcumstances as 

summarized i n  Table 2. 

TABLE 2 

THE EFFECT OF I N C R E A S I N G  HE/DPA R A T I O  ON SWELLING FOUND 
I N  CHARGED-PARTICLE IRRADIATIONS 

E f f e c t  on S w e l l i n g  References 

Increase 8,22,25,27,2a,35-37 

Decrease 16,18,25,30,38,39 
V a r i a b l e *  14,19,27,32,34,40,41 

*Depending on t h e  temperature,  exposure and He/dpa r a t i o .  

The s i g n  and magnitude o f  s w e l l i n g  changes appears t o  depend on t h e  degree 

o f  re f i nemen t  o f  t h e  m i c r o s t r u c t u r e .  Fo r  example, i n  one d u a l - i o n  

exper iment  i n c r e a s i n g  t h e  He/dpa r a t i o  f rom 15 t o  50 increases  t h e  

p o s t - i n c u b a t i o n  s w e l l i n g  by a f a c t o r  o f  -3 a t  20 dpa i n  a s o l u t i o n  

annealed and aged t y p e  316% i r r a d i a t e d  a t  625OC (22). I n  t h i s  case, t h e  

d e n s i t y  o f  smal l  c a v i t i e s  d i d  n o t  change much w i t h  increased He/dpa r a t i o  

and t h e  number o f  l a r g e  c a v i t i e s  increased o n l y  by a f a c t o r  o f  about  3. 

I n  c o n t r a s t ,  i n  a 7OOOC d u a l - i o n  i r r a d i a t i o n  o f  a Fe-Ni-Cr model a l l o y  an 

i nc rease  i n  t h e  He/dpa r a t i o  o f  16 t o  55 r e s u l t e d  i n  an increase i n  c a v i t y  
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d e n s i t y  by a f a c t o r  o f  -20; s w e l l i n g  decreased by a f a c t o r  o f  -8 a t  20 dpa 

(18). Notab ly ,  the  bimodal c a v i t y  s i z e  d i s t r i b u t i o n  d i d  n o t  con t inue  

beyond t h e  i n c u b a t i o n  regime f o r  t h e  lower He/dpa r a t i o  i n  t h i s  case. 

I n  p a r t ,  t he  complex behav ior  desc r ibed  above may be due t o  He/dpa induced 

s h i f t s  i n  the  temperature-dependence o f  s w e l l i n g  as found i n  a pure  

s t a i n l e s s  s t e e l  ( < . e .  a Fe-Ni-Cr-Mo a l l o y )  as i l l u s t r a t e d  i n  F i g u r e  2 

(34).  Here the  temperature o f  t h e  peak s w e l l i n g  r a t e  i s  s h i f t e d  upwards 

w i t h  respec t  t o  a s i n g l e - i o n  bombardment by -50°K f o r  d u a l - i o n  i r r a d i a t i o n  

a t  a He/dpa r a t i o  o f  20. Other s t u d i e s  o f  the  temperature-dependence o f  

s w e l l i n g  suggest t h a t  increased He/dpa r a t i o s  decrease s w e l l i n g  below t h e  

peak temperature (39) and extend s w e l l i n g  t o  h i g h e r  temperatures (37). 

However, he l ium induced e x t e n t i o n s  o f  s w e l l i n g  t o  lower temperatures has 

a l s o  been r e p o r t e d  (37). The e f f e c t  o f  he l ium on t h e  s w e l l i n g  and 
s w e l l i n g  temperature-dependence i s  d i f f e r e n t  f o r  p r e i n j e c t i o n  and d u a l - i o n  

c o n d i t i o n s  (16,17,37). 

F u r t h e r ,  s imple  monotonic changes i n  s w e l l i n g  as a f u n c t i o n  o f  He/dpa 

r a t i o  a re  n o t  always observed. That  i s ,  an increased He/dpa r a t i o  does n o t  

1 ead t o  a steady inc rease  o r  decrease i n  s w e l l i n g .  

- I  

We c i t e  two examples. 

30 
TEMPERATURE, K 

FIGURE 2.  The Temperature-Dependence o f  t h e  S w e l l i n g  Rate For  S i n g l e  
and Dua l- Ion  I r r a d i a t i o n s  of a Pure  S t a i n l e s s  S t e e l .  (32) 
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Figure 3 shows the effect of a dual-ion experiment on a titanium-modified 
type 316% irradiated to 70 dpa at 625OC at He/dpa ratios of 0, 0.2 and 20 
(19). As indicated in the Figure 3, this alloy is swelling resistant in 
the absence of helium (swelling -0). A l o w  He/dpa ratio of -0.2 provides 
sufficient impetus for the nucleation and rapid growth of cavities 
(swelling -3.5%). However, raising the He/dpa ratio to -20 results in 
reduced swelling (2, 1.8%). Perhaps an even more striking example is the 
observation of precipitate and cavity alignment in dual-ion bombarded 
solution annealed type 316SS at 6OOOC (26). This phenomenon, which can 
apparently lead to large swelling through rapid coalescence of aligned 
cavities, can be totally suppressed by either increasing or decreasing the 
He/dpa ratio. 

A V / V ( % ) = O  3.5 1.8 

I He/dpa 0.2 appm He/dpa 20 appm He/dpa 

FIGURE 3. Micrographs Showing the Effect of the He/dpa Ratio on the Micro- 
structure of a Titanium-Modified Stainless Steel Dual-Ion Irra- 
diated at 625OC to 70 dpa. (19) 
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I n  genera l ,  c h a r g e d- p a r t i c l e  exper iments suggest t h a t  smal l  amounts of  

he l ium promote c a v i t y  n u c l e a t i o n  and inc rease  c a v i t y  volume f r a c t i o n s ,  

p a r t i c u l a r l y  i n  s w e l l i n g  r e s i s t a n t  a l l o y s .  Larger  amounts o f  he l ium may 

inc rease  c a v i t y  and loop  d e n s i t i e s  t o  t he  p o i n t  where s w e l l i n g  i s  

re ta rded.  I n  some cases even more he l ium may reverse  t h i s  t r e n d  and 

r e s u l t  i n  inc reased c a v i t y  volume. High c a v i t y  and loop  d e n s i t i e s  a l s o  

r e t a r d  p r e c i p i t a t i o n  of  n i c k e l  and s i l i c o n  r i c h  phases. 

5.2.4 Beam Schedul ing and Rate Dependence 

M i c r o s t r u c t u r a l  e v o l u t i o n  i s  i n f l u e n c e d  by t h e  t ime  and temperature 

h i s t o r y  o f  he l ium imp lan t i on .  The most extreme case, which a l s o  r e s u l t s  i n  

t h e  most dramat ic  m i c r o s t r u c t u r a l  d i f f e r e n c e s ,  i s  observed f o r  c o l d  
p r e i n j e c t i o n  (near  room temperature) c o n d i t i o n s .  Such exper iments 

g e n e r a l l y  r e s u l t  i n  h i ghe r  c a v i t y  and loop  d e n s i t i e s  than  a re  produced by 

d u a l - i o n  o r  ho t  p r e i n j e c t i o n  (near t h e  temperature a t  which displacement 

damage i s  generated) i r r a d i a t i o n s  (16,18,19,24,27,37,41). There a re  

concomi tant  e f f e c t s  on s w e l l i n g  and p r e c i p i t a t i o n .  Indeed, these t end  t o  

be suppressed by t h e  very  h i g h  c a v i t y  and loop concen t ra t i ons  found i n  

some c o l d  p r e i n j e c t i o n  exper iments (16,18,19,24,32,39,41). D i f f e rences  

between h o t  p r e i n j e c t i o n  and d u a l - i o n  m i c r o s t r u c t u r e s  have a l s o  been 

r e p o r t e d  (24,29). 

Dua l- ion  exper iments have been used t o  s tudy  t h e  e f f e c t  o f  t h e  he l ium 

i m p l a n t a t i o n  schedule (23,42). Th i s  i s  u s e f u l  f o r  ana l yz ing  mixed 

spectrum f i s s i o n  r e a c t o r  exper iments i n  which t he re  i s  a t ime  dependent 

He/dpa r a t i o .  The a v a i l a b l e  data i n d i c a t e s  t h a t ,  w i t h  one except ion ,  

those m i c r o s t r u c t u r a l  f ea tu res  which a re  most s u b j e c t  t o  r e f i nemen t  by 

he l ium a re  a l s o  most s e n s i t i v e  t o  beam h i s t o r y .  C a v i t y  s i z e  

d i s t r i b u t i o n s ,  i n t e r s t i t i a l  d i s l o c a t i o n  loops,  and p r e c i p i t a t i o n  o f  n i c k e l  

and s i l i c o n  r i c h  phases a l l  depend on beam h i s t o r y ,  w h i l e  t he  t o t a l  

d i s l o c a t i o n  d e n s i t y  i s  una f fec ted .  The except ion ,  noted above, i s  t o t a l  
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c a v i t y  d e n s i t y  which appears t o  be u n a f f e c t e d  by beam schedule, d e s p i t e  

i t s  dependence on t h e  He/dpa r a t i o  (23). 

Several  s t u d i e s  o f  low displacement  r a t e  neu t ron  i r r a d i a t i o n s  f o l l o w i n g  

c o l d  p r e i n j e c t i o n  o f  va r i ous  pure  meta ls  and a l l o y s  have been r e p o r t e d  

(43-47). These r e s u l t s  a r e  q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  t h e  h i g h  

d isplacement r a t e  c h a r g e d- p a r t i c l e  da ta  d iscussed above. Most n o t a b l y ,  

c o l d  p r e i n j e c t i o n  o f  he l i um appears t o  r e f i n e  c a v i t y  and loop m i c r o s t r u c-  

t u r e s  and u s u a l l y  r e t a r d s  c a v i t y  s w e l l i n g .  

I n  summary, t h e  c h a r g e d- p a r t i c l e  s t u d i e s  demonstrate b o t h  sys temat ic  

t r e n d s  i n  t h e  response of  t h e  m i c r o s t r u c t u r e  t o  v a r i a t i o n s  i n  t h e  He/dpa 

r a t i o  and a w e l l  d e f i n e d  sequence o f  events.  However, d i s c u s s i o n  o f  t h e  

mechan is t i c  i m p l i c a t i o n s  o f  these r e s u l t s  w i l l  be d e f e r r e d  t o  Sec t i on  4 t o  

p e r m i t  comparison w i t h  t h e  da ta  f rom mixed and f a s t  spectrum neu t ron  

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

5 .3  A Comparison o f  Type 316 S t a i n l e s s  S tee l  I r r a d i a t e d  i n  Fas t  

and Mixed Spectrum Reactors 

5 .3 .1  Background 

Because o f  t h e  need f o r  b u l k  mechanical p r o p e r t i e s  and t h e  l i m i t a t i o n s  o f  

c h a r g e d- p a r t i c l e  s tud ies ,  f i s s i o n  neu t ron  i r r a d i a t i o n s  w i l l  fo rm t h e  

primary b a s i s  f o r  gene ra t i ng  eng inee r ing  da ta  f o r  f u s i o n  a l l o y s .  Sub- 

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

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

fas t - spec t rum r e a c t o r s  such as t h e  Exper imenta l  Breeder Reac to r- I1  

(EBR-11) (10,48,49). Un fo r tuna te l y ,  these environments have low He/dpa 

r a t i o s  o f  - 0.35 f o r  s t a i n l e s s  s t e e l  r e l a t i v e  t o  nominal f u s i o n  va lues  of  

- 10 (50). Note, however, t h a t  depending on t h e  p o s i t i o n  i n  t h e  b l a n k e t  

and d e t a i l s  o f  t h e  r e a c t o r  design,  f u s i o n  He/dpa r a t i o s  may va ry  f rom -1 

t o  30. E x i s t i n g  f a s t  r e a c t o r  d a t a  i s  a l s o  p r i m a r i l y  l i m i t e d  t o  

temperatures g r e a t e r  t han  37OoC. I n  c o n t r a s t ,  mixed-spectrum r e a c t o r s  
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produce cop ious amounts o f  he l ium i n  n i c k e l  b e a r i n g  a l l o y s  by tk ,e  

two- stage 5 8 N i  (nth, y )  5 Y N i  (nth,  0) r e a c t i o n  ( 5 0 ) .  I n  t.h+ 

mixed-spectrum H igh  F l u x  I s o t o p e  Reactor (HFIR) t h e  He/dpa r a t i o  i o .  

s t a i n l e s s  s t e e l  c o n t a i n i n g  13% N i c k e l  i s  2. 70 f o r  expositres g r e a t e r  t h w  

10 dpa (50).  Hence, t h e  f as t - and  mixed-spectrum f i s s i o n  envii-onmerits 

b r a c k e t  nominal f u s i o n  He/dpa r a t i o s .  

The f a s t  r e a c t o r  d a t a  base shows t h a t  i r r a d i a t i o n  induced r n i c r w i t r i i c t L . r ? '  

e v o l u t i o n  i s  s e n s i t i v e  t o  a number o f  m a t e r i a l  v a r i a b l e s  assoc i a ted  h i t h  

compos i t i on  and a l l o y  c o n d i t i o n  ( 4 , 1 0 , 4 8 , 4 9 ) .  Hence, i t  i s  impor ta i i t  t u  

min im ize  t h e  m a t e r i a l  as w e l l  as i r r a d i a t i o n  parameter v a r i a t i o n s  ii,. 

comparing f a s t  and mixed spectrum da ta .  U n f o r t u n a t e l y ,  the  d a t a  a v a i l a b l e  

f o r  such a comparison c o n s i s t s  o n l y  o f  a s i n g l e  h e a t  o f  t y p e  316 Si 
b o t h  20% CW and so l u t i on- annea led  ( S A )  c o n d i t i o n s  ( 5 1 - 5 8 ) .  The cornp9si t i ! ; , ;  

o f  t h i s  s t e e l ,  s p e c i f i e d  as DO Heat,  i s  as f o l l o w s  ( w e i g h t  p e r c e n t ) .  

Fe C C r  N i  Mo Mn S i  T i  N 
63 .05 18 1 3  2 . 6  1 . 9  . 8  . 0 5  .05 
- -  - - - - - - - 

Note t h a t  DO Heat i s  s l i g h t l y  en r i ched  i n  s i l i c o n  r e l a t i v e  t o  t i ,p icd!  

breeder  s t e e l s  (0.8% versus - 0.5%) ( 5 7 ) .  

D i r e c t  comparison o f  even t h i s  l i m i t e d  d a t a  i s  confounded by sevt .* 'c i l  

f a c t o r s  which i n c l u d e :  1) a r e l a t i v e ~ l y  smal l  ove r l ap  i n  dpa and 

temperature;  2 )  s i g n i f i c a n t  u n c e r t a i n t i e s  i n  temperature and p o t e n t i a l  

e f f e c t s  o f  complex temperature h i s t o r i e s ;  3 )  a t ime-dependent Heidpa 
r a t i o  i n  H F I R  i n c r e a s i n g  f rom 15 a t  -1 dpa and s a t u r a t i n g  a t  - 7 0 :  4 )  

d i f f e r e n t  s o l i d  t ransmutan t  gene ra t i on  i n  t h e  two env i ronments :  [ F o r  

example, HFIR produces vanadium - .7% and dep le tes  manganese f rom ~ 1 . 9  t o  

.9% a t  50 dpa ( 7 ) ] ;  and 5 )  c h a r a c t e r i z i n g  t h e  average mic roscop ic  

behav io r  and c o r r e l a t i n g  t h i s  w i t h  b u l k  p r o p e r t i e s  i s  somewhat u n c e r t a i i i  

f o r  t h e  h i g h l y  heterogeneous m i c r o s t r u c t u r e s  found i n  co ld-worked 

s t a i n l e s s  s t e e l s .  
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Probably t h e  most se r ious  problems a r e  i tems 1, 2 and 4. Only a d d i t i o n a l  

da ta  w i l l  r e s o l v e  i t e m  1. Wi th  respec t  t o  i t e m  2, t h e  p r e v i o u s l y  r e p o r t e d  

temperatures f o r  H F I R  a re  now known t o  be low by  -50-100°C o r  more. Th is  

conc lus ion  i s  p r i m a r i l y  based on a r e v i s e d  es t ima te  o f  gamma h e a t i n g  r a t e s  

(59). Perhaps more s i g n i f i c a n t l y ,  a r a t i o n a l i z a t i o n  o f  observed 

temperature regimes o f  loop fo rmat ion ,  d i s l o c a t i o n  recovery ,  

r e c r y s t a l l i z a t i o n ,  and p r e c i p i t a t i o n  i n  E B R - I 1  and H F I R  r e s u l t s  i f  t h e  

H F I R  temperatures a re  increased by -75-100°C. Conversely, i f  such 

temperature adjustments a re  n o t  assumed, t h e r e  appear t o  be l a r g e  and 

s u r p r i s i n g  d i f f e r e n c e s  between HFIR  and E B R - I 1  i r r a d i a t i o n s  f o r  phemomena 

such as r e c r y s t a l i z a t i o n .  

There fore ,  we app ly  an inc rease  t o  t h e  H F I R  temperatures o f  75OC p l u s  

round ing t o  t h e  neares t  50°C increment (e.g., the temperature o f  460°C was 

s h i f t e d  t o  a nominal 550°C). There a re  r e s i d u a l  temperature u n c e r t a i n t i e s  

i n  b o t h  t h e  H F I R  and E B R - I 1  o f  -25-50°C. F u r t h e r ,  t h e  i r r a d i a t i o n s  were 

n o t  i so the rma l  i n  a l l  cases. The E B R - I 1  d a t a  i s  assigned nominal 

temperatures o f  520 and 620°C. I n  o r d e r  t o  min imize  t h e  impact  o f  t h e  

u n c e r t a i n t i e s  i n  t h e  i r r a d i a t i o n  temperatures,  we compare the  E B R - I 1  d a t a  

w i t h  t h e  H F I R  da ta  a t  b o t h  ad jacen t  h i g h e r  and lower  nominal temperatures.  

W i t h  r espec t  t o  i t e m  4 ,  t h e  da ta  presented i n  Reference 7 suggests  a s m a l l  

e f f e c t  of  manganese burn- out  on s w e l l i n g  i n  CW t y p e  316 SS i n  t h e  composi- 

t i o n  range t ransgressed.  Fu r the r ,  t h e  genera t i on  o f  vanadium does n o t  

r e s u l t  i n  fo rmat ion  of vanadium MC ca rb ides .  Thus, we do n o t  f e e l  t h a t  

t h e  s o l i d  t ransmutants  should be a major  f a c t o r  i n  t h e  v a l i d i t y  of da ta  

comparisons. 

The d a t a  presented i n  t h i s  s e c t i o n  i s  p r i m a r i l y  taken from References 

51-58. Note, however, t h a t  t h e  H F I R  temperature c o r r e c t i o n  d iscussed 

above has n o t  been a p p l i e d  i n  these p u b l i c a t i o n s .  I n  a d d i t i o n ,  some of  

t h e  da ta  i s  from p r e v i o u s l y  unpub l ished work o f  one o f  t h e  authors  

(Mazi asz). 
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5.3.2 P r e c i p i t a t i o n  i n  t h e  20% CW 00 Heat 

We cannot  do j u s t i c e  here t o  t h e  complex microchemical  e v o l u t i o n  which 

takes p l a c e  d u r i n g  i r r a d i a t i o n  o f  the  20% CW DO Heat. Table 3 p rov ides  a 

b r i e f  summary of E B R - I 1  and HFIR da ta  a t  i n t e r m e d i a t e  exposures o f  36 t o  

54 dpa.* There appears t o  be a general  s i m i l a r i t y  i n  t h e  p r e c i p i t a t e  

s t r u c t u r e  and compos i t ion  i n  t h e  two environments. However, H F I R  

i r r a d i a t i o n s  do r e s u l t  i n  h i g h e r  d e n s i t i e s  o f  second phase p a r t i c l e s  and, 

i n  some cases, s l i g h t l y  sma l le r  s izes .  I n  genera l ,  t h e  s i l i c o n  

concen t ra t i ons  o f  the  phases induced i n  H F I R  a re  lower than  those 

formed i n  E B R - I 1  and s i m i l a r  t o  those found i n  t h e r m a l l y  p r e c i p i t a t e d  e t a  

and Laves. F u r t h e r ,  t h e r e  i s  a s u b s t a n t i a l l y  lower  n i c k e l  c o n c e n t r a t i o n  

i n  Laves phase formed a t  550°C and 42 dpa i n  H F I R  compared t o  t h e  
enr ichment found a t  520°C and 36 dpa i n  EBR-11.  P r e l i m i n a r y  measurements 

o f  E B R - I 1  specimens i r r a d i a t e d  t o  75 dpa a t  620°C show a s u b s t a n t i a l  

n i c k e l  enr ichment i n  Laves phase compared t o  t h e  r e l a t i v e l y  l o w  

concen t ra t i ons  found f o r  e i t h e r  55OoC and 54 dpa o r  650 and 42 dpa 

i r r a d i a t i o n s  i n  HFIR. Laves phase formed by thermal  p r e c i p i t a t i o n  has a 

low n i c k e l  concen t ra t i on .  However, it can become h i g h l y  en r i ched  w i t h  

t h i s  element under i r r a d i a t i o n .  Hence, Laves phase i s  b e l i e v e d  t o  be a 

good m o n i t o r  f o r  s o l u t e  segregat ion .  There fore ,  these d i f f e r e n c e s  may 

i n d i c a t e  an e f f e c t  o f  t h e  h i g h  c a v i t y  s i n k  d e n s i t y ,  formed i n  HFIR  

i r r a d i a t i o n s ,  m i n i m i z i n g  s o l u t e  seg rega t ion  induced p a r t i t i o n i n g  o f  n i c k e l  

and s i l i c o n  t o  t h e  p r e c i p i t a t e s .  

P r e c i p i t a t i o n  i s  n o t  a steady e v o l u t i o n ,  p a r t i c u l a r l y  i n  HF IR .  Rather,  i t  

can i n v o l v e  marked c y c l e s  o f  p r e c i p i t a t i o n ,  d i s s o l u t i o n  and 

r e p r e c i p i t a t i o n ,  as i s  observed f o r  t a u  phase i n  HFIR.  These c y c l e s  

appear t o  be c l o s e l y  coup led t o  t h e  e v o l u t i o n  o f  t h e  c a v i t y  

m i c r o s t r u c t u r e .  Garner has proposed t h a t  r a p i d  v o i d  s w e l l i n g  i s  l a r g e l y  

*The p r e c i p i t a t e  s i zes ,  number d e n s i t i e s  and volume f r a c t i o n s  r e p o r t e d  i n  
t h i s  s e c t i o n  a re  s u b j e c t  t o  cons ide rab le  u n c e r t a i n t y .  F u r t h e r ,  we no te  
t h a t  Brager and Garner have r e p o r t e d  a somewhat d i f f e r e n t  p r e c i p i t a t e  
s t r u c t u r e  f o r  t h e  20% CW DO Heat f o r  t h e  same i r r a d i a t i o n  c o n d i t i o n s  (57). 
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Clearly, additional experiments are required to understand the causes and 
consequences of microchemical evolution. Data that can be analysed 
quantitatively in terms of point defect and solute mass balances within 
pertinent local microstructural volumes is critically needed. This 
requires measurements of precipitate volumes and composition, matrix 
composition and the defect statistics. 

Another difference between the two environments is the rate of 
precipitation, which appears to be accelerated in HFIR as illustrated in 
Figure 5. Only the data for a nominal temperature of 62OOC for EBR-I1 and 
nominal bounding temperatures of 550 and 650°C for HFIR is shown both 
here, and in the following section. In all cases, the results at nominal 
EBR-I1 temperature of 52OoC (and 450 and 55OoC for HFIR) show similar 
trends. We have constructed average trend curves using the convention of 
dashed lines for HFIR and solid lines for EBR-11. Since the HFIR data is 
for a range of temperatures, and because of the uncertainties in the data, 
these curves are only meant to serve as rough guides and to highlight 
similarities or differences between the two environments. Figure 5 shows 
that at -10 dpa precipitate volume fractions in HFIR are - .005 at 55OoC 
and - .07 at 65OOC. Essentially no second phases are observed in EBR-I1 

I ' 1  

FIGURE 5 .  The Exposure Dependence of the Total Precipitate Volume Fraction 
for the 20% CW DO-Heat Irradiated in HFIR and EBR-I1 in the 
Temperature Range of 500 to 650°C as Indicated. 
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a t  s i m i l a r  exposures a t  62OOC. A t  36 dpa c o n s i d e r a b l e  p r e c i p i t a t i o n  has 

occu r red  i n  b o t h  environments. 

5.3.3 M i c r o s t r u c t u r e s  i n  t h e  20% CW DO Heat 

No d i s l o c a t i o n  loops  a r e  observed a t  exposures g r e a t e r  t han  10 dpa and 

above temperatures o f  45OoC i n  e i t h e r  envi ronment .  The network 

d i s l o c a t i o n  d e n s i t y  recovers  r a p i d l y  i n  b o t h  cases, s a t u r a t i n g  a t  l e v e l s  

o f  -1 t o  2 x 1014/m*. 

There i s  a fundamental d i f f e r e n c e  i n  t h e  c a v i t y  m i c r o s t r u c t u r e s  i n  H F I R  

and EBR-11. T h i s  i s  i l l u s t r a t e d  i n  t h e  mic rograph shown i n  F i g u r e  6. 11, 

EBR-I1 ( a t  36 dpa and 62OoC), c a v i t i e s  t e n d  t o  be heterogeneous and 
l a r g e r .  The l a r g e s t  (-50% o f  t h e  l a r g e  c a v i t i e s )  a r e  found on p r e c i p i t a t e s  

and t h e y  dominate t h e  s w e l l i n g .  I n  H F I R  ( a t  42 dpa and 6 5 O O C )  a much 

h i g h e r  d e n s i t y  o f  s m a l l e r  c a v i t i e s  form. These a r e  more homogeneous ant i  

p redominen t l y  l o c a t e d  i n  t h e  m a t r i x .  

F i g u r e  7a shows t h e  f l u e n c e  dependence o f  t h e  c a v i t y  d e n s i t i e s .  

Observable c a v i t y  f o r m a t i o n  i s  a c c e l e r a t e d  as w e l l  as g r e a t l y  enhanced ( b y  

a f a c t o r  o f  -30) i n  HFIR. F i g u r e  7a a l s o  shows a r e l a t i v e l y  h i g h  d e n s i t y  

(- 1014cm3) o f  smal l  c a v i t i e s  (- 5-7 nm) i n  E B R - I 1  a t  -36 dpa and 62OoC.  

Note t h a t  f o r  these c o n d i t i o n s  i n  EBR-11,  t h e r e  i s  a t r i m o d a l  d i s t r i b u t i o n  

o f  l a r g e  c a v i t i e s  on p r e c i p i t a t e s ,  and b o t h  i n t e r m e d i a t e  and smal l  

c a v i t i e s  i n  t h e  m a t r i x .  It appears t h a t  most o f  t h e  s m a l l e s t  c a v i t i e s ,  

wh ich  a r e  p r o b a b l y  bubbles a t  36 dpa, c o n v e r t  t o  v o i d s  a t  75 dpa. 

F i g u r e  7b shows t h a t  t h e  average c a v i t y  d iameters  a r e  much s m a l l e r  i n  H F I R  

t han  i n  EBR-11. F i n a l l y ,  we n o t e  t h e  p r e l i m i n a r y  r e s u l t s  o f  a r e c e n t  h i g h  

v o l t a g e  e l e c t r o n  microscopy ( t h i c k  area)  s tudy  o f  t h e  E B R - I 1  samples 

i r r a d i a t e d  a t  70-75 dpa a t  520 and 62OOC; t h i s  work i n d i c a t e s  t h a t  many 

areas c o n t a i n  a l ower  d e n s i t y  o f  much l a r g e r  v o i d s  ( seve ra l  hundred nm 

d iameters )  t han  r e p o r t e d  i n  Reference (57) .  Measurement o f  t h e  d e t a i l e d  

c a v i t y  s t a t i s t i c s  i s  i n  p rogress .  
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FIGURE 6. Micrographs I l l u s t r a t i n g  t h e  M i c r o s t r u c t u r e s  Formed i n  t h e  20% CW 
DO-Heat of I r r a d i a t i o n s  i n  E B R - I 1  t o  36 dpa a t  620 C ( L e f t )  and 
i n  HFIR a t  650 C t o  42 dpa ( R i g h t ) .  
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F 7 

5.3.4 Solution Annealed DO Heat Cavity Evolution 

Even less data is available on solution-annealed DO heat. The micrographs 
in Figure 8 compare the cold-worked (CW) and solution-annealed (SA)  

conditions for irradiations in HFIR to 42-54 dpa at 55OOC. In contrast to 
the cold-worked condition, the cavities in the SA 00 Heat are lower in 
density (a factor of 4-6) and larger in size. The largest are found on 
precipitates. The overall swelling in the solution-annealed condition is 
-8-9% compared to -2% for the 20% cold-worked alloy. A comparative 
summary of EBR-I1 and HFIR induced cavity microstructures in the SA DO 

Heat i s  given in Table 4. 

TABLE 4 

A COMPARISON OF SA DO HEAT CAVITY STATISTICS FOR IRRADIATIONS IN HFIR AND EBR-I1 

SPECTRUM HFIR EBR-I1 

Temperature ("C) 550 650 520 620 
Exposure (dpa) 42 42 3 1  36 
Cavity Ognsi ty 140 44 5 .63 

Cavity Diameter nm 39 50 49 137 
(~m-~xlo 13) (.I21 

Swelling (%) a. a a. 5 .37 1 . 5  
(3350) 

FIGURE 8. Micrographs Illustrating the Microstructures Formed in HFIR 
Irradiations of SA DO-Heat to 36 dpa at 52OoC (Left) and 20% 
CW DO-Heat to 54 dpa at 550'C (Right). 

164 



5.3.5  S w e l l i n g  Behav ior  o f  t h e  20% CW DO Heat 

Whi le  t h e  a n a l y s i s  o f  t h e  t o t a l  m i c r o s t r u c t u r e  g i v e n  i n  t h e  p r e v i o u s  

s e c t i o n s  i s  u s e f u l  f o r  improv ing  b a s i c  unders tand ing,  ( i n c l u d i n g  t h e  

mechanisms o f  i r r a d i a t i o n  induced changes i n  mechanical p r o p e r t i e s ) ,  

des igners  r e q u i r e  s i m p l e r  f o rmu la t i ons  o f  e f f e c t s  such a s  s w e l l i n g .  

F i g u r e  9 shows t h e  E B R - I 1  s w e l l i n g  d a t a  a t  t h e  nominal i r r a d i a t i o n  

temperatures o f  520 and 62OOC a long  w i t h  t h e  bounding HFIR data .  Bo th  

v o i d  volume f r a c t i o n s  d e r i v e d  f rom t r ansm iss i on  e l e c t r o n  microscopy (TEM) 

and immersion d e n s i t y  d a t a  a r e  inc luded.  Both  techniques a r e  b e l i e v e d  t o  

have r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s .  The u n c e r t a i n t i e s  i n  t h e  TEM 

measurements p r i m a r i l y  d e r i v e  f rom t h e  h i g h l y  heterogeneous 

m i c r o s t r u c t u r e s  o f  cold-worked s t a i n l e s s  s t e e l s .  Immersion d e n s i t y  

u n c e r t a i n t i e s  a r e  r e l a t e d  t o  t h e  d e t a i l s  o f  t h e  measurement procedures,  

which have improved s i g n i f i c a n t l y  i n  r e c e n t  years .  

Immersion d e n s i t y  da ta  f o r  t h e  MFE Reference Heat o f  2O%CW t y p e  316 SS,  i s  

a l s o  shown i n  F i g u r e  9 (60). We have noted t h e  problem of comparing 

d i f f e r e n t  heats  o f  s t e e l .  However, t h e  most impo r t an t  d i f f e r e n c e  between 

tXPOSURE m a  

FIGURE 9. A Comparison of Swelling in the 20% CW DO-Heat Irradiated in 
HFIR and EBR-I1 in the Temperature Range of 450 to 650°C as In 
Indicated. 
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t h e  Reference and 00 Heats i s  p robab ly  due t o  t h e  lower  (- 0.67 versus 

0.80%) s i l i c o n  con ten t  i n  t h e  former.  The d a t a  i n  Reference 6 1  suggests 

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

c o n d i t i o n s  shown i n  F i g u r e  9. 

S ince comparison i s  made f o r  t h e  v o i d  volume f r a c t i o n s ,  t h e  immersion 

d e n s i t y  s w e l l i n g  va lues a re  inc reased  s l i g h t l y  (0.1%) t o  r e f l e c t  p robab le  

d e n s i f i c a t i o n  due t o  c a r b i d e  p r e c i p i t a t i o n  (57). The t r e n d  curves f o r  t h e  

E B R - I 1  i r r a d i a t i o n s  a r e  cons t r uc ted  u s i n g  t h e  same b i l i n e a r  form and 

cu r va tu re  parameter recommended f o r  severa l  heats  o f  breeder s t e e l s  (10).  

However, i t  i s  necessary t o  impose longer  i n c u b a t i o n  t imes and d i f f e r e n t  

s w e l l i n g  r a t e s  t o  approx imate ly  f i t  t h e  00 Heat data .  The H F I R  curves a r e  

drawn as  rough averages of a l l  o f  t h e  a v a i l a b l e  data.  The magnitude o f  
s w e l l i n g  i n  HFIR i s  reasonably  c o n s i s t e n t  w i t h  p r e d i c t e d  he l ium bubble 

volumes, i f  i t  i s  assumed t h a t  most o f  the he l ium p a r t i t i o n s  t o  t h e  

c a v i t i e s .  

Th is  v e r y  l i m i t e d  da ta  suggests t h a t  t h e  HFIR i r r a d i a t i o n s  r e s u l t  i n  more 

s w e l l i n g  than  E B R - I 1  exposures a t  l e s s  t h a n  50 dpa. The s w e l l i n g  i n  H F I R  

may be p r i m a r i l y  due t o  he l ium bubbles.  E x t r a p o l a t i o n  o f  t h e  r e s u l t s  t o  

above 50 dpa would imply a much lower  s w e l l i n g  r a t e  i n  H F I R  than  i n  

EBR-11. A p l a u s i b l e  p h y s i c a l  b a s i s  f o r  such behav io r  i s  discussed i n  

Sec t i on  4. However, no h i g h  f l u e n c e  d a t a  e x i s t s  t o  con f i rm t h i s  

p r e d i c t i o n .  Indeed, an a l t e r n a t e  p o s i t i o n  i s  t h a t  a d d i t i o n a l  

p r e c i p i t a t i o n  (and concomi tant  n i c k e l  and s i l i c o n  removal) w i l l  a c c e l e r a t e  

H F I R  s w e l l i n g  r a t e s  a t  h i g h e r  exposures (57). 

Another p o s s i b l e  d i f f e r e n c e  between E B R - I 1  and HFIR i r r a d i a t i o n s  i s  i n  t h e  

temperature-dependence o f  s w e l l i n g  a t  l ow- to- i n t e rmed ia te  exposures. 

F i g u r e  10 shows t h e  HFIR d a t a  f o r  7 t o  1 6  and 42 t o  60 dpa. Due t o  t h e  

l i m i t e d  data ,  i t  i s  n o t  p o s s i b l e  t o  e s t a b l i s h  t h e  temperature-dependence 

f o r  s w e l l i n g  o f  t h e  DO Heat i n  EBRII. Hence, we rep resen t  t h e  shape o f  

t h e  f a s t  spectrum s w e l l i n g  temperature-dependence u s i n g  a c o r r e l a t i o n  f o r  

E B R - I 1  i r r a d i a t i o n s  o f  severa l  heats  o f  breeder  s t e e l s  (10) .  Whi le  t h i s  
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c o r r e l a t i o n  i s  d i r e c t l y  a p p l i c a b l e  t o  o n l y  a l i m i t e d  number o f  heats  of  

20% CW t y p e  31655, t h e  ex i s tence  o f  s w e l l i n g  peak(s) f o r  f a s t  r e a c t o r  

i r r a d i a t i o n s  i n  t h e  temperature range from -450 t o  65OoC appears t o  be 

gene r i c  t o  commerical s t a i n l e s s  s t e e l s  a t  exposures l e s s  than 60 dpa 

(48,49). Thus, t h e  a n a l y s i s  shown i n  F i g u r e  10 suggests a p o s s i b l e  

i n v e r s i o n  i n  t h e  temperature-dependence o f  s w e l l i n g .  That  i s ,  t h e  minimum 

s w e l l i n g  i n  H F I R  occurs i n  t h e  range o f  peak s w e l l i n g  i n  EBR-11. 

However, t h e  enhancement o f  s w e l l i n g  f o r  h i g h  He/dpa r a t i o s  a t  low 

temperatures does n o t  appear t o  be gene ra l ,  s i nce  t h e  20% CW Reference 

Heat s w e l l i n g  increases  mono ton i ca l l y  w i t h  temperature i n  H F I R  (60) .  

F u r t h e r ,  we have a l ready  no ted  t h a t  l i t t l e  f a s t  r e a c t o r  s w e l l i n g  d a t a  

e x i s t s  below 370OC. Conversely, t h e  i nc rease  i n  s w e l l i n g  a t  h i g h  

temperatures i n  HFIR i s  c o n s i s t e n t  w i t h  a he l i um bubble mechanism. Thus, 

t h e  ex i s tence  o f  a h i g h  temperature enhancement o f  s w e l l i n g  i n  HFIR 

appears t o  be w e l l  es tab l i shed .  However, more da ta  i s  needed t o  determine 

t h e  temperature-dependence and magnitude o f  s w e l l i n g  below 4OO0C i n  b o t h  

environments. 
1 . 5 .  
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ASSUMING 0 1 %  SWELLlNGidpa 

IARBRITRARI SCALE, 
- BREEDER CORRELATION SHAPE A I  50 dpa 

5 0  - 
I 

400 5w sw 7w 

TEMPERATURE ‘C 

0 

TEMPERATURE, ‘C 

FIGURE 10. The Temperature Dependence of S w e l l i n g  in the 20% CW DO-Heat 
I r r a d i a t e d  i n  HFIR in the Range of 350-750°C a t  the I n d i c a t e d  
Exposures. 
dependence f r o m  Reference (10) is shown f o r  comparison. 

The shape of the EBR-I1 s w e l l i n g  temperature-  

167 



5.3.6 Design Correlations for 20% CW 316 SS 

The practical implications of the present state of understanding to design 
equations is illustrated in Figure 11, where two swelling correlations 
proposed for inclusion in the Fusion Materials Handbook are presented. 
The solid curves, developed by Garner et. al. (62), are based on the 
premise that fast reactor data can reasonably represent stress free 
swelling for fusion environments. This contention is supported by an 
analysis which suggests relatively small swelling differences between 
E B R - I 1  and HFIR (57). A clear strength o f  this formulation lies in the 
large amount o f  data that it represents. 

An alternate position developed by Maziasz and Grossbeck (63) i s  shown as 
dashed lines. These curves model the behavior of the 20% CW DO Heat in 
HFIR. Note  that this requires interpolation between -35OoC and 55OC (no 
swelling is observed at 55OC and 10 dpa in HFIR). Further, the high 
fluence behavior is based on extrapolating the low swelling rates found in 
HFIR at intermediate exposures in the temperature range of 450 to 650OC. 
The major advantage of this correlation is that it is derived from an 
environment with a high He/dpa ratio. 

- CORRELATION ~ EBR I1 BASED -- CORRELATION ~ HFIR BASED 
0 HFIR A EBR / I  20% CW DO HEAT DATA AT INDICATED EXPOSURE 

I 
I 1  __ 17.5 dpal 

TEMPERATURE, ~C 

FIGURE 11. Swelling as a Function of Temperature at Two Exposures Based 
on Two Proposed Correlations for 20% CW S S .  
data for irradiations in HFIR and EBR-I1 is also shown. 

The 20% CW DO-Heat 
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There a r e  probab le  l i m i t a t i o n s  o f  b o t h  r e p r e s e n t a t i o n s .  A t  v e r y  h i g h  and, 

p o s s i b l y ,  low temperatures,  s w e l l i n g  may be underp red ic ted  by t h e  E B R - I 1  

based c o r r e l a t i o n .  The H F I R  based curve may u n d e r p r e d i c t  s w e l l i n g  a t  

i n t e r m e d i a t e  temperature and h i g h  exposures. C l e a r l y ,  t h e  two 

c o r r e l a t i o n s  rep resen t  ve ry  d i f f e r e n t  types o f  behav ior .  Perhaps most 

s i g n i f i c a n t l y ,  n e i t h e r  represents  a r e a l i s t i c  f u s i o n  environment, even i n  

terms o f  t h e  He/dpa r a t i o .  

However, i t  i s  i m p o r t a n t  t o  m a i n t a i n  some p e r s p e c t i v e  on t h e  p r a c t i c a l  

importance o f  u n c e r t a i n t i e s  i n  s w e l l i n g  i n  v a r i o u s  f l u e n c e  and temperature 

regimes. As noted above, near- term f u s i o n  devices w i l l  p robab ly  opera te  

a t  low t o  i n t e r m e d i a t e  exposures ((60 dpa) as w e l l  as a t  low temperatures 

where v e r y  l i t t l e  da ta  i s  a v a i l a b l e .  Hence, o b t a i n i n g  da ta  f o r  these 

c o n d i t i o n s  should be t h e  focus o f  research on e x i s t i n g  commerical a l l o y s .  

Conversely, i f  h i g h  exposures do r e s u l t  i n  l a r g e  amounts o f  s w e l l i n g  i n  

cold-worked t y p e  316 s t e e l s ,  t hen  these a l l o y s  w i l l  a lmost  s u r e l y  be 

inadequate f o r  use i n  h igher  performance f u s i o n  dev ices .  Hence, f o r  these 

a p p l i c a t i o n s ,  emphasis shou ld  be p laced  on deve lop ing f i s s i o n - f u s i o n  

c o r r e l a t i o n s  f o r  advanced l o w- s w e l l i n g  a l l o y s .  

5 .4 Mechanisms and Models o f  the  E f f e c t  o f  Hel ium on t h e  

M i c r o s t r u c t u r e  o f  S t a i n l e s s  S tee l  

5.4.1 Mechanisms D e f i n i n g  t h e  Sequence o f  Events i n  C a v i t y  E v o l u t i o n  

The d a t a  rev iewed i n  t h e  p rev ious  sec t ions  demonstrates a w e l l - d e f i n e d  

sequence o f  events. F u r t h e r ,  t h e  s i m i l a r i t y  i n  behav ior  under bo th  

c h a r g e d- p a r t i c l e  and neu t ron  c o n d i t i o n s  i s  s t r i k i n g .  The q u a l i t a t i v e  

t rends  i n  t h e  da ta  a re  c o n s i s t e n t  w i t h  mechanisms and models based on r a t e  

theory .  A comprehensive conceptual  model has been presented p r e v i o u s l y  

(64). The elements i n  t h i s  sequence and assoc ia ted  mechan is t ic  

i n t e r p r e t a t i o n s  a re  summarized i n  Table 5. 
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T A B L E  5 

ELEMENTS I N  THE SEQUENCE OF EVENTS FOUND I N  C A V I T Y  E V O L U T I O N  

EXPERIMENTAL OBSERVATIONS THEORETICAL PREDICT IONS 

OBSERVABLE C A V I T Y  FORHATION 

Tiny c a v i t i e s  form f i r s t  and grow slowly.  They l h e  small c a v i t i e s  ape gas bubbles which can 
are o f ten  found on d is loca t i ons  and prec ipater .  grow only w i t h  the add i t i on  o f  helium. 
Cav i ty  dens i ty  increabees w i t h  helium Bimolecular k i n e t i c s  p red i c t  a cav i t y  sca l i ng  
concentrat ion as N 01 [He] , p - 0 . 5  (0 .25-2) .  exponent O f  p - 0.5. Helium t rapp ing and 
A populat ion o f  s h a l l  c a v i t i e s  can p e r s i s t  up bubble formation on d i s l oca t i ons  and 
t o  high exposures w i t h  l i t t l e  change i n  s i r e  p rec ip i t a tes  i s  ene rge t i ca l l y  favored (65). 
and number' densi ty.  

BUBBLE 10 V O I D  CONVERSIONS 

Above a c r i t i c a l  s ize.  d , t h e w  i s  a Bubbles convert  t o  voids above a c r i t i c a l  d , 
t r a n s i t i o n  t o  r a p i d  c a v i t y  browth which can which increases w i t h  increasing temperature ahd 
r e s u l t  i n  bimodal c a v i t y  s i r e  d i s t r i b u t i o n s .  decreasing damage ra te .  Calculated valuer O f  

Based on maximum small c a v i t y  s izes or  helium d are i n  reasonable agreement w i t h  experiment. 
inwentwy est imates,  d increases w i t h  08 ly  a f r a c t i o n  o f  the bubbles may convert .  
increasing temperature a& decreasing damage leading to  bimodal s i ze  d i s t r i b u t i o n s .  
Pate. F o r  temperatures less  than 70OoC. values Incubat ion exposures r e f l e c t  the hel ium 

C 
of d range from - 3-15 nm i n  charged p a r t i c l e  accumulation requ i red t o  grow the bubbles t o  P 
studfes t o  more than 20 nm i n  H F I R .  (66.67.68). 

V O I D  GROWTH K I N E T I C S  AND SWELLING 

Swel l ing  i s  in f luenced by the ove ra l l  The observed in f luence o f  c a v i t y  dens i ty  on 
micros t ruc ture .  i nc lud ing  c a v i t y  dens i t ies  a t  swel l ing  i s  cons is tent  w i t h  theory. Very h igh 
extremely h igh and low values. In the range o f  c a v i t y  dens i t ies  can r e t a r d  swe l l i ng  due to :  
l o *  c a v i t y  dens i t i es  (e.g. a t  low helium reduct ion O f  the e f f e c t i v e  b ias ;  h igher vacancy 
concentrat ions and h igh temperatures) increases emission rates;  and recombination a t  bubbles. 
o f ten  tend t o  enhance swel l ing .  Conversely. a t  Rate theory i s  q u a l i t a t i v e l y  cons is tent  w i t h  
very h igh c a v i t y  dens i t i es  ( e . g .  a t  h igh helium most t rends i n  the swe l l i ng  data, provided 
Concentrations and low temperature) add i t i ona l  complete descr ip t ions  of the micros t ruc ture  are 
increases o f ten  tend t o  reduce swel l ing .  used (68.69). 

CONCURRENT COUPLED EVOLUTION 

D i s l oca t i on  loop and network evo lu t i on  i s  a Bubbles on p r e c i p i t a t e s  requ i re  less  helium t o  
pPecursOr t o  c a v i t y  and microchemical convert t o  voids and grow more r a p i d l y  
evo lu t ion .  Bubble- to-void conversions take thereaf ter .  Solute dep le t ion  removes t rapp ing 
p lace f i r s t  and the la rgest  c a v i t i e s  are found s i t e s  and may increase e f f e c t i v e  b ias .  
on p r e c i p i t a t e s .  I r r a d i a t i o n  induced micro- M ic ros t ruc tu ra l  and microchemical evo lu t ions  
s t ruc tures  are o f ten  r i t e s  f o r  pvec ip i t a te  are i n  p r i n c i p l e .  h i g h l y  coupled due t o  defec t  
formation. I r r a d i a t i o n  induced o r  enhanced conservat ion and so lu te  f lows induced by defec t  
p r e c i p i t a t i o n  and swel l ing  may be suppressed by f luxes as mediated by micros t ruc tura l  s inks.  
c a v i t y  dominated microstructures.  High For example, a t  h igh  s ink  dens i t ies  so lu tes  may 
dens i t ies  of small ma t r i x  c a v i t i e s  can suppress p a r t i t i o n  more unifopmly, thereby reducing 
vo id  format ion on p rec ip i t a tes .  i r r a d i a t i o n  induced o r  modif ied p r e c i p i t a t i o n  

(64 ) .  
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There s t i l l  a r e  very  l a r g e  gaps i n  our  knowledge. O f  p a r t i c u l a r  

s i g n i f i c a n c e ,  i s  a c o n t i n u i n g  l a c k  o f  bas i c  q u a n t i t a t i v e  unders tand ing  o f :  

he l ium d i f f u s i o n  and t r a p p i n g  mechanisms, o r  t h e  f a c t o r s  which govern 

he l ium p a r t i t i o n i n g ;  q u a n t i t a t i v e  d e f e c t - s o l u t e  mass balances;  and t h e  

thermodynamics and k i n e t i c s  o f  t h e  e v o l u t i o n  o f  c a v i t i e s  a t  smal l  s i zes .  

F u r t h e r ,  t h e  c u r r e n t  a n a l y t i c a l  model ing t o o l s  a re  underdeveloped. 

5 .4 .2  A Model Based F iss ion- Fus ion  C o r r e l a t i o n  

An extended r a t e  t heo ry  model developed t o  t r e a t  t h e  e f f e c t s  o f  t h e  He/dpa 

r a t i o  on some impo r tan t  aspects o f  c a v i t y  e v o l u t i o n  i s  descr ibed  elsewhere 

(69). B r i e f l y ,  t h e  model c a l c u l a t e s  t h e  p a r t i t i o n i n g  o f  he l ium t o  an 

i n i t i a l  d i s t r i b u t i o n  o f  smal l  bubbles. The bubbles grow s l o w l y  w i t h  t h e  

a d d i t i o n  of hel ium, b u t  a t  a c r i t i c a l  s i z e  become uns tab le  and grow as 

vo ids .  The number o f  s i z e  c lasses  which conve r t  t o  vo ids  ( i f  any) i s  

governed by t h e  c a v i t y  concen t ra t i ons ,  t o t a l  he l ium c o n c e n t r a t i o n  and t h e  

p o i n t  d e f e c t  f l u x e s  as determined by t h e  o v e r a l l  m i c r o s t r u c t u r e  (bubbles,  

vo ids ,  d i s l o c a t i o n s  and subgra in  s t r u c t u r e ) .  S e l e c t i o n  o f  t h e  

m i c r o s t r u c t u r a l  parameters ( t o t a l  c a v i t y  d e n s i t i e s ,  subgra in  s t r u c t u r e ,  

and d i s l o c a t i o n  d e n s i t y )  i s  based on exper imenta l  observa t ions .  

I n t e r p o l a t i o n  o f  t o t a l  c a v i t y  d e n s i t i e s  t o  f u s i o n  c o n d i t i o n s  assumes a 

s c a l i n g  o f  Nc CY [He] 5. 

I n  o r d e r  t o  t r e a t  observed v o i d - p r e c i p i t a t e  a s s o c i a t i o n ,  an e f f e c t i v e  

su r face  energy i s  used f o r  t h e  E B R - I 1  c a l c u l a t i o n s .  Nominal m a t r i x  

su r face  energ ies  a re  used i n  t h e  c a l c u l a t i o n s  f o r  HF IR .  We p o s t u l a t e  t h a t  

these d i f f e r e n c e s  a r i s e  because t h e  h i g h  d e n s i t y  o f  m a t r i x  c a v i t i e s  i n  

H F I R  p reven ts  t h e  n u c l e a t i o n  and r a p i d  growth o f  vo ids  on p r e c i p i t a t e s .  

That  i s ,  t h e r e  a re  two a l t e r n a t e  pa ths  o f  c a v i t y  e v o l u t i o n ,  namely, 

matr ix- dominated o r  p r e c i p i t a t e - a s s o c i a t e d .  The matr ix- dominated pa th ,  

observed i n  HF IR ,  c o u l d  be t r i g g e r e d  by r e d u c t i o n s  i n  he l ium and excess 

vacancy f l uxes  a t  t h e  p r e c i p i t a t e s  r e s u l t i n g  from t h e  competing c a v i t y  

171 



dominated sink structure. Perturbations in the microchemical evolution 
may also contribute to this effect. 

HFIR. 55o'C 
0 HFlR, 45O.C 

Void growth rates are calculated using standard rate theory equations. 
The model is calibrated to the HFIR and EBR-I1 20% CW DO Heat swelling 
data and used to calculate swelling for fusion He/dpa ratios. The results 
of the calibration are illustrated in Figure 12. Of course, the 
predictions are not unique and, to some degree, depend on the model 
mechanisms and parameters. Nevertheless, this analysis yields some 
interesting qualitative results. 

DOSE. dpa 

FIGURE 12.  Swelling as a Function of Exposure Predicted by the Model Com- 
pared to 20% CW DO-Heat Data for Irradiations in HFIR and EBR-I1 
at the Indicated Temperatures. 
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Figure 13 shows the predicted swelling in various environments at 600°C. 

The HFIR environment has a slightly higher swelling at low fluences ( c  20 
dpa) and a lower steady-state swelling rate up to 80 dpa. The lower 
swelling rate in HFIR is the result of both the cavity dominated sink 
microstructure and higher vacancy emission rates from smaller matrix 
cavities. Indeed, above 5OO0C the cavities in HFIR are predicted to be 
near equilibrium bubbles. The model does not treat any high fluence 
microchemical evolution which might occur. The use of time-independent 
model parameters which do not account explicitly for microchemical 
evolution is clearly approximate (69).  

It is not known which of the possible paths (matrix-dominated or 
precipitate- associated) of cavity evolution will occur for the 
intermediate fusion He/dpa ratio. Therefore, calculations are presented 
for both possibilites. For the precipitate-associated case 15 600"C, 

steady-state swelling rates are similar for fusion and EBR-I1 conditions. 
However, the fusion He/dpa ratio results in a much lower incubation time, 
hence, significantly higher swelling. For the matrix-dominated case at 
6OO0C, the incubation time is increased, and the steady-state swelling 

FIGURE 13. A Comparison of Swelling as a Function of Exposure at 500 and 
600°C Predicted f o r  EBR-11, HFIR, and Fusion Irradiations. 
text f o r  an explanation of the two fusion curves. 

See 
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r a t e  i s  somewhat l e s s  than  i n  EBR-11. A t  exposures g r e a t e r  t han  40 dpa 

E B R - I 1  and HFIR s w e l l i n g  b r a c k e t  t h e  f u s i o n  p r e d i c t i o n s .  A t  5OO0C no 
t o  be d i s t i n c t i o n  i s  made between t h e  two paths ;  t h e  s w e l l i n g  i s  p r e d i c t e d  

h i g h e s t  f o r  t h e  fus ion  He/dpa r a t i o ,  due t o  a smal l  i n c u b a t i o n  t i m e  and 

r e l a t i v e l y  h i g h  s w e l l i n g  r a t e  ( s i m i l a r  t o  t h a t  p r e d i c t e d  f o r  t h e  E B R - I 1  

He/dpa r a t i o ) .  

The q u a n t i t a t i v e  r e s u l t s  shou ld  n o t  be taken t o o  s e r i o u s l y .  However, 

t h e r e  a r e  two i m p o r t a n t  q u a l i t a t i v e  conc lus ions .  F i r s t ,  t h e r e  may be 

d i f f e r e n t  pa ths  o f  c a v i t y  e v o l u t i o n ;  which p a t h  i s  f o l l o w e d  i s  l a r g e l y  

governed b y  t h e  He/dpa r a t i o .  Second, t h a t  i r r a d i a t i o n s  i n  a v a i l a b l e  

f i s s i o n  environments may n o t  r e s u l t  i n  s w e l l i n g  which b racke ts  behav io r  a t  

i n t e r m e d i a t e  f u s i o n  He/dpa r a t i o s .  

Whi le  t h e r e  i s  no neu t ron  da ta  a t  i n t e r m e d i a t e  He/dpa r a t i o s ,  b o t h  

d u a l - i o n  and p r e i n j e c t i o n  da ta  a r e  c o n s i s t e n t  w i t h  ou r  conc lus ions .  I n  

a d d i t i o n ,  t h e  r a p i d  s w e l l i n g  o f  t h e  SA DO Heat i n  HFIR can be r a t i o n a l i z e d  

on t h e  b a s i s  o f  t h e  obse rva t i on  o f  a lower  d e n s i t y  o f  m a t r i x  c a v i t i e s  f o r  

t h i s  c o n d i t i o n  than  found i n  t h e  20% CW DO Heat.  S i m i l a r l y ,  t h e  

e f f e c t i v e n e s s  o f  MC ca rb ides  i n  t i t a n i u m  m o d i f i e d  s t e e l s ,  which t r a p  

he l i um i n  t h e  fo rm o f  a h i g h  d e n s i t y  o f  smal l  bubbles,  r e s u l t i n g  i n  low 

s w e l l i n g ,  suppor t  ou r  i n t e r p r e t a t i o n  (70,71). F i n a l l y ,  we no te  t h e  

r e s u l t s  o f  an exper iment  r e p o r t e d  by G e l l e s  and Garner where s w e l l i n g  i n  a 

r e g i o n  o f  h i g h e r  he l i um c o n c e n t r a t i o n  (* a f a c t o r  of  3 due t o  (n,u) 

r e a c t i o n s  i n  a nearby p a r t i c l e  c o n t a i n i n g  boron) i s  compared t o  m a t r i x  

s w e l l i n g  (72). The a l l o y  was a p r e c i p i t a t i o n  s t rengthened 30%Ni-l0%Cr 

s t e e l  i r r a d i a t e d  i n  E B R - I 1  a t  43OoC. A t  1.35 dpa t h e  h i g h e r  he l i um l e v e l  

enhances t h e  s w e l l i n g  b y  a f a c t o r  o f  3-4, p r i m a r i l y  by i n c r e a s i n g  t h e  v o i d  

d e n s i t y .  
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5.5 Summary and Conclusions 

A r e v i e w  o f  a b road a r r a y  o f  c h a r g e d- p a r t i c l e  da ta  and a more l i m i t e d  s e t  

o f  f as t - and  mixed-spectrum r e a c t o r  neu t ron  d a t a  shows t h a t  i n t e r a c t i o n s  

between he l i um and d isplacement damage can have i m p o r t a n t  sys tem- at ic  

e f f e c t s  on severa l  m i c r o s t r u c t u a l  f ea - tu res .  Whi le  inc reased He/dpa 

r a t i o s  a lmost  always i nc rease  t h e  number d e n s i t i e s  o f  c a v i t i e s ,  t o t a l  

s w e l l i n g  may be increased,  decreased o r  remain una f fec ted .  For  a s p e c i f i c  

a l l o y  c o n d i t i o n ,  t h e  i n f l uence  o f  t h e  He/dpa r a t i o  depends on temperature 

and exposure. I n  p a r t i c u l a r ,  s w e l l i n g  does n o t  appear t o  be a s imp le  

monotonic f u n c t i o n  o f  t h e  He/dpa r a t i o .  The q u a l i t a t i v e  p a t h  o f  c a v i t y  

e v o l u t i o n  a l s o  appears t o  be i n f l u e n c e d  by t h e  He/dpa r a t i o .  

These obse rva t i ons  a re  c o n s i s t e n t  w i t h  a r a t e  t h e o r y  model and a p o s t u l a t e  

t h a t  h i g h  d e n s i t i e s  of m a t r i x  c a v i t i e s ,  which can be induced by h i g h  

He/dpa r a t i o s ,  may supress t h e  f o r m a t i o n  o f  l a r g e  vo ids  on p r e c i p i t a t e s .  

The t h e o r e t i c a l  r e s u l t s  a l s o  suggest non-monotonic s w e l l i n g  changes w i t h  

inc reases  i n  t h e  He/dpa r a t i o ,  and i n d i c a t e  t h a t  t h e  s w e l l i n g  i n  HFIR and 

E B R - I 1  may n o t  always b racke t  f u s i o n  behav ior .  

However, s i g n i f i c a n t  gaps remain i n  de . ta i l ed  unders tand ing  o f  c r i t i c a l  

mechanisms such as he l i um t r a n s p o r t ,  and t h e  i d e a l i z e d  models a r e  f a r  f r o m  

complete. The need t o  develop i n t e r i m  p r o p e r t y  c o r r e l a t i o n s  f o r  f u s i o n  

r e a c t o r  des igners  i s  c l e a r l y  recognized.  However, much more da ta  and a 

much b e t t e r  unders tand ing  o f  t h e  u n d e r l y i n g  p h y s i c a l  processes and t h e i r  

i n t e r a c t i o n s  w i l l  be r e q u i r e d  b e f o r e  such c o r r e l a t i o n s  can be cons idered 

r e l i a b l e .  
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C a v i t y  Format ion i n  S i n g l e-  and Dual- Ion I r r a d i a t e d  HT-9 and HT-9 + 2Ni 

F e r r i t i c  A l l o y s  

G. A y r a u l t  (Argonne Na t iona l  Labora to ry )  

1 .o O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  m i c r o s t r u c t u r a l  e v o l u t i o n ,  

d u r i n g  i r r a d i a t i o n ,  o f  f i r s t  w a l l  m a t e r i a l s  w i t h  s p e c i a l  emphasis on t h e  

e f f e c t s  o f  he l ium p roduc t ion ,  d isplacement damage ra tes ,  and temperature. 

2.0 Summary 

Samples o f  HT-9 and HT-9 + 2Ni f e r r i t i c  a l l o y s  t h a t  were s i n g l e -  and d u a l - i o n  

i r r a d i a t e d  i n  t h e  temperature range 350-6OOoC have been inspec ted  by TEM. 
C a v i t i e s  formed i n  d u a l - i o n  i r r a d i a t e d  samples o f  both  a l l o y s  a t  a l l  

i r r a d i a t i o n  temperatures,  b u t  s i g n i f i c a n t  b i a s- d r i v e n  c a v i t y  growth occured 

o n l y  a t  410 and 47OoC. Excess n i c k e l  i n  HT-9 + 2Ni caused s w e l l i n g  

suppress ion a t  47OoC but  d i d  not  s i g n i f i c a n t l y  a f f e c t  s w e l l i n g  a t  41OoC. 
S ing le- i on  i r r a d i a t i o n  produced e s s e n t i a l l y  no c a v i t i e s  i n  e i t h e r  a l l o y  a t  any 

temperature,  showing t h a t  he l i um  was e s s e n t i a l  f o r  c a v i t y  n u c l e a t i o n  i n  these  

a l l o y s .  

3.0 Program 

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fusion Reactor M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r :  A. P. L. Turner  

A f f i l i a t i o n :  Argonne N a t i o n a l  Labora to ry  

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Subtask II.C.2.1 M o b i l i t y ,  D i s t r i b u t i o n  and Bubble Nuc iea t i on  
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5.0 Accomplishments and S t a t u s  

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

I r r a d i a t i o n  of n i c k e l  - bear ing  a1 l o y s  i n  mixed spectrum r e a c t o r s  produces 

t ransmutant  he l ium v i a  t h e  two s tep  r e a c t i o n  

58Ni  (n, y)59Ni 

59Ni(n,a)56Fe . 
I n  a l l o y s  w i t h  s u f f i c i e n t l y  h i g h  n i c k e l  concen t ra t i ons  (e .g . ,  a u s t e n i t i c  

a l l o y s )  he l ium p r o d u c t i o n  t o  damage p r o d u c t i o n  r a t i o s  can reach and exceed 

those expected i n  a magnet ic fus ion r e a c t o r  (MFR). Thus, mixed spectrum 

r e a c t o r  i r r a d i a t i o n s  are  o f t e n  used as a damage s i m u l a t i o n  technique f o r  

n i c ke l - bea r i ng  MFR m a t e r i a l s .  

I n  t h e  f e r r i t i c  a1 l o y s  under cons i de ra t i on  f o r  MFR a p p l i c a t i o n s ,  the  n i c k e l  

concen t ra t ions  are  low ( 5  0.5 w t .  %) and t h e  he l ium genera t ion  r a t e s  i n  mixed- 

spectrum r e a c t o r s  f a l l  w e l l  below t h e  l e v e l s  expected i n  MFRs. For  t h i s  

reason c u r r e n t  r e a c t o r  i r r a d i a t i o n s  i n  t h e  A D I P  program i n c l u d e  b o t h  

unmodi f ied (<  0.5 wt. X N i )  and N i -mod i f i ed  ( w i t h  - 1 t o  2 wt. % a d d i t i o n a l  

N i )  f e r r i t i c  a l l o y s .  The n i c k e l  a d d i t i o n s  are  s p e c i f i c a l l y  aimed a t  
i n c r e a s i n g  t h e  he l ium genera t ion  r a t e s  t o  l e v e l s  expected i n  MFRs. 

- 

However i s o l a t i o n  o f  he l ium e f f e c t s  by comparison o f  unmodi f ied and N i -  

m o d i f i e d  samples may be d i f f i c u l t  because t h e  a d d i t i o n a l  n i c k e l ,  i n  a d d i t i o n  

t o  i n c r e a s i n g  t h e  he l i um  genera t ion  ra te ,  may s imu l taneous ly  a l t e r  t h e  

i r r a d i a t i o n  performance o f  t h e  a l l o y  v i a  o t h e r  mechanisms. 

have used d u a l - i o n  i r r a d i a t i o n  (N i t  and Het) t o  approximate t h e  MFR 

environment. 

above because t h e  s imu la ted  he l ium p r o d u c t i o n  (by i n j e c t i o n )  i s  independent o f  

a l l o y  composi t ion.  We have dua l- ion  i r r a d i a t e d  unmodi f ied and N i - mod i f i ed  

m a t e r i a l  under i d e n t i c a l  c o n d i t i o n s  and inspec ted  t h e  samples w i t h  TEM t o  

assess t h e  e f f e c t  o f  N i  a d d i t i o n  on i r r a d i a t i o n  m i c ros t r uc tu re .  I n  a d d i t i o n  

we compare s i n g l e - i o n  (N i t  i r r a d i a t i o n  o n l y )  and d u a l - i o n  (N i t  w i t h  He 

I n  t h i s  s tudy we 

Th is  t y p e  o f  s i m u l a t i o n  i s  f r e e  f rom the  u n c e r t a i n t y  mentioned 
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i n j e c t i o n )  i r r a d i a t e d  samples t o  assess t h e  e f f e c t  o f  hel ium. 

5.2 Exper imenta l  Procedure 

The a l l o y s  s t u d i e d  were HT-9 (heat no. XAA-3587) and HT-9 + 2Ni (heat no. XAA- 
3589). The major  element composi t ion i s  shown i n  Table 1; a more complete 

a n a l y s i s  can be found i n  Ref. ( 1 ) .  

0.25 m sheet, f rom which 3 mn TEM d i s c s  were punched. Samples were 

encapsulated i n  an argon atmosphere and normal ized f o r  0.5 hours a t  105OoC, 

then a i r  cooled. The HT-9 and HT-9 + 2Ni a l l o y s  were tempered f o r  2.5 hours 

a t  78OoC and 5 hours a t  70OoC, r e s p e c t i v e l y ,  and a i r  cooled, p roduc ing  a 

tempered ma r t ens i t e  s t r u c t u r e .  These heat t r e a t  schedules, s u p p l i e d  by R. 

Klueh, are  t h e  same as those used a t  ORNL i n  p r e p a r i n g  t h e  a l l o y s  f o r  r e a c t o r  

i r r a d i a t i o n s .  A f t e r  heat  t rea tment  t h e  samples were mechanica l ly  p o l i s h e d  and 
e l e c t r o p o l i s h e d  as f i n a l  p r e p a r a t i o n  f o r  i r r a d i a t i o n .  

The m a t e r i a l  was rece ived  i n  t h e  form of 

TABLE 1 

COMPOSIT ION (wt .  %) 
A1 1 oy Heat C r  N i  Mo C W Mn V S i  

HT-9 XAA-3587 11.99 0.43 0.93 0.21 0.54 0.50 0.27 0.18 

HT-9t2Ni XAA-3589 11.71 2.27 1.02 0.20 0.54 0.49 0.31 0.14 

Samples were i r r a d i a t e d  t o  25 dpa a t  a 3 x 

i r r a d i a t i o n  temperatures were 350, 410, 470, 530 and 60OoC. 

samples was d u a l - i o n  i r r a d i a t e d  (3.0 MeV 58Nit  and degraded 0.83 MeV 3Het) 

w i t h  t h e  he l i um  i n j e c t e d  a t  15 appm He/dpa. A second set  was s i n g l e - i o n  

i r r a d i a t e d  (3.0 MeV N i +  a lone) .  A f t e r  i r r a d i a t i o n  t h e  samples were prepared 

f o r  TEM i n s p e c t i o n  by e l e c t r o c h e m i c a l l y  s e c t i o n i n g  t o  a depth o f  450 nm (peak 

damage was a t  550 nm) and back th i nn i ng  t o  p e r f o r a t i o n .  

dpa - s - l  dose r a t e .  The 

One se t  o f  
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5.3 C a v i t y  Formation.Under Dual- Ion I r r a d i a t i o n  

M i c r o s t r u c t u r e s  observed i n  dua l - i on  i r r a d i a t e d  HT-9 and HT-9 + 2Ni are shown 

i n  F igs.  1 and2, r e s p e c t i v e l y .  A l l  samples con ta ined  c a v i t i e s ,  bu t  t h e  c a v i t y  

s izes,  number d e n s i t i e s  and p r e f e r e n t i a l  f o rma t i on  s i t e s  were s t r o n g l y  

temperature dependent. 

s i m i l a r  t o  one another i n  samples i r r a d i a t e d  a t  350, 410, 530 and 6OO0C but  

47OoC i r r a d i a t i o n  produced markedly d i f f e r e n t  r e s u l t s  i n  t he  two a l l o y s .  

C a v i t y  m ic ros t ruc tu res  i n  HT-9 and HT-9 + 2Ni  were 

Samples i r r a d i a t e d  a t  35OoC con ta ined  very few v i s i b l e  c a v i t i e s  and these were 

smal l  (<, 2.5 nm) and nonuni formly  d i s t r i b u t e d  i n  t h e  samples; i t  was necessary 

t o  scan severa l  reg ions  o f  t he  samples i n  o rder  t o  f i n d  any v i s i b l e  c a v i t i e s  

a t  a l l .  I n  bo th  a l l o y s  i r r a d i a t i o n  a t  41OoC produced h igh  number d e n s i t i e s  of 

i n t e r g r a n u l a r  c a v i t i e s  t h a t  ranged i n  s i z e  from a maximum o f  - 8 nm t o  a 

p r a c t i c a l  r e s o l u t i o n  l i m i t  o f  - 2 nm. There were v a r i a t i o n s  i n  bo th  t h e  

maximum and mean c a v i t y  s i zes  i n  d i f f e r e n t  subgra ins o f  t h e  tempered 

mar tens i t e  s t r u c t u r e  i n  bo th  HT-9 and HT-9 + 2Ni, hu t  t h e r e  d i d  not appear t o  

be a cons i s ten t  d i f f e r e n c e  between t h e  two a l l o y s .  

Fo l l ow ing  47OoC i r r a d i a t i o n ,  both HT-9 and HT-9 + 2Ni samples con ta ined  h igh  

number d e n s i t i e s  o f  s m a l l  c a v i t i e s  (<, 3 nm), most o r  a l l  o f  which were 

assoc ia ted  w i t h  rad ia t i on- induced  d i s l o c a t i o n s ,  and lower  number d e n s i t i e s  o f  
l a r g e  c a v i t i e s  (up t o  - 18 nm). The s m a l l - c a v i t y  number d e n s i t i e s  appeared t o  
be q u i t e  s i m i l a r  i n  the two a l l oys ,  bu t  t he  l a r g e - c a v i t y  number d e n s i t i e s  were 

very d i f f e r e n t .  La rge- cav i t y  number d e n s i t i e s  were fair ly h igh  i n  most HT-9 

subgrains, Fig.  IC, whereas i n  HT-9 + 2Ni i t was necessary t o  scan a number o f  

subgrains i n  o rder  t o  f i n d  a s i n a l e  l a r a e - c a v i t v  (e.g. i n  t he  upper r i g h t  

corner  o f  Fig.  2c 

I r r a d i a t i o n s  a t  530 and 600°C produced smal l  c a v i t i e s  (<, 5 nm) t h a t  were 

p r e f e r e n t i a l l y  assoc ia ted  w i t h  i n t e r g r a n u l a r  d i s l o c a t i o n s  and subgra in  

boundaries. 

number dens i t y  between 530 and 600°C samples o f  e i t h e r  a l l o y ,  o r  between 

samples o f  t he  d i f f e r e n t  a1 l o y s  i r r a d i a t e d  a t  these temperatures. Subgrain- 

There was no c l e a r  and cons i s ten t  d i f f e r e n c e  i n  c a v i t y  s i z e  o r  
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C 

FIGURE 2. HT-9 -t 2Ni  F e r r i t i c  A l l o y  Dual- Ion I r r a d i a t e d  t o  25 dpa w i t h  15 
gppm He/dpa. 
60OoC. 

( a )  35OoC, (b) 41OoC, (c )  47OoC, ( d )  530°C and (e) 
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t o- subg ra in  v a r i a t i o n s  w i t h i n  samples were l a r g e  enough t o  mask any c o n s i s t e n t  

dependence on temperature o r  a l l o y  composi t ion t h a t  may e x i s t .  

5.4 S ing le- Ion  I r r a d i a t e d  Samples 

Based on the  dua l - i on  r e s u l t s ,  HT-9 and HT-9 t 2Ni samples i r r a d i a t e d  a t  410 

and 47OoC were thought  t o  be t h e  most l i k e l y  t o  con ta in  c a v i t i e s  so these were 

inspec ted  f i r s t .  

HT-9 t 2Ni samples i r r a d i a t e d  a t  53OoC, were c a r e f u l l y  inspec ted  f o r  

c a v i t i e s .  Th is  search revea led  o n l y  a s i n g l e  c a v i t y  i n  one o f  t h e  s i x  samples 

(HT-9 i r r a d i a t e d  a t  470OC). S ince t h e  s i n g l e - i o n  i r r a d i a t i o n s  were i d e n t i c a l  

i n  a l l  respec ts  t o  t he  dua l - i on  i r r a d i a t i o n s ,  except f o r  t h e  he l ium i n j e c t i o n ,  

it i s  c l e a r  t h a t  he l ium was e s s e n t i a l  t o  f o rma t i on  o f  a l l  o f  t he  c a v i t i e s  

(bo th  smal l  and l a r g e )  descr ibed  i n  sec t i on  5.3. 

Large areas o f  these f o u r  samples, and a l s o  o f  HT-9 and 

5.5 D iscuss ion  

Low s w e l l i n g  and a narrow temperature range f o r  s w e l l i n g  are c h a r a c t e r i s t i c  o f  

f e r r i t i c  a l l o y s ,  ( 2 )  
appa ren t l y  f o l l o w  t h i s  t rend .  Under s i n g l e - i o n  i r r a d i a t i o n  i n  t h e  temperature 

range 41O-53O0C, s w e l l i n g  was e s s e n t i a l l y  zero f o r  bo th  a l l o y s .  

i r r a d i a t e d  samples con ta ined  c a v i t i e s ,  but s w e l l i n g  remained low. A t  most 

temperatures t h e  c a v i t i e s  were probably  e q u i l i b r i u m  o r  overpressured He 

bubbles, bu t  some b i a s - d r i v e n  c a v i t y  growth probably  occurred a t  410 and 

47OoC. 

and t h e  HT-9 and HT-9 t 2Ni a l l o y s  i n v e s t i g a t e d  here 

A l l  d u a l - i o n  

The s m a l l - c a v i t i e s  l oca ted  a long  d i s l o c a t i o n s  and subgra in  boundaries i n  530 

and 6OO0C d u a l - i o n  i r r a d i a t e d  HT-9 and HT-9 t 2Ni are l i k e l y  t o  be he l ium 

bubbles, as are t h e  s m a l l - c a v i t i e s  a long d i s l o c a t i o n s  i n  47OoC samples. 

However, it i s  p robab le  t h a t  t h e  c a v i t i e s  i n  41OoC samples and the  l a r g e  s i z e  

f r a c t i o n  o f  t he  c a v i t i e s  i n  t he  47OoC samples are vo ids t h a t  have grown by 

b i a s  d r i v e n  growth a f t e r  n u c l e a t i o n  as He bubbles. 

o f  c a v i t y  s i zes  a t  47OoC i s  i n d i c a t i v e  o f  two d i f f e r e n t  mechanisms c o n t r o l l i n g  

t h e  growth o f  t h e  t w o  components o f  t h e  d i s t r i b u t i o n .  

The bimodal d i s t r i b u t i o n  

It i s  t o  be expected 
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t h a t  a h igher  number d e n s i t y  o f  he l ium bubbles w i l l  be nuc lea ted  a t  lower  

temperatures. Th is  means t h a t  t h e  average bubble s i z e  should  decrease w i t h  

decreas ing temperature.  Furthermore, t h e  e q u i l i b r i u m  pressure i n  a bubble 

increases w i t h  decreas ing bubble s i z e  so t h a t  t h e  i n j e c t e d  he l ium can be 

accomodated i n  a sma l le r  volume f r a c t i o n  o f  e q u i l i b r i u m  bubbles when t h e r e  are  

more sma l l e r  c a v i t i e s .  Th is  means t h a t  t h e  he l ium bubble volume f r a c t i o n  

should  inc rease  w i t h  i n c r e a s i n g  temperature and decreas ing number d e n s i t y .  

The p r e d i c t e d  t rends  a re  f o l l o w e d  by t h e  r e s u l t s  a t  53OoC o r  6OO0C as compared 

t o  t h e  smal l  s i z e  f r a c t i o n  o f  c a v i t i e s  a t  47OoC. The s i zes  and volume 

f r a c t i o n s  o f  c a v i t i e s  a t  410°C and 47OoC can o n l y  be understood i f  t h e  

c a v i t i e s  a t  41OoC and t h e  l a r g e  c a v i t i e s  a t  47OoC have grown s u b s t a n t i a l l y  

beyond t h e  e q u i l i b r i u m  bubble s ize.  Thus we conclude t h a t  t h e  increases i n  

c a v i t y  volume i n  bo th  a l l o y s  a t  41OoC and i n  HT-9 a t  47OoC r e s u l t  f rom b i a s -  

d r i v e n  c a v i t y  growth. However i t  i s  c l e a r  f rom t h e  lack  o f  c a v i t i e s  i n  

s i n g l e - i o n  i r r a d i a t e d  samples t h a t  the  l a r g e  b i as- d r i ven  c a v i t i e s  must have 

nuc lea ted  as he l ium bubbles. 

S ince t h e  sma l l - cav i t y  s i zes  and number d e n s i t i e s  were s i m i l a r  i n  HT-9 and 

HT-9 + 2Ni a t  47OoC, it seems c l e a r  t h a t  t h e  a d d i t i o n a l  n i c k e l  reduced t h e  

degree o f  b ias  d r i v e n  c a v i t y  growth a t  t h a t  temperature.  

t h i s  r e d u c t i o n  i s  not  c l e a r  a t  present,  but  i t  i s  t h e  same t r e n d  noted by 

Johnston e t  a l . ,  
d r a m a t i c a l l y  reduced s w e l l i n g  f o r  140 dpa, 55OoC N i  i o n  i r r a d i a t i o n  o f  he l i um  

p r e i n j e c t e d  samples (55OoC was t h e  peak s w e l l i n g  temperature f o r  Fe-15Cr). 

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

appear t o  s i g n i f i c a n t l y  reduce b ias  d r i v e n  growth a t  41OoC, i . e . ,  n i c k e l  

a d d i t i o n  appears t o  suppress s w e l l i n g  ma in ly  on t h e  h i g h  temperature s i d e  o f  

t h e  v o i d  s w e l l i n g  regime. 

The mechanism f o r  

where a d d i t i o n  o f  2 wt.  % N i  t o  an Fe-15Cr b i n a r y  a l l o y  
( 2 )  

An 

We conclude, then, t h a t  ca re  should  be taken i n  i n t e r p r e t a t i o n  o f  s w e l l i n g  

d i f f e r e n c e s  i n  r e a c t o r  i r r a d i a t e d  HT-9 nd HT-9 + 2Ni. Hel ium was found t o  be 

e s s e n t i a l  f o r  c a v i t y  n u c l e a t i o n  i n  both  a l l o y s ,  so t h e  increased he l ium 

produced by n i c k e l  a d d i t i o n  c o u l d  cause s w e l l i n g  increases a t  some 

temperatures,  p a r t i c u l a r l y  on the  low temperature s i d e  o f  t h e  v o i d  s w e l l i n g  
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regime. 
swelling, and th is  suppression cannot be in te rpre ted  a s  a helium e f f e c t .  

B u t  a t  high temperatures the  nickel addi t ion i tself  suppresses 
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7.0 Future Work 

Samples of 9Cr-1Mo and 9Cr-1Mo + 2Ni f e r r i t i c  a l l oys  i r r ad i a t ed  under the  same 
conditions a s  the  HT-9 and HT-9 + 2Ni a l loys  described in t h i s  repor t  wi l l  be 
inspected i n  TEM i n  the  near future. 
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I n f l u e n c e  o f  He I n j e c t i o n  Schedule and P r i o r  Thermomechanical Treatment on t h e  

M i c r o s t r u c t u r e  o f  Type 316 SS 

A. Kohyama and G. A y r a u l t  (Argonne N a t i o n a l  Labora to ry )  

1 .o O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  m i c r o s t r u c t u r a l  e v o l u t i o n ,  

d u r i n g  i r r a d i a t i o n ,  o f  f i r s t  w a l l  m a t e r i a l s  w i t h  s p e c i a l  emphasis on t h e  

e f f e c t s  o f  he l ium product ion,  d isplacement damage r a t e s ,  and temperature.  

2.0 Sumnary 

The i n f l u e n c e  o f  d i f f e r e n t  he l ium i n j e c t i o n  schedules on m i c r o s t r u c t u r e  

developement i n  N i  i o n  i r r a d i a t e d  316 SS a t  625OC i s  descr ibed. Hot-  o r  c o l d-  

p r e i n j e c t i o n  f o l l o w e d  by s i n g l e - i o n  i r r a d i a t i o n  produced lower  s w e l l i n g  than  

d u a l - i o n  i r r a d i a t i o n  i n  s o l u t i o n  annealed and s o l u t i o n  annealed and aged 

samples, but  produced g r e a t e r  s w e l l i n g  i n  cold-worked m a t e r i a l .  Dua l- ion  

i r r a d i a t i o n  t o  25 dpa produced s t r o n g l y  bimodal c a v i t y - s i z e  d i s t r i b u t i o n s  i n  

s o l u t i o n  annealed and s o l u t i o n  annealed and aged samples, whereas s i n g l e - i o n  

i r r a d i a t i o n  f o l l o w e d  by d u a l - i o n  i r r a d i a t i o n  t o  t h e  same dose produced a 

c a v i t y - s i z e  d i s t r i b u t i o n  w i t h  a s u b s t a n t i a l  component o f  i n t e rmed ia te- s i ze  

c a v i t i e s .  Dua l- ion  i r r a d i a t i o n  produced o n l y  very  smal l  c a v i t i e s  i n  20% c o l d-  

worked m a t e r i a l ,  w h i l e  s i n g l e - i o n  f o l l o w e d  by d u a l - i o n  i r r a d i a t i o n  produced some 
i ntermedi a t e - s i  ze c a v i t i e s ,  and g r e a t e r  s w e l l  i ng. 

3.0 Program 

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fusion Reactor M a t e r i a l s  

P r i n c i p l e  I n v e s t i g a t o r :  A. P. L. Turner  

A f f i l i a t i o n :  Argonne Na t iona l  Labora to ry  

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.C.2.1 M o b i l i t y ,  D i s t r i b u t i o n  and Bubble Nuc lea t i on  
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5.0 Accomplishments and S ta tus  

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

Mixed-spectrum r e a c t o r  i r r a d i a t i o n  i s  c o m o n l y  used f o r  s tudy o f  he l ium 

e f f e c t s  on r a d i a t i o n  damage i n  n i c k e l - b e a r i n g  a l l o y s .  Hel ium i s  generated v i a  

t h e  two-step r e a c t i o n  

58Ni  (n, y)59Ni 

59Ni(n,a)56Fe . 

A t  s u f f i c i e n t  neut ron doses, t h e  5 9 N i  concen t ra t i ons  i n  a u s t e n i t i c  a l l o y s  can 

reach l e v e l s  where t h e  he l ium genera t ion  r a t e  reaches o r  exceeds t h e  h i g h  

l e v e l  expected i n  magnet ic f u s i o n  r e a c t o r s  ( -  15 appm He/dpa). However d u r i n g  

t h e  e a r l i e s t  phase of m i c r o s t r u c t u r e  n u c l e a t i o n  a t  t h e  s t a r t  o f  i r r a d i a t i o n  i n  
mixed-spectrum r e a c t o r s  t h e r e  i s  no he l ium genera t ion  because no 5 9 N i  has been 

produced. I n  c o n t r a s t ,  MFR neutrons w i l l  generate he l ium r a p i d l y  even a t  t h e  

lowest  doses. I n  t h i s  study we have d u a l - i o n  i r r a d i a t e d  316 SS samples u s i n g  

he l i um  i n j e c t i o n  schedules in tended t o  (1)  approximate the  MFR c o n d i t i o n  of 

s teady he l i um  generat ion,  and (2 )  mimic t h e  mixed-spectrum r e a c t o r  c o n d i t i o n  

o f  r a p i d  he l ium p roduc t ion  a t  h i g h  dose and no he l ium p r o d u c t i o n  a t  l o w  dose. 

Hel ium p r e i n j e c t i o n  ( u s u a l l y  - 10 t o  30 appm) i s  o f t e n  used t o  compensate f o r  

t h e  aforement ioned l a c k  o f  he l ium i n  t h e  e a r l y  n u c l e a t i o n  phase o f  

m i c r o s t r u c t u r e  development i n  r e a c t o r  i r r a d i a t i o n s ,  and i n  i o n  and e l e c t r o n  

i r r a d i a t i o n s  as w e l l .  I n  a d d i t i o n  t o  t h e  d u a l - i o n  i r r a d i a t i o n s  mentioned 

above, we have h o t -  and c o l d - p r e i n j e c t e d  316 SS samples and s i n g l e - i o n  

i r r a d i a t e d  them t o  t e s t  t h e  v a l i d i t y  o f  p r e i n j e c t i o n  a lone as a s i m u l a t i o n  of 

t ransmutant  he l ium p roduc t ion .  

TEM work has been completed on samples hav ing t h r e e  thermomechanical 

h i s t o r i e s ,  each i r r a d i a t e d  under t h e  c o n d i t i o n s  desc r ibed  above. I n  t h i s  

r e p o r t  we g i v e  a q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  m i c ros t r uc tu res .  Q u a n t i t a t i v e  
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da ta  e x t r a c t e d  f rom t h e  micrographs w i l l  be presented i n  f u t u r e  r e p o r t s .  

5.2 Exper imenta l  

The m a t e r i a l  i r r a d i a t e d  was 316 SS f rom the  WE heat (15893). I r r a d i a t i o n s  

under a l l  o f  t h e  c o n d i t i o n s  descr ibed below were performed on samples w i t h  

t h r e e  p r i o r  thermomechanical t reatments :  s o l u t i o n  annealed (0.5 h a t  1O5O0C), 

s o l u t i o n  annealed dnd aged (1 h a t  1O5O0C, 10 h a t  800°C) and 20% co ld-  

worked. A l l  i r r a d i a t i o n s  were performed a t  625OC, which i s  near t h e  peak 

s w e l l i n g  temperature f o r  t h e  3 x 

i o n  i r r a d i a t i o n  (3.0 MeV58Nit) was used f o r  damage p roduc t ion ;  a l l  he l i um  

i n j e c t i o n s  (s imultaneous and p r e i n j e c t i o n )  were performed w i t h  a degraded 0.83 

MeV 3He+ beam. 

dpa - s - l  damage r a t e  employed. N i c k e l  

Samples were i r r a d i a t e d  w i t h  s i x  dose/hel ium h i s t o r i e s .  F o r  s i m p l i c i t y ,  each 

o f  these has been assigned a d e s c r i p t i v e  code (e.g. 5s f o r  (1) below), which 

i s  l i s t e d  w i t h  each dose/hel ium h i s t o r y .  The h i s t o r i e s  were: 

( 1 )  s i n g l e - i o n  i r r a d i a t i o n  t o  5 dpa (5S), 

(2 )  

(3 )  

dua l - i on  i r r a d i a t i o n  t o  5 dpa w i t h  15 appm He/dpa (5D), 

s i n g l e - i o n  i r r a d i a t i o n  t o  5 dpa f o l l o w e d  by 20 dpa d u a l - i o n  i r r a d i a t i o n  

w i t h  18.8 appm He/dpa, g i v i n g  t h e  same f i n a l  he l i um  concen t ra t i on  as (4)  
(25SD), 
d u a l - i o n  i r r a d i a t i o n  t o  25 dpa w i t h  15 appm He/dpa (250) 

15 appm ( c o l d )  he l ium p r e i n j e c t i o n  ( a t  room temperature)  f o l l o w e d  by 

25 dpa s i n g l e - i o n  i r r a d i a t i o n  (25CP) and 

15 appm ( h o t )  he l ium p r e i n j e c t i o n  ( a t  65OoC) f o l l o w e d  by 25 dpa 

s i n g l e - i o n  i r r a d i a t i o n  (25HP). 

( 4 )  

(5 )  

(6 )  

H i s t o r i e s  3 and 4 (25SO and 250) are in tended  t o  mimic mixed-spectrum r e a c t o r  

and MFR i r r a d i a t i o n  r e s p e c t i v e l y .  H i s t o r i e s  ( 1 )  and (2 )  (5s and 50) p r o v i d e  a 

view o f  t h e  m i c r o s t r u c t u r e s  t h a t  t h e  25 dpa samples (25SD and 25D) had a t  low 

dose. 
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5.3 Dual - i o n  He1 i um Schedule M i c r o s t r u c t u r e  

T y p i c a l  m i c ros t r uc tu res  f o r  the  5S, 50, 25SD and 250 samples ( h i s t o r i e s  1, 2, 
3 and 4 r e s p e c t i v e l y )  are  presented i n  F igs .  1-6. F igu res  1 and 2 show 

s o l u t i o n  annealed (SA) samples; F igs .  3 and 4 show s o l u t i o n  annealed and aged 

(SAA) samples; F igs .  5 and 6 show 20% cold-worked (CW) samples. I n  a l l  cases 

t h e  micrographs a t  l e f t  are recorded i n  a (200) two-beam d i f f r a c t i o n  c o n d i t i o n  

f o r  d i s l o c a t i o n  c o n t r a s t  and those a t  r i g h t  are  recorded i n  underfocused 

abso rp t i on  c o n t r a s t  t o  image t h e  c a v i t i e s .  

The m i c ros t r uc tu res  i n  5 dpa s o l u t i o n  annealed samples 5s  and 5D, F ig .  1 ,  are 

q u i t e  d i f f e r e n t  f rom one-another. No v i s i b l e  c a v i t i e s  a re  present  i n  the  

s i n g l e - i o n  samples, whereas d u a l - i o n  i r r a d i a t i o n  produced s i g n i f i c a n t  c a v i t y  

n u c l e a t i o n  and growth. D i s l o c a t i o n  s t r u c t u r e s  i n  both  t h e  5s and 5D samples 
c o n s i s t  a lmost  e n t i r e l y  o f  frank loops, but  d u a l - i o n  i r r a d i a t i o n  produced a 

h i g h e r  number d e n s i t y  o f  sma l le r  loops.  

r o l e  i n  n u c l e a t i o n  o f  bo th  c a v i t i e s  and loops.  

Clearly t h e  he l i um  p layed  a major 

A t  25 dpa the  25SO and 250 samples, F igs .  2a and b r e s p e c t i v e l y  have s i m i l a r  

d i s l o c a t i o n  m i c r o s t r u c t u r e s  c o n s i s t i n g  o f  both  loops and l i n e s .  A l though t h e  

d i s l o c a t i o n  s t r u c t u r e  appears t o  have recovered f rom d i f f e r e n c e s  present  a t  5 

dpa, d i f f e r e n c e s  i n  t h e  c a v i t y  m i c r o s t r u c t u r e  p e r s i s t .  The c a v i t y  s i z e  

d i s t r i b u t i o n  i n  t h e  250 sample was c l e a r l y  bimodal i n  nature ,  w i t h  a h i g h  

number d e n s i t y  o f  smal l  c a v i t i e s  ( 2  3 nm) and a lower  number d e n s i t y  o f  l a r g e  

c a v i t i e s  (up t o  ,. 40 nm) but  w i t h  very few c a v i t i e s  i n  t h e  range 3 t o  12 nm. 

The 25SD sample a l s o  con ta ined  a h i g h  number d e n s i t y  o f  smal l  c a v i t i e s  and t h e  

maximum c a v i t y  s i z e  was s i m i l a r  t o  t h a t  i n  the  250 sample, b u t  t h e  s i z e  

d i s t r i b u t i o n  was not  as s t r o n g l y  bimodal as i n  t h e  25D sample; t h e r e  were many 

c a v i t i e s  i n  t h e  3 t o  i 2  nm s i z e  range t h a t  were absent a f t e r  cont inuous dua l-  

i o n  i r r a d i a t i o n .  I n  f a c t ,  q u a n t i t a t i v e  a n a l y s i s  (now i n  p rogress )  may r e v e a l  

t h a t  t h e  c a v i t y  s i z e  d i s t r i b u t i o n  f o r  25SD i r r a d i a t i o n  i s  not  bimodal a t  a l l ,  

b u t  c o n s i s t s  i n s t e a d  o f  a p o p u l a t i o n  whose number d e n s i t y  r i s e s  mono ton i ca l l y  
w i t h  decreas ing s ize.  Desp i t e  t h e  d i f f e r e n c e  i n  c a v i t y  s i z e  d i s t r i b u t i o n ,  

t h e r e  i s  no obvious d i f f e r e n c e  i n  c a v i t y  volume f r a c t i o n  between 25D and 2 5 9  
sampl es.  
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FIGURE 1.  D i s l o c a t i o n  and C a v i t y  M i c r o s t r u c t u r e s  i h  Solut ion- Annealed 316 SS 
I r r a d i a t e d  t o  5 dpa a t  625OC, a)  Schedule 5s and b) Schedule 5D. 

M i q r o s t r u c t u r e  development i n  s o l u t i o n  annealed and aged m a t e r i a l ,  Figs. 3 and 

4, c l p s e l y  p a r a l l e l e d  t h a t  i n  s o l u t i o n  annealed samples. Again no c a v i t i e s  

were present  i n  t he  5s sample and t h e  loop  d e n s i t y  was low, w h i l e  c a v i t y  

growth was w e l l  under way i n  t he  5D sample and h ighe r  number d e n s i t i e s  o f  

sma l l e r  loops were present.  A lso  the 25D beam h i s t o r y  produced a s t r o n g l y  

bimadal c a v i t y - s i z e  d i s t r i b u t i o n ,  whereas c a v i t i e s  o f  i n te rmed ia te  s i z e  were 

p ro fu$e  f o l l o w i n g  25SD i r r a d i a t i o n ,  as i n  SA m a t e r i a l .  The most no tab le  

d l f f e r e n c e  between SA and SAA samples was t h e  low-dose d i s l o c a t i o n  
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a 

FIGURE 2. Dislocation and Cavity Microstructures in Solution-Annealed 316 ,SS 
I r rad ia ted  t o  25 dpa a t  625"C, a )  Schedule 25SD and b )  Schedule 25D. 

microstructure. 
SA samples t h a n  in SAA specimens a t  5 dpa a f t e r  both s ingle-  and dual-ion 
i r radi  at,i on. . .  . 

In 20% cold-worked material the dis locat ion dens i t ies  were high fo r  a l l  beam 
h i s to r i e s  and swelling was low, as expected. The  5 dpa samples, Fig. 5 ,  

looked nearly iden t i ca l ,  except t h a t  a few very small (barely r e so lvab le ) '~  
cav i t i e s  were seen in the 5D sample. 
c a v i t i e s  larger  t h a n  - 6 nm.. Small c av i t i e s  ( c  3 n m )  were profuse and':mst; 
i f  not a l l ,  were associated with dis locat ions.  The 25SD his tory produced, : i n  

Loop number dens i t ies  were lower and loop  diameters larger  in 

. ,  

A t  25 dpa the 25D sample contained no 
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FIGURE 4. Dislocation and Cavity Microstructures in Solution-Annealed and  
Aged 316 SS I r radia ted  t o  25 d p a ,  a )  Schedule 25SD and b )  
Schedule 25D. 

9 respectively. 
included 25D dual-ion micrographs in each f igure.  
and 25D produced s ign i f i can t ly  d i f fe ren t  microstructures in samples with each 
o f  the prior  thermomechanical treatments; microstructures in SA and SAA 
material closely paral leled one another b u t  the ef fec t  of preinject ion on CW 
material was e n t i r e l y  d i f fe ren t .  

For easy comparison with dual-ion microstructures we have 
Beam h i s t o r i e s  25CP, 25HP 

In SA and SAA samples, Figs. 7 and 8, the dislocat ion dens i t ies  in both  25CP 
and 25HP samples were s ign i f i can t ly  lower t h a n  for 25D i r r ad ia t ion  and the  
f rac t ional  contr ibut ion of loops was rmch higher; i.e. the development of 
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FIGURE 5. D i s l o c a t i o n  and C a v i t y  M i c r o s t r u c t u r e s  i n  20% Cold-Worked 316 SS 
I r r a d i a t e d  t o  5 dpa, a )  Schedule 5s and b )  Schedule 5D. 

? i n j e c t e d  samples. There were almost no s m a l l - c a v i t i e s  i n  25 C 
-..T.... ..c rn -..A P ~ R  --a--:-? --A 7 _ _ . _ I ~ . _  L-.. J _ _ _ : ~ : . _  

prc :P o r  25 HP 
sanlpIr> V I  JM aiiu JM i i i a ~ c i - i a i ,  aiiu iarqe-cav~~v iiuIiIver uens i c i es  were a g rea t  

deel lowc 

f r a c t i o n  2 

l ower  i n  I es 

were s i g n i f i c a n t l y  sma l le r  than t h e  l a r g e - c a v i t i e s  i n  dua l - i on  samples, w h i l e  

c a v i t i e s  i n  25HP samples were s i g n i f i c a n t l y  l a r g e r .  

- 
?r than those produced by dua l - i on  i r r a d i a t i o n .  The c a v i t y  volumt 

was c l e a r l y  lower  i n  25CP than i n  25D samples, and appeared t o  bc 
25HP samples than i n  25D samples as we l l .  C a v i t i e s  i n  25CP sampl 
. _ .  .. . .  

I n  cold-worked samples, Fig. 9, bo th  ho t -  and c o l d - p r e i n j e c t i o n  enhanced 
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FIGURE 6. Dislocation and Cavity Microstructures in 20% Cold-Worked 316 SS 
Irradiated to 25 dpa, a) Schedule 25SD and b )  Schedule 25D. 

swelling relative to dual-ion irradiation instead of retarding it as in SA and 
SAA material. Dual-ion irradiation produced no large-cavities, Fig. 9c, but 
cold- and hot-preinjection followed by single-ion irradiation, Figs. 9a and b, 
produced large-cavities and measurable swelling. What is even m r e  surprising 
is that swelling in preinjected cold-worked samples appears to be as high as, 
or even higher than it is in preinjected SA or SAA samples. This unusual 
feature will require further examination. 
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FIGUFE 7.  Dislocation and Cavity Microstructures i n  Solution-Annealed 316 SS 
I r radia ted  t o  25 d p a ,  a )  Cold-Preinjected Schedule 25CP, b)  Hot- 
Preinjected Schedule 25HP and  c )  Dual-Ion Schedule 25D. 



a 

b 

FIGURE 8. D i s l o c a t i o n  a n d ' C a v i t y  M i c r o s t r u c t u r e s  i n  Solut ion- Annealed and . 
Aged 316 SS I r r a d i a t e d  t o  25 dpa, a )  Co ld- Pre in jec ted  Schedule 
25CP, b) H o t - P r e i n j e c t e d  Schedule 25HP and c )  Dual- Ion Schedule 25D. 
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FIGURE 9. Dislocation and Cavity Microstructures i n  LUX Lola-worKeo 316 SS 
I r radia ted  t o  25 dpa ,  a )  Cold-Preinjected Schedule 25CP, b )  Hot- 
Preinjected Schedule 25HP and c )  Dual-Ion Schedule 25D. 
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5.5 D iscuss ion  

The r e s u l t s  o f  t h i s  s tudy show t h a t  d i f f e r e n c e s  i n  he l ium concen t ra t i on  and 

d i s t r i b u t i o n  a t  l o w  dose a re  q u i t e  p e r s i s t a n t  i n  a f f e c t i n g  t h e  m i c r o s t r u c t u r e  

a t  h i gh  dose. The r e s u l t s  a l so  show t h a t  t he  na tu re  o f  low-dose he l ium 

e f f e c t s  are s t r o n g l y  dependent upon t h e  p r e i r r a d i a t i o n  m i c r o s t r u c t u r e .  

mast graphic  i l l u s t r a t i o n  o f  t h i s  i s  found i n  comparing h o t -  and co ld-  

p re in j ec ted ,  s i n g l e - i o n  i r r a d i a t e d  samples, and comparing bo th  w i t h  dua l - i on  

i r r a d i a t e d  specimens. 

samples had c a v i t y  number d e n s i t i e s  t h a t  were very low compared t o  d u a l - i o n  

samples. Th i s  e f f e c t  can be a t t r i b u t e d  t o  t he  lower he l ium concen t ra t i on  i n  

p r e i n j e c t e d  samples producing fewer bubbles l a r g e  enough t o  grow as b ias-  

d r i v e n  voids. However t h e  l a r g e  d i f f e r e n c e  i n  c a v i t y  s i z e  between h o t -  and 

c o l d - p r e i n j e c t e d  samples i s  d i f f i c u l t  t o  r a t i o n a l i z e ;  c l e a r l y  t he  d i f f e r e n c e s  
p e r s i s t e d  wel'l i n t o  t h e  c a v i t y  growth phase and thus cou ld  not be due t o  

c a v i t y  n u c l e a t i o n  d i f f e r e n c e s  alone. The e f f e c t  o f  p r e i n j e c t i o n  i n  CW 
m a t e r i a l  was e n t i r e l y  d i f f e r e n t ,  f i r s t  because it enhanced s w e l l i n g  r e l a t i v e  

t o  dua l - i on  i r r a d i a t i o n ,  and second because c o l d - p r e i n j e c t i o n  caused fo rma t i on  

o f  l a r g e r  c a v i t i e s  than d i d  h o t - p r e i n j e c t i o n .  It i s  p o s s i b l e  t h a t  i n  t h i s  

case t h e  c a v i t y - s i z e  d i f f e r e n c e  was caused by n u c l e a t i o n  d i f f e rences ,  because 

t h e  c a v i t y  number d e n s i t y  f o l l o w i n g  h o t - p r e i n j e c t i o n  was h ighe r  than f o r  co ld-  

p r e i n j e c t i o n  and growth d i f f e r e n c e s  cou ld  have r e s u l t e d  frm compe t i t i on  f o r  

a v a i l a b l e  p o i n t  defects .  Whether t h i s  exp lana t i on  i s  cons i s ten t  w i t h  t h e  h i g h  

d i s l o c a t i o n  d e n s i t i e s  t h a t  would make t h e  d i s l o c a t i o n s  the dominant t ype  o f  

s i n k  i n  a l l  cases w i l l  have t o  be determined by a r a t e - t h e o r y  model 

c a l c u l a t i o n .  

The 

I n  SA and SAA m a t e r i a l ,  bo th  ho t-  and c o l d  p r e i n j e c t e d  

M i c r o s t r u c t u r e  d i f f e r e n c e s  between t h e  25D and 25SD he l ium schedules were m r e  

s u b t l e  than t h e  d i f f e r e n c e s  caused by c o l d  versus h o t - p r e i n j e c t i o n ,  bu t  are o f  

more immediate i n t e r e s t  because o f  t h e i r  d i r e c t  r e l a t i o n s h i p  t o  MFR versus 

mixed-spectrum r e a c t o r  i r r a d i a t i o n s .  The most no tab le  d i f f e r e n c e  between 25D 

and 25SD samples was t h e  a d d i t i o n  o f  a s t r o n g  component o f  m id- s ize  c a v i t i e s  

(3-12 nm) t o  t he  popu la t i on  i n  25SD, SA and SAA samples. Presumably, most o r  

a l l  of these are o f  s u f f i c i e n t  s i z e  t h a t  t h e i r  growth i s  l a r g e l y  b ias-  
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dr i ven .  Thus t h e  number d e n s i t i e s  o f  c a v i t i e s  i n  t h e  b i as- d r i ven  s i z e  range 

may a c t u a l l y  be h i g h e r  i n  samples where he l ium was absent a t  t h e  onset o f  

i r r a d i a t i o n .  (Resu l t s  o f  q u a n t i t a t i v e  a n a l y s i s  w i l l  be necessary t o  c o n f i r m  

t h i s  p o i n t ) .  

25SD i r r a d i a t e d  CW m a t e r i a l ,  where no c a v i t i e s  l a r g e r  than  - 3 nm were p resen t  

i n  samples t h a t  had been d u a l - i o n  i r r a d i a t e d  f rom t h e  s t a r t .  

behav io r  i n  CW m a t e r i a l  appears t o  be s i m i l a r  t o  t h a t  i n  SA and SAA samples. 

However, t h e  importance o f  the  3-12 c a v i t i e s  may be g r e a t e r  i n  t h e  CW m a t e r i a l  

because they  a re  t h e  l a r g e s t  c a v i t i e s  present  and t h e i r  growth should  dominate 

t h e  s w e l l i n g  behav ior ,  whereas i n  t h e  SA and SAA m a t e r i a l s  c a v i t i e s  l a r g e r  

than 12 nm are present  i n  both  25D and 25SD i r r a d i a t e d  samples. 

Format ion o f  c a v i t i e s  i n  t h e  3-12 nm s i z e  range a l s o  occured i n  

Thus t h e  

I n  summary, we f i n d  t h a t  d i f f e r e n c e s  i n  t h e  m i c r o s t r u c t u r e s  a f t e r  i r r a d i a t i o n  

t h a t  are  caused by d i f f e r e n c e s  i n  he l ium con ten t  and i n j e c t i o n  schedule are  

q u i t e  complex and s u r p r i s i n g l y  p e r s i s t e n t .  Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  

d i s l o c a t i o n  and c a v i t y  m i c ros t r uc tu res  desc r ibed  q u a l i t a t i v e l y  i n  t h i s  r e p o r t  

w i l l  f u r t h e r  e l u c i d a t e  t h e  mechanism by which these he l ium e f f e c t s  operate.  

R e s u l t s  o f  t h e  q u a n t i t a t i v e  a n a l y s i s  w i l l  appear i n  f u t u r e  repor ts .  

6.0 References 

none 

7.0 Fu tu re  Work 

Q u a n t i t a t i v e  a n a l y s i s  o f  d i s l o c a t i o n  and c a v i t y  m i c r o s t r u c t u r e s  i n  t h e  samples 

desc r ibed  i n  t h i s  r e p o r t  i s  now i n  progress.  

20 5 



CONTINUED EXAMINATION OF THE SWELLING OF " PURE"  AISI 316 IRRADIATED IN ORR 

H .  R .  Brager and F. A. Garner (Hanford Engineering Development Laboratory) 

1 . o  Objective 

The object ive  of t h i s  e f f o r t  i s  t o  determine the  influence of spect ra l  
d i f ferences  on the  evolution of AISI 316 d u r i n g  i r r a d i a t i o n  and  t o  ex t ra -  
pola te  the ins igh t  gained t o  predic t  the  a l l o y ' s  behavior in proposed 
fusion devices. 

2.0 Summary 

Preimplantation of 40-appm helium i n t o  "pure AISI 316" prior t o  i r r a d i a t i o n  
i n  ORR a t  550°C t o  1.3 dpa leads t o  e i t h e r  t o t a l  s u p p r e s s i o n  o f  radiation- induced 
c a v i t i e s  o r  reduction of t h e i r  diameters below 1 . 5  nm. 

3.0 Program 

T i t l e :  I r r a d i a t i o n  Effects  Analysis (AKJ) 
Principal  Invest igator :  0.  G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

4 .0  Relevant OAFS Program Plan Task/Subtask 

Task II.C.2 Effects  of Helium on Microstructure 
Task I1 . C .  1 7  Microstructural Characterization 

5.0 Accomplishments a n d  Sta tus  

5.1 Introduction 

I n  e a r l i e r  repor ts  i t  was shown t h a t  the i r r a d i a t i o n  i n  the MFE-2 experiment 
of "pure 316" (Fe-17Cr-16.7Ni-2.5Mo) in the  Oak Ridge Research Reactor ( O R R )  



l e d  t o  a m i c r o s t r u c t u r a l  e v o l u t i o n  t h a t  appeared t o  be s e n s i t i v e  t o  p r e i r r a d i a t i o n  

he l i um i m p l a n t a t i o n  b u t  n o t  co ld- work ing .  (1-3) 

measurements and p o s t i r r a d i a t i o n  ag ing  s t u d i e s  suggested t h a t  t h e  apparent  

suppress ion o f  s w e l l i n g  by he l ium p r e i n j e c t i o n  may be mis lead ing .  ( 3 )  I n  o t h e r  

words, t h e  c a v i t y  d e n s i t y  may have been inc reased s u f f i c i e n t l y  by p r e i n j e c t i o n  

t h a t  t h e  vo ids  produced were sma l l e r  than t h e  r e s o l u t i o n  l i m i t  (~3.0 nm) o f  

t h e  imaging techniques used i n  t h e  e l e c t r o n  microscope. Th i s  conc lus ion  i s  

c louded by t h e  p o s s i b i l i t y  t h a t  t h e  smal l  d e n s i t y  decrease observed i n  p re -  

i n j e c t e d  specimens may have r i s e n  f rom e lementa l  segrega t ion  and n o t  f rom 

unreso lved  c a v i t i e s .  

ex tend  t h e  r e s o l u t i o n  l i m i t  t o  sma l l e r  s i z e s  by u s i n g  c a r e f u l  through- focus 

s e r i e s  o f  p o t e n t i a l  c a v i t i e s  under k inemat ic  c o n d i t i o n s .  

However, bo th  d e n s i t y  change 

I n  o rde r  t o  examine t h i s  p o s s i b i l i t y  i t  was dec ided t o  

I n  t h i s  type  o f  approach smal l  vo ids  which a r e  e s s e n t i a l l y  i n v i s i b l e  by absorp-  

t i o n  c o n t r a s t  can be imaged. I n  t h e  underfocus c o n d i t i o n  t h e  o u t e r  boundary 

o f  t h e  c a v i t y  appears as a b l a c k  r i n g  sur round ing  a l i g h t  area, w h i l e  i n  t h e  

over focused c o n d i t i o n  the  i n n e r  r e g i o n  i s  da rke r  than background and surrounded 

by a w h i t e  r i n g .  

5.2 Resu l ts  

I n  o r d e r  t o  d e f i n e  t h e  l i m i t  o f  r e s o l u t i o n  i n  t h e  JEOLCO l O O X ,  a p re imp lan ted  

(40 appm) specimen i r r a d i a t e d  a t  550°C f o r  ~3 dpa was aged o u t  o f  r e a c t o r  f o r  
one- quar ter  hour  a t  900°C. As shown i n  F igures  1 and 2 t h i s  l e a d  t o  d e t e c t a b l e  

c a v i t i e s  where none were observed p r i o r  t o  i r r a d i a t i o n .  The mean d iameter  i s  
~3 nm and t h e i r  d e n s i t y  i s  about  5 x lo1 '  ~ m - ~ .  
t o  t h a t  found i n  i r r a d i a t e d  specimens which were n o t  p r e i n j e c t e d  w i t h  he l i um 

a l t hough  t h e  s i z e s  a r e  sma l l e r  by f a c t o r s  o f  3 t o  4. F i g u r e  3 shows t h a t  

no c a v i t i e s  were d e t e c t a b l e  a t  <1.5 nm diameter.  

T h i s  c o n c e n t r a t i o n  i s  s i m i l a r  

Re-examination o f  another  i d e n t i c a l  specimen aged one- quar ter  hour  a t  700°C 

y i e l d e d  a l o w  d e n s i t y  (<lo1' - 
some which d i d  n o t  behave as c a v i t i e s .  

t h e  f o i l  sur faces.  

o f  images, some o f  which were c a v i t i e s ,  and 

The l a t t e r  were p robab ly  a r t i f a c t s  on 
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FIGURE 1. Underfocus (Top) and Overfocus (Bottom) Images of Cavities in Annealed 
Fe-17Cr-16.7Ni-2.5Mo + 40 appm Helium Irradiated in ORR at 550°C for 
%3 dpa and then Aged One-Quarter Hour at 900°C. 
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HEDL 8201-129 2 

FIGURE 2. D i s t r i b u t i o n  o f  V i s i b l e  C a v i t i e s  Observed i n  Specimen Descr ibed i n  
F i g u r e  1. 

Examinat ion o f  a p re implanted specimen w i t h o u t  ag ing  u s i n g  a c a r e f u l  and 

e x t e n s i v e  through- focus s e r i e s  l e d  t o  no images which c o u l d  be a t t r i b u t e d  

t o  c a v i t i e s .  I f  indeed c a v i t i e s  e x i s t  i n  t h i s  specimen they  must possess 

d iameters  o f  - <1.5 nm. 

5.3 Conclusions 

P r e i m p l a n t a t i o n  o f  40 appm he l i um i n t o  "pure A I S 1  316" p r i o r  t o  i r r a d i a t i o n  

i n  ORR a t  550°C t o  -3 dpa leads  t o  e i t h e r  t o t a l  suppression o f  r a d i a t i o n- i n d u c e d  

c a v i t i e s  o r  r e d u c t i o n  o f  t h e i r  d iameters below 1.5 nm. 
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7.0 Fu tu re  Work 

These specimens as w e l l  as p r e i n j e c t e d  and aged specimens w i l l  be examined 

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

d iameters below 1.5 nm. 
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C R I T I C A L  ASSESSMENT OF D U A L- I O N  AND CHARGED P A R T I C L E  

RESEARCH I N  T H E  F U S I O N  M A T E R I A L S  PROGRAM 
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C r i t i c a l  Assessment o f  Dua l- Ion  and Charged P a r t i c l e  

Research i n  t h e  Fusion M a t e r i a l s  Program 

f o r  

M a t e r i a l s  and Rad ia t i on  E f f e c t s  Branch 

O f f i c e  o f  Fusion Energy 

Department of Energy 

Report o f  Ad Hoc Task Group on Charged P a r t i c l e  Research 

G. R. Ode t te l  , Chairman 

J .  Spitznage12 

A. Turner3 

W. Jesser4 

U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara 

Westinghouse Research and Development Center 

Argonne Nat iona l  Laboratory  

U n i v e r s i t y  o f  V i r g i n i a  
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Abb rev i a t i ons  Used i n  t h e  Report  

A D I P  

ANL 

BNWL 

BE5 

CP 

OAFS 

DOE 

DPA 

EDX 

EELS 

E-19 

E B R - I 1  

FFTF 

H F I R  

HVEM 

MFR 

OFE 

DRNL 

ORR 

PCA 

P KA 

P M I  

A l l o y  Development f o r  I r r a d i a t i o n  Performance Task Group ( o f  t h e  
OFE o f  t h e  DOE)  

Argonne N a t i o n a l  Labora to ry  

B a t t e l l e  Northwest Labora to r ies  

Bas ic  Energy Sciences D i v i s i o n  o f  t h e  DOE 

Charged P a r t i c l e  

Damage Ana l ys i s  and Fundamental S tud ies  Task Group ( o f  t h e  OFE o f  
t h e  DOE)  

Department o f  Energy 

d isp lacement  p e r  atom 

Energy D i s p e r s i v e  X-ray Ana l ys i s  

E l e c t r o n  Energy Loss Spectroscopy 

a N i  - Cr-Fe t e r n a r y  a u s t e n i t i c  a l l o y  

Exper imenta l  Breeder Reac to r- I1  ( a t  Idaho N a t i o n a l  Labora to ry )  

Fas t  F l u x  T e s t  F a c i l i t y  ( a t  Hanford Eng ineer ing  Development 
Labora to ry )  

H igh  F l u x  I s o t o p e  Reactor ( a t  ORNL) 

H igh  Vo l tage  E l e c t r o n  Microscopy 

Magnet ic Fus ion  Reactor 

O f f i c e  o f  Fus ion  Energy ( o f  t h e  DOE) 

Oak Ridge N a t i o n a l  Labora to ry  

Oak Ridge Research Reactor ( a t  ORNL) 

Prime Candidate A l l o y  ( a u s t e n i t i c  s t a i n l e s s  s t e e l  chosen by A D I P  
as p r ime contender  f o r  t h a t  a l l o y  pa th )  

Pr imary  knockon atom 

P lasma M a t e r i a l s  I n t e r a c t i o n  Task Group (OFE/DOE) 
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RTNS- I I 

ss 

STA 

U. -Va. 

U. -Wisc. 

U. - P i t t .  

W- R&D 

Summary 

R o t a t i n g  Targe t  (14 MeV) Neutron Source ( a t  Lawrence Livermore 
Laboratory)  

S t a i n l e s s  S tee l  

S o l u t i o n  Trea ted  and Aged 

U n i v e r s i t y  o f  V i r g i n i a  

U n i v e r s i t y  o f  Wisconsin 

U n i v e r s i t y  o f  P i t t s b u r g h  

Westinghouse Research and Development Center 

Bombardment w i t h  cha rged- pa r t i c l es ,  p a r t i c u l a r l y  dual beams composed o f  

he l ium and heavy i ons ,  i s  a t o o l  i n c r e a s i n g l y  used t o  s tudy micro-  

s t r u c t u r a l  e v o l u t i o n  i n  s t r u c t u r a l  a l l o y s  induced by displacement damage 

and t ransmutan t  gases. A p r ima ry  m o t i v a t i o n  f o r  such s t u d i e s  i n  t h e  

f u s i o n  m a t e r i a l s  program i s  a n t i c i p a t i o n  t h a t  t h i s  research  can c o n t r i b u t e  

t o  deve lop ing  a sound p h y s i c a l  bas i s  f o r  c o r r e l a t i n g  da ta  from va r i ous  

neu t ron  i r r a d i a t i o n  environments and t o  p r e d i c t  behav io r  i n  f u s i o n  

environments which a re  n o t  a v a i l a b l e .  However, t h e  d i s t i n c t  advantages of  

these techniques,  p r i m a r i l y  f l e x i b i l i t y  and p r e c i s i o n  i n  t h e  c o n t r o l  of 

impo r tan t  v a r i a b l e s ,  does n o t  come w i t h o u t  s i g n i f i c a n t  c o s t .  I n  
p a r t i c u l a r ,  t h e r e  i s  a concomi tant  i n t r o d u c t i o n  of exper imenta l  v a r i a b l e s  
which f a l l  o u t s i d e  t h e  range found f o r  neu t ron  i r r a d i a t i o n  v a r i a b l e s ;  

these v a r i a b l e s  must be cons idered  i n  i n t e r p r e t i n g  and u t i l i z i n g  t h e  

c h a r g e d- p a r t i c l e  da ta  i n  f i s s i o n - f u s i o n  neu t ron  c o r r e l a t i o n  e f f o r t s .  I t  

should be noted, however, t h a t  use o f  neu t ron  da ta  faces s i m i l a r  

chal lenges.  

Hence, t h i s  r e p o r t  focuses on t h e  s t a t u s  o f  " i n t e r p r e t a t i o n a l  t o o l s "  

needed t o  app ly  t h e  c h a r g e d- p a r t i c l e  r e s u l t s  t o  neu t ron  c o r r e l a t i o n s .  We 

f i r s t  conclude t h a t  t h e r e  a re  a f i n i t e  number of p e r t i n e n t  i ssues  (perhaps 
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about 10) which a re  a t  v a r i o u s  stages of  r e s o l u t i o n .  Several  o f  these a re  

n e a r l y  so lved,  w h i l e  a few o t h e r s  w i l l  r e q u i r e  5 t o  10 years  o f  a d d i t i o n a l  

research.  Hence, we b e l i e v e  t h a t  t h e r e  i s  l i t t l e  near- term ( l e s s  than 5 

years)  p rospec t  f o r  d i r e c t  eng ineer ing  u t i l i z a t i o n  o f  c h a r g e d- p a r t i c l e  

data.  A d i r e c t  use would be, f o r  example, u s i n g  charged p a r t i c l e  da ta  

a long w i t h  some " c o r r e c t i o n "  f a c t o r s  t o  s p e c i f y  the  v o i d  s w e l l i n g  i n  a 

p a r t i c u l a r  a l l o y  as a f u n c t i o n  o f  neut ron exposure i n  a f u s i o n  f i r s t  w a l l .  

However, i n d i r e c t  use o f  charged p a r t i c l e  da ta  can have a c r i t i c a l  

near- term impact  on t h e  f u s i o n  m a t e r i a l s  program i n :  deve lop ing and 

c a l i b r a t i n g  models; g u i d i n g  t h e  i n t e r p r e t a t i o n  o f  neu t ron  data;  p l a n n i n g  

neu t ron  i r r a d i a t i o n  exper iments;  and chos ing among a l t e r n a t e  i n t e r i m  

eng ineer ing  c o r r e l a t i o n  p o s i t i o n s .  Indeed, such i n d i r e c t  use has a l r e a d y  

taken p lace.  More s i g n i f i c a n t l y ,  such research can p r o v i d e  i m p o r t a n t  

i n f o r m a t i o n  i n  s e t t i n g  t h e  d i r e c t i o n  o f  f u s i o n  m a t e r i a l s  research by 
address ing severa l  c o n t r o v e r s i a l  quest ions  o f  immediate concern, such as 

t h e  s i g n i f i c a n c e  and mechanisms o f  microchemical  e f f e c t s  and t h e  i n f l u e n c e  

o f  p u l s i n g .  

Over t h e  i n t e r m e d i a t e  and longer- term more d i r e c t  use o f  c h a r g e d- p a r t i c l e  

da ta  seems l i k e l y .  I n  p a r t ,  t h i s  o p t i m i s t i c  c o n c l u s i o n  d e r i v e s  f r o m  t h e  

broad (wor ldwide) i n t e r e s t  i n  t h e  i n t e r a c t i o n  o f  i o n  beams w i t h  s o l i d s  

m o t i v a t e d  by  such d i v e r s e  techno log ies  as plasma m a t e r i a l s  i n t e r a c t i o n s  

and su r face  m o d i f i e d  w e a r - r e s i s t a n t  a l l o y s .  S p e c i f i c a l l y ,  these programs 

a re  deve lop ing  most o f  t h e  i n t e r p r e t a t i o n a l  t o o l s  which a re  a l s o  needed by 

t h e  f u s i o n  m a t e r i a l s  program. 

Hence, we b e l i e v e  t h a t  i t  i s  i n  t h e  i n t e r e s t  o f  t h e  f u s i o n  program t o  

assure a s t a b l e  commitment o f  " reasonable"  resources t o  a sus ta ined  

c h a r g e d- p a r t i c l e  research e f f o r t .  I f  t h i s  inves tment  i s  t o  be b e s t  

u t i l i z e d ,  however, b e t t e r  c o o r d i n a t i o n ,  b o t h  w i t h i n  fus ion- sponsored 

programs and w i t h  o t h e r  o u t s i d e  groups, i s  r e q u i r e d .  F u r t h e r ,  t h e r e  must 

be some c o n t i n u i n g  commitment t o  r e s o l v i n g  t h e  u n d e r l y i n g  i n t e r p r e t a t i o n a l  
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issues; we particularly note the need to develop better interfaces with 
modeling efforts. 

The program coordination should and need not be overly constraining. 
Indeed, it should be primarily structured around a consensus on technical 
issues and mechanisms to resolve them. Hence, we finally offer some 
tentative suggestions in that vein, noting that it is then a relatively 
short step to more formalized program plans. 
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1. INTRODUCTION 

Recent ly ,  bombardment w i t h  i o n  beams, o r  charged p a r t i c l e s  ( C P ) ,  has been 

a p p l i e d  i n  suppor t  o f  f u s i o n  m a t e r i a l s  development. The p r i n c i p a l  

m o t i v a t i o n  has been a r e a l i z a t i o n  t h a t  these techniques p rov ide  a 

w e l l - c o n t r o l l e d  i r r a d i a t i o n  environment i n  which key damage v a r i a b l e s  can 

be s t u d i e d  s i n g l y  o r  i n  combinat ion i n  terms o f  t h e i r  i n f l u e n c e  on 

m i c r o s t r u c t u r a l  e v o l u t i o n ;  and f o r  l i g h t  ions ,  i r r a d i a t i o n  creep and 

t e n s i l e  f low p r o p e r t i e s .  The key v a r i a b l e s  t h a t  can be s t u d i e d  are:  

displacement pe r  atom (dpa) r a t e ,  he l ium t o  displacement pe r  atom r a t i o  

(He/dpa r a t i o )  and schedule;  temperature;  s t r e s s ;  and c y c l i n g  o f  some o r  

a l l  o f  these v a r i a b l e s .  The technique p rov ides  access t o  some v a r i a b l e  

regimes n o t  r e a d i l y  access ib l e  i n  neu t ron  exper iments --  e.g. h i g h  He/dpa 

r a t i o s  and p u l s i n g .  Fu r the r ,  t h e  exper iments can be conducted f o r  any 
m a t e r i a l  ( i . e . ,  w i t h o u t  t h e  compos i t iona l  l i m i t a t i o n  assoc ia ted  w i t h  

he l ium gene ra t i on  by neu t ron  r e a c t i o n s ) .  Research supported t o  date by 

t h e  Department o f  Energy 's  (DOE) O f f i c e  o f  Fus ion Energy (OFE) has focused 

on t h e  f i r s t  t h r e e  v a r i a b l e s  (dpa r a t e ,  He/dpa r a t i o  and temperature)  f o r  

eng inee r i ng  o r  model f u s i o n  a l l o y s .  

Ob ta in i ng  these c l e a r  b e n e f i t s  i s  n o t  w i t h o u t  cha l lenge;  t h e  major  i ssue  

i s  i n t e r p r e t a t i o n  o f  t h e  CP da ta  i n  d way which a l l o w s  i t  t o  be used t o  

c o r r e l a t e  and e x t r a p o l a t e  neu t ron  da ta  t o  f u s i o n  environments i n  one o r  

more of  severa l  ways. These i n c l u d e :  d i r e c t  supplements t o  neu t ron  data; 

q u a l i t a t i v e  ass i s tance  i n  t h e  i n t e r p r e t a t i o n  and p l a n n i n g  o f  neu t ron  

exper iments ;  and p r o v i d i n g  q u a n t i t a t i v e  i n f o r m a t i o n  on mechanisms and 

parameters f o r  models used t o  c o r r e l a t e  neu t ron  and, perhaps, neu t ron  and 

charged p a r t i c l e  data. Th i s  i ssue  has been the  s u b j e c t  o f  an American 

Soc ie t y  f o r  T e s t i n g  and M a t e r i a l s  (ASTM) Recommended Standard 
Practices'' ' '), [one o f  which i s  c u r r e n t l y  undergoing b a l l o t i n g  2) 3 which 

p r o v i d e  use fu l  i n f o r m a t i o n  and background m a t e r i a l .  However, t h e r e  have 

been a d d i t i o n a l  developments s i nce  these documents were w r i t t e n .  Hence, 

t h e  Department o f  Energy 's  (DOE) O f f i c e  o f  Fus ion Energy ( W E )  requested 
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t h a t  t h e  Damage Ana lys i s  and Fundamental S tud ies  (DAFS) Task Group conduct 

a c r i t i c a l  assessment o f  CP research w i t h  respec t  t o  b o t h  t h e  s h o r t  and 

long- term goa ls  o f  t h e  f u s i o n  m a t e r i a l s  program. We b e l i e v e  t h a t  t h e  

major  i s s u e  f a c i n g  f u s i o n  m a t e r i a l s  CP research a r e  t h e  i n t e r p r e t a t i o n a l  

t o o l s  a v a i l a b l e  f o r  c o r r e l a t i n g  these r e s u l t s  w i t h  neu t ron  data.  Thus, 

t h e  major  body o f  t h i s  r e p o r t  addresses these i n t e r p r e t a t i o n a l  t o o l s ;  

indeed,  t h e  r a t e  o f  development o f  such t o o l s  w i l l  l a r g e l y  govern t h e  

q u a l i t a t i v e  and q u a n t i t a t i v e  impact  o f  charged p a r t i c l e  research b o t h  i n  

t h e  s h o r t  and long- term. 

I n  a d d i t i o n ,  t h i s  b r i e f  document a t tempts  t o  p u t  i n t o  c u r r e n t  p e r s p e c t i v e  

t h e  use o f  CP bombardment i n  t h e  DAFS program.* It must be emphasized, 

however, t h a t  t h i s  rev iew i s  by no means d e f i n i t i v e .  New d a t a  generated 

by these techn iques i n  t h e  DAFS program and a tremendous wor ldwide 

inc rease  i n  research on i o n  i m p l a n t a t i o n  promise t o  a l t e r  many assumptions 

u n d e r l y i n g  t h e  use o f  CP s tud ies .  

We have excluded d i s c u s s i o n  o f  d i r e c t  a p p l i c a t i o n s  o f  i o n  beams t o  t h e  

s tudy o f  Plasma/Mater ia ls  I n t e r a c t i o n s  ( P M I ) .  T h i s  s u b j e c t  has been 

discussed a t  l e n g t h  e l ~ e w h e r e ' ~ ) .  I t  i s  c u r r e n t l y  be ing  a c t i v e l y  pursued 

by  t h e  P M I  Group w i t h  few d i r e c t  t i e s  t o  CP research i n  t h e  DAFS program. 

There i s ,  however, cons ide rab le  o v e r l a p  i n  research i n t e r e s t s  among t h e  

v a r i o u s  l a b o r a t o r i e s  i n v o l v e d  i n  DAFS/PMI work. Consequently, a cumu la t i ve  
body o f  knowledge i s  e v o l v i n g  r e g a r d i n g  near- sur face e f f e c t s  from implanted 

i o n s  t h a t  i s  r e l e v a n t  t o  t h e  assessment and w i l l  be d iscussed.  

* Relevant  DAFS programs a t  t h e  t i m e  o f  w r i t i n g  i n c l u d e  d u a l - i o n  
i r r a d i a t i o n s  a t  Argonne N a t i o n a l  Labora tory  (ANL) and Westinghouse Research 
and Development Center (W-R&D)/University o f  P i t t s b u r g h  ( U . - P i t t . ) ,  s i n g l e  
heavy i o n  i r r a d i a t i o n s  a t  U. Wisconsin (U.-Wisc.) and l i g h t  i o n  i r r a d i a t i o n s  
a t  ANL, and he l i um i r r a d i a t i o n s  coup led t o  a H igh  Vo l tage E l e c t r o n  
Microscopy (HVEM) a t  U n i v e r s i t y  o f  V i r g i n i a  (U.Va.). 
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Most o f  what f o l l o w s  i s  couched i n  terms o f  t h e  s o- c a l l e d  "dual  i o n"  o r  

" t r i p l e  i o n"  beam techn iques a p p l i e d  t o  t h e  s tudy  o f  m i c r o s t r u c t u r a l  

e f f e c t s  i n  p o t e n t i a l  f us ion  f i r s t - w a l l  m a t e r i a l s .  T h i s  i s  n o t  meant t o  

d e t r a c t  f rom t h e  usefu lness  o f  bombarding w i t h  monatomic h i g h  energy heavy 

i o n s  (U.-Wisc.) o r  w i t h  monatomic l i g h t  i ons  ( a t  ANL), sometimes combined 

w i t h  HVEM ( a t  U.-Va.). Such techniques have proven u s e f u l  i n  

demonst ra t ing  changes i n  p r o p e r t i e s  and m i c r o s t r u c t u r e ,  t h e  degree t o  

which such e f f e c t s  sca le  w i t h  damage energy, and t h e  i n t e r a c t i o n  between 

a p p l i e d  s t r e s s  and he l i um d i s t r i b u t i o n  on g r a i n  boundary f r a c t u r e .  I n  

f a c t ,  most o f  t h e  arguments presented here  a re  gene r i c  t o  i o n  i m p l a n t a t i o n  

i n  genera l .  

F i n a l l y ,  seve ra l  suggest ions f o r  improv ing  t h e  c o o r d i n a t i o n  o r  genera l  

framework o f  CP and neut ron  i r r a d i a t i o n  e f f o r t s  w i t h i n  t h e  DAFS program 
a r e  g i v e n  ( w i t h  t h e  caveat  t h a t  o v e r l y  cons t ra ined  research  would s u r e l y  

be coun te rp roduc t i ve ) .  

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

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

2. H i s t o r i c a l  p e r s p e c t i v e  on t h e  use o f  charged p a r t i c l e s  t o  
" s imu la te"  o r  s tudy  f a s t  neu t ron  i r r a d i a t i o n  e f f e c t s .  

3. D i scuss ion  o f  i n t e r p r e t a t i o n a l  t o o l s  which need t o  be developed 
so t h a t  CP d a t a  can be "used" ( i n  t h e  sense of c o r r e l a t i n g  t h e  
da ta  w i t h  t h a t  f rom f a s t  and mixed spectrum f i s s i o n  r e a c t o r  and 
h i g h  energy e x- r e a c t o r  neu t ron  i r r a d i a t i o n s ) .  

4. Prospects f o r  " sho r t - te rm"  versus " long- term"  impact  of CP 
research  on development of f u s i o n  r e a c t o r  f i r s t - w a l l  m a t e r i a l s .  

5. Suggest ions f o r  c o o r d i n a t i n g  CP e f f o r t s  i n  t h e  DAFS program 
(encompassing genera l  program p h i l o s o p h i e s  o f  t h e  p a r t i c i p a t i n g  
research  groups and experimental/theoretical c a p a b i l i t i e s ) .  
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2. HISTORICAL PERSPECTIVE ON THE USE OF CHARGED PARTICLES TO STUDY FAST 
NEUTRON DAMAGE EFFECTS I N  METALS 

E a r l y  work a t  Harwel l  and elsewhere (4 '5) f i r s t  demonstrated t h e  
p o s s i b i l i t y  o f  u s i n g  charged p a r t i c l e  bombardment t o  produce 

m i c r o s t r u c t u r a l  changes s i m i l a r  t o  those observed under f a s t  neu t ron  (E  2 
0 . 1  MeV) i r r a d i a t i o n .  The m o t i v a t i o n  f o r  t h i s  work stemmed f rom t h r e e  

ideas: (1) n e a r l y  a l l  a tomic d isplacement events i n  r e a c t o r  r e s u l t  f rom 

energy t r a n s f e r  among r e c o i l i n g  metal  atoms. Under t y p i c a l  f a s t  neu t ron  

f l u x e s  o f  sec t h e r e  a re  many more atom-atom c o l l i s i o n s  

than neutron-atom c o l l i s i o n s  p e r  u n i t  volume. Thus, t h e  d e t a i l e d  na tu re  

o f  t h e  i n i t i a l  energy t r a n s f e r  (p r imary  knockon atom o r  PKA event )  shou ld  

be r e l a t i v e l y  un impor tant  i n  d e f e c t  p r o d u c t i o n  as l o n g  as s u f f i c i e n t  

energy can be t r a n s f e r r e d  t o  metal  atoms i n  c o l l i s i o n a l  processes. (2) 

Charged p a r t i c l e s  have much l a r g e r  c o l l i s o n  c ross  s e c t i o n s  w i t h  metal  

atoms t h a n  do neutrons.  Thus, i t  shou ld  be p o s s i b l e  t o  compress i n t o  

hours atomic d isplacement processes t h a t  would t a k e  many months i n  

r e a c t o r .  (3) As l o n g  as t h e  energy o f  t h e  i n c i d e n t  p a r t i c l e s  i s  l e s s  than  

-10 MeV/nucleon t h e  atomic d isplacements can be achieved w i t h o u t  making 

t h e  t a r g e t s  r a d i o a c t i v e .  

2 - 1015 n/cm 

The techn ique o f  u s i n g  i o n  beams t o  " s imu la te"  f a s t  r e a c t o r  c o n d i t i o n s  

ga ined g r e a t  p o p u l a r i t y  i n  t h e  e a r l y  1970 's .  U n f o r t u n a t e l y ,  t h e  i n i t i a l  
conc lus ion  t h a t  i o n  i r r a d i a t i o n s  c o u l d  be used t o  s imu la te  neu t ron  

i r r a d i a t i o n  r e s u l t s  was based on s u p e r f i c i a l  s i m i l a r i t i e s  o f  

m i c r o s t r u c t u r e s  and s w e l l i n g  r a t e s .  Very l i t t l e  work was conducted t o  

t e s t  t h e  b a s i c  assumptions o f  ideas beh ind t h e  techn ique,  u n t i l  more 

d e t a i l e d  a n a l y s i s  showed s i g n i f i c a n t  d i f f e r e n c e s  i n  p r e c i p i t a t i o n  behav io r  

and o t h e r  m i c r o s t r u c t u r a l  f ea tu res .  

I n  t h e  m i d - t o - l a t e  1970 's  t h e  Energy Research and Development Agency 

(predecessor o f  DOE) p ressure  t o  s e l e c t  and o p t i m i z e  f u e l  c l a d d i n g  and 

duc t  a l l o y  composi t ions and m i c r o s t r u c t u r e s  f o r  t h e  f a s t  breeder r e a c t o r  
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program i n  t h e  U.S. gave s t r o n g  impetus t o  t h e  use o f  charged p a r t i c l e  

techniques.  It soon became apparent t h a t  successfu l  p r e d i c t i o n  o f  a l l o y  

behav io r  under neu t ron  i r r a d i a t i o n  was n o t  guaranteed by e i t h e r  s t r a i g h t -  

fo rward  a p p l i c a t i o n  o f  charged p a r t i c l e  r e s u l t s  o r  by s imple 

i n t e r p o l a t i o n s  o r  e x t r a p o l a t i o n s  o f  i o n  o r  e l e c t r o n  bombardment data.  

There were no tab le  successes, e.g. Johns ton 's  demonstra t ion o f  t h e  

n i c k e l - e f f e c t  on s w e l l i n g  i n  face- cen te red- cub ic  Fe-Ni-Cr a l l o y s ( 6 )  and 
(7)  Okamoto's d i scove ry  o f  i r r a d i a t i o n - i n d u c e d  s o l u t e  segrega t ion  

( p r e d i c t e d  by Anthony(*) o f  General E l e c t r i c  almost a decade e a r l i e r ) ,  b u t  

t h e r e  were a l s o  f a i l u r e s  (gllO'll). Void and d i s l o c a t i o n  loop  fo rmat ion  

o f t e n  e x h i b i t e d  s i m i l a r  f luence-dependent k i n e t i c s  under neu t ron  and CP 

i r r a d i a t i o n  - i f  t h e  i r r a d i a t i o n  temperatures were separated by a 

temperature d i f f e r e n c e  AT. The magnitude o f  AT was se lec ted  on t h e  b a s i s  

o f  r e l a t i v e  atomic displacement r a t e s  t o  "normal ize"  p o i n t  d e f e c t  
supe rsa tu ra t i ons .  However, such a " t e m p e r a t u r e - s h i f t "  was o f t e n  

accompanied by a p r e c i p i t a t e  m i c r o s t r u c t u r e  and a sequence o f  

p r e c i p i t a t i o n  which d i f f e r e d  from t h a t  observed i n  t h e  cor respond ing  

n e u t r o n - i r r a d i a t e d  specimen. Chemical composi t ion,  c r y s t a l  s t r u c t u r e ,  

morphology and s t a b i l i t y  o f  t h e  p r e c i p i t a t e s  c o u l d  a l l  change when t h e  

atomic d isp lacement  r a t e  was inc reased by t h r e e  o rde rs  o f  magnitude, t h e  

i r r a d i a t i o n  temperature r a i s e d  by an amount AT - 100 - 200°C, and t h e  
7 4 i r r a d i a t i o n  t ime  ( t ime- a t- tempera tu re )  shor tened from -10 sec t o  -10 

sec. I n t e r e s t i n g l y ,  many o f  these e f f e c t s  a re  l i n k e d  w i t h  s o l u t e -  

segrega t ion  (sometimes r e f e r r e d  t o  as microchemical  evolution' ' ' )) -- a 

phenomenon d iscovered  and i n t e n s i v e l y  s t u d i e d  by CP bombardment 

techniques . (13)  

The d i f f i c u l t i e s  encountered i n  c o r r e l a t i n g  CP and neu t ron  i r r a d i a t i o n  

da ta  l e d  t o  disenchantment w i t h  t h e  use o f  charged p a r t i c l e  s t u d i e s  i n  t h e  

breeder  program, and s i nce  exper imenta l  breeder  r e a c t o r s  were a v a i l a b l e  

f o r  con t inued  i r r a d i a t i o n  s t u d i e s ,  most o f  t h e  CP research a c t i v i t y  a t  

t h e  v a r i o u s  l a b o r a t o r i e s  d i r e c t e d  toward " s i m u l a t i n g "  f a s t  neu t ron  damage 

e f f e c t s  was stopped. Bas ic  research  s tud ies  have cont inued,  i n  t h i s  



coun t r y  and abroad, r e l a t e d  t o  f u s i o n  and o t h e r  emerging techno log ies ,  and 

u s i n g  CP techniques t o  s tudy t h e  e f f e c t s  o f  atomic d isp lacement  damage and 

i m p l a n t a t i o n  o f  i ons  w i t h  v a r y i n g  degrees o f  s o l u b i l i t y  have inc reased 
s t e a d i l y  up t o  t h e  p resen t  t ime  (14,15) 

Out o f  t h e  d i f f i c u l t i e s  encountered i n  a t t e m p t i n g  t o  q u a n t i t a t i v e l y  

c o r r e l a t e  CP and f a s t  neu t ron  r e s u l t s  t h e r e  emerged an a p p r e c i a t i o n  o f  

some o f  t h e  impo r tan t  va r i ab les .  I n  p a r t i c u l a r ,  ques t ions  have been 

r a i s e d  about: 

Pr imary r e c o i l  energy spectrum e f f e c t s  

P o i n t  d e f e c t  annea l ing  r a t e s  and cascade ove r l ap  e f f e c t  a t  h i g h  
p a r t i c l e  f l u x e s  

Doping o f  t h e  damage r e g i o n  w i t h  imp lan ted  i n t e r s t i t i a l s  

I n t r o d u c t i o n  o f  l o c a l  s t resses  by i o n  i m p l a n t a t i o n  and inhomogeneous 
swe l l  i n g  

Loss o f  p o i n t  de fec t s  t o  t h e  nearby f r e e  su r face  

I m p u r i t y  p ick- up  from t h e  vacuum ambient 

P o i n t  d e f e c t  g r a d i e n t  e f f e c t s  a r i s i n g  f rom a depth dependent atomic 
d isp lacement  r a t e  

Method o f  i m p l a n t i n g  he l ium t o  s imu la te  he l ium gene ra t i on  from (n,a) 
r e a c t i o n s  

A c c e l e r a t i o n  o f  k i n e t i c  processes w i t h  d i f f e r e n t  dependencies on atomic 
d isp lacement  r a t e  and temperature 

I n t e r f a c e s  between model ing e f f o r t s  and CP research. 

It i s  p r e c i s e l y  i n  t r y i n g  t o  answer these ques t ions  t h a t  one faces t h e  

ques t ions  o f  a p p l i c a t i o n ,  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  o f  charged 

p a r t i c l e  bombardment r e s u l t s  t o  f a s t  neu t ron  damage cond i t i ons .  

Fundamental ly,  one would l i k e  t o  g e t  as c l o s e  as p o s s i b l e  t o  neu t ron  

i r r a d i a t i o n  c o n d i t i o n s ,  a c t i v a t i n g  t h e  same b a s i c  p h y s i c a l  processes and 

measur ing i d e n t i c a l  responses when t h e  same v a r i a b l e s  (e.g.  temperature,  
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f luence)  a re  changed. Sometimes t h i s  i s  p o s s i b l e .  More o f t e n ,  t he  

advantages of  work ing on a compressed t ime  sca le  and e x p l o r i n g  c o n d i t i o n s  

n o t  ach ievab le  w i t h  neu t ron  i r r a d i a t i o n s  cause t h e  exper imenta l  v a r i a b l e s  

i n  CP exper iments t o  f a l l  o u t s i d e  the  range o f  normal neu t ron  parameters.  

Under these c o n d i t i o n s  i t  i s  impo r tan t  t o  be a b l e  t o  q u a n t i f y  and c o n t r o l  

t h e  v a r i a b l e s  s i n g l y  and i n  combinat ion t o  s y s t e m a t i c a l l y  s tudy t h e i r  

i n f l u e n c e .  F i n a l l y ,  i t  i s  necessary t o  q u a n t i f y  v a r i a b l e s ,  even i f  they  

cannot be s p e c i f i c a l l y  c o n t r o l l e d  (e.g. induced s t resses ) .  

Not a l l  o f  these ques t ions  bear  equal s i g n i f i c a n c e .  An a p p r e c i a t i o n  o f  

t he  h i e r a r c h y  o f  c o r r e l a t i o n  needs i s  e v i d e n t  i n  t h e  way CP exper iments 

have been designed f o r  t h e  DAFS program. B a s i c a l l y ,  i t  has been 

recogn ized  t h a t  t h e r e  a re  e s s e n t i a l l y  t h r e e  groups o f  " a t y p i c a l "  

v a r i  ab1 es: 

those which can be avoided o r  min imized by s u i t a b l e  exper imenta l  

techniques,  e.g. i n j e c t e d  i n t e r s t i t i a l  e f f e c t s ,  i m p u r i t y  

p ick- up ,  l o s s  o f  p o i n t  de fec t s  t o  t h e  f r e e  su r face  and p o i n t  

d e f e c t  g r a d i e n t  e f f e c t s ;  

those which a r e  b e i n g  addressed i n  a v a r i e t y  o f  CP s t u d i e s  ( n o t  

n e c e s s a r i l y  r e l a t e d  t o  neu t ron  i r r a d i a t i o n  e f f e c t s )  which a re  

reasonably  c l o s e  t o  be ing  q u a n t i f i e d ,  e.g. PKA r e c o i l  energy 

spec t ra  e f f e c t s ,  cascade ove r l ap  e f f e c t s ,  p o i n t  d e f e c t  g r a d i e n t  

e f f e c t s  and methods o f  i m p l a n t i n g  he l ium o r  o t h e r  s o l u t e s ;  

those r e q u i r i n g  a s i g n i f i c a n t  amount o f  research,  i n c l u d i n g  

focussed e f f o r t s  by DAFS programs, e .g . ,  a c c e l e r a t i o n  o f  k i n e t i c  

processes w i t h  d i f f e r e n t  dependences on atomic d isp lacement  r a t e  

and temperature,  development of a p p r o p r i a t e  k i n e t i c  models f o r  

r a t e  e f f e c t s ,  and development o f  r e l i a b l e  techniques f o r  

de te rm in ing  t h e  s t a t e  o f  s t r e s s  i n  an i o n  imp lan ted  s o l i d .  
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I n  t h e  f o l l o w i n g  s e c t i o n  we d iscuss  each o f  these v a r i a b l e s  i n  more d e t a i l  

and i n  accordance ( rough ly )  w i t h  t h e  above c l a s s i f i c a t i o n s .  

3. DISCUSSION OF INTERPRETATIONAL "TOOLS" NEEDED FOR CROSS-CORRELATION 

OF CHARGED PARTICLE AND NEUTRON I R R A D I A T I O N  DATA. 

Th i s  s e c t i o n  i s  p r i m a r i l y  a d i scuss ion  o f  t h e  b a s i c  p h y s i c a l  d i f f e r e n c e s  

between CP and neu t ron  i r r a d i a t i o n  o u t l i n e d  i n  t h e  p rev ious  sec t ion .  A 

l eng thy  s c i e n t i f i c  d iscourse  c o u l d  be g i ven  f o r  each i tem.  That w i l l  n o t  

be done here. I n s t e a d  we w i l l  s imp ly  t r y  t o  summarize t h e  p resen t  degree 

o f  understanding,  re levance t o  DAFS s t u d i e s  f o r  p r o j e c t e d  f u s i o n  r e a c t o r  

f i r s t - w a l l  c o n d i t i o n s  and p o s s i b l e  means o f  a c q u i r i n g  t h e  knowledge needed 

t o  c o r r e l a t e  w i t h  neu t ron  data. 

I t  must be s t a t e d  a t  t h e  o u t s e t  t h a t  t h e  same ques t ions  ( w i t h  t h e  

excep t i on  of match ing (n,cr) e f f e c t s )  a r e  o f  concern i n  t h e  emerging f i e l d s  

of  " su r face  eng ineer ing"  i m p l a n t a t i o n  m e t a l l u r g y ,  semiconductor 

f a b r i c a t i o n  f o r  l a r g e  sca le  i n t e g r a t i o n  and i n t e g r a t e d  o p t i c s .  Thus, 

t h e r e  a re  many s c i e n t i s t s  around t h e  w o r l d  c u r r e n t l y  s tudy ing  these 

e f f e c t s .  The p rognos is  f o r  a c q u i r i n g  good p h y s i c a l  unders tand ing  o f  most 

o f  them w i t h i n  t h e  nex t  5-10 years  i s  good. 

3 . 1  Doping o f  t h e  Damage Region w i t h  Imp lan ted  I n t e r s t i t i a l s  

Anomalously low s w e l l i n g  r a t e s  i n  t h e  v i c i n i t y  o f  t h e  peak damage r e g i o n  

i n  s e l f - i o n  bombarded t a r g e t s  prompted cons iderab le  exper imenta l  and 

t h e o r e t i c a l  work severa l  years  ago(16). It was suggested t h a t  t h e  

p r o x i m i t y  o f  t h e  damage peak t o  t h e  mean p r o j e c t e d  range o f  bombarding 

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

s e l f - i n t e r s t i t i a l s  and vacancies t h a t  v o i d  f o rma t i on  was suppressed. The 

problem would be compounded i f  t h e  imp lan ted  i o n  was a l s o  a dopant and 

c o u l d  a l t e r  t h e  chemical  compos i t ion  i n  t h e  r e g i o n  o f  observa t ion .  
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Because t h i s  e f f e c t  can be observed d i r e c t l y  and/or avo ided by t h e  cho ice  

of  i o n  energy and s e c t i o n  depth, it i s  n o t  thought  t o  p resen t  a se r i ous  

impediment t o  use o f  CP exper iments f o r  e l u c i d a t i n g  f a s t  neu t ron  damage 

mechanisms. Many exper iments i n  t h e  DAFS program have avoided t h i s  

problem by t a k i n g  da ta  from sec t i ons  -0.4pm t o  3pm away from t h e  p r o j e c t e d  

range o f  t h e  heavy i ons  and ana l yz ing  t o  assure no b a c k - d i f f u s i o n  o f  t h e  

heavy i o n s  t o  t h e  r e g i o n  o f  observa t ion .  

3.2 I m p u r i t y  Pick-up From t h e  Vacuum Ambient 

Most i o n  bombardment exper iments designed today t o  approximate f a s t  

neu t ron  damage a re  conducted i n  h i g h  vacuum. Th i s  was n o t  always t h e  

case, however. Depos i t i on  o f  hydrocarbons on sur faces  o f  i o n  bombarded 

f o i l s  was a common occurrence f o r  many years  (and i s  s t i l l  observed i f  t h e  
vacuum degrades t o  pressures i n  excess o f  Tor r ) .  The i n f l uence  o f  

these depos i t s  on m i c r o s t r u c t u r a l  development i s  n o t  known. H igh  

temperatures and r e c o i l  i m p l a n t a t i o n  e f f e c t s  c e r t a i n l y  f a v o r  carbon 

t r a n s p o r t  i n t o  t h e  near su r face  reg ion .  Some evidence suggests t h a t  

carbon may i n f l u e n c e  n i c k e l  and s i l i c o n  seg rega t i on  i n  316 s t a i n l e s s  s t e e l  

(SS)(17) and copper-vacancy c l u s t e r  f o rma t i on  i n  f e r r i t i c  s t e e l s  (I8) under 

neu t ron  i r r a d i a t i o n .  Thus t h e r e  i s  reason f o r  concern. 

The re levance  o f  t h i s  phenomenon t o  tokamak f i r s t  w a l l  c o n d i t i o n s  and t h e  

DAFS program i s  t h r e e f o l d :  (1) Even w i t h  armor, i m p u r i t y  p i ck- up  e f f e c t s  

f rom t h e  ambient a t  t h e  f i r s t  w a l l  as w e l l  as a t  t h e  d i v e r t o r s ,  l i m i t e r s  

and beam dump components may be apprec iab le .  (2) As p a r t  o f  t h e  DAFS 

e f f o r t  (and w i t h  OFE fund ing)  s p e c i a l  exper imenta l  c a p a b i l i t i e s  

determine t h e  e f f e c t s  o f  c o n t r o l l e d  changes i n  p a r t i a l  pressures o f  H, 02, 

CO, C02, H20, e t c .  on damage m i c r o s t r u c t u r e s  developed by i o n  

bombardment were cons t ruc ted .  (3) For comparison o f  b u l k  r a d i a t i o n  e f f e c t s  

under i o n  and f i s s i o n  neu t ron  i r r a d i a t i o n  i t  i s  necessary t o  

q u a n t i t a t i v e l y  determine t h e  source and e x t e n t  o f  changes i n  l o c a l  

chemis t ry  i n  - b o t h  environments. 

(19) to 

N2 

A-16 



The phenomonon i s  gener ic  t o  i o n  i m p l a n t a t i o n ,  and i s  c o n t r o l l a b l e  and 

amenable t o  exper imenta l  i n v e s t i g a t i o n .  It i s  a c t i v e l y  be ing  s t u d i e d  w i t h  

s o p h i s t i c a t e d  nuc lea r  r e a c t i o n  p r o f i l i n g  techniques (20) a t  severa l  
l a b o r a t o r i e s  i n c l u d i n g  Sandia Na t i ona l  Labora to ry ,  ORNL, U . - P i t t .  and a t  

a d d i t i o n a l  s i t e s  abroad. I t  seems h i g h l y  l i k e l y  t h a t  s u f f i c i e n t  da ta  w i l l  

be a v a i l a b l e  i n  1- 2 years t o  p e r m i t  some d e f i n i t e  conc lus ions  rega rd ing  

t h e  degree and importance of  such contaminat ion.  

3.3 Loss o f  P o i n t  De fec ts  t o  t h e  Free Sur face 

It was demonstrated a number o f  years  ago t h a t  v o i d  f o rma t i on  c o u l d  be 

v o i d  denuded zone was shown t o  depend on t h e  r a t i o  o f  t h e  vacancy 

d i f f u s i v i t y  t o  t h e  atomic displacement r a t e  f o r  a g i ven  f o i l  th ickness .  

S i m i l a r l y ,  p o s t - i r r a d i a t i o n  annea l ing  exper iments (21) have demonstrated 
t h a t  c a v i t y  shr inkage k i n e t i c s  can be a l t e r e d  i n  reg ions  c l ose  t o  t h e  

sur face .  For  most o f  t h e  h i g h  energy i o n  bombardment c o n d i t i o n s  used i n  

t h e  c u r r e n t  DAFS program, expe r imen ta l l y  determined v o i d  denuded zone 

w id ths  a r e  smal l  compared t o  t h e  depth a t  which da ta  i s  norma l l y  taken. 

Therefore,  i t  i s  u n l i k e l y  t h a t  f o i l  su r face  e f f e c t s  p e r t u r b  s i g n i f i c a n t l y  

t h e  k i n e t i c  processes i n  t h e  reg ions  be ing  s tud ied .  

i n h i b i t e d  by t h e  p r o x i m i t y  o f  a f r e e  su r face  (20) . The magnitude o f  t h e  

3.4 P o i n t  De fec t  Grad ien t  E f f e c t s  A r i s i n g  from a Depth Dependent Atomic 
Displacement Rate 

The amount o f  energy p e r  i n c i d e n t  i o n  d i s s i p a t e d  i n  atomic d isp lacement  

events  v a r i e s  w i t h  depth i n  t h e  specimen. Thus one a n t i c i p a t e s  g r a d i e n t s  

i n  p o i n t  d e f e c t  concen t ra t i ons  t h a t  c o u l d  a f f e c t  k i n e t i c  processes. Th i s  

i s ,  a t  p resen t ,  an unresolved concern; however t h e r e  a re  i n d i c a t i o n s  t h a t  

i t  may n o t  be ve ry  impor tan t .  For example, ve ry  l i t t l e  deco ra t i on  o f  

s teep damage energy p r o f i l e s  by s u b s t i t u t i o n a l  s o l u t e s  has been 

observed (22’23) .  Some enhancement o f  concen t ra t i ons  o f  f a s t - d i f f u s i n g  

i n t e r s t i t i a l  elements such as carbon i n  t h e  v i c i n i t y  o f  t h e  damage peak 
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, b u t  i t  i s  n o t  c l e a r  whether t h i s  i s  t h e  r e s u l t  o f  (24) have been r e p o r t e d  

p o i n t  d e f e c t  g rad ien t s  o r  s imp ly  deco ra t i on  o f  a v a r y i n g  concen t ra t i on  o f  

de fec t s  such as d i s l o c a t i o n  loops by t h e  f a s t  d i f f u s i n g  species. 

I n  some o f  t h e  OAFS CP s t u d i e s ,  t he  heavy i o n  da ta  a re  ob ta ined  from 

reg ions  w e l l  removed from t h e  damage peak where damage energy g r a d i e n t s  

a re  minimal.  Th is  i s  be ing  t r e a t e d  as a v a r i a b l e  i n  i n t e r l a b o r a t o r y  da ta  

comparisons, and i f  g r a d i e n t  e f f e c t s  prove t o  be impo r tan t ,  a l l  OAFS CP 

s t u d i e s  w i l l  be performed t h i s  way. 

Combined low energy channe l ing /Ruther fo rd  b a c k s c a t t e r i n g  and t r ansm iss ion  

e l e c t r o n  microscopy (TEM) techniques a re  c u r r e n t l y  be ing  used a t  a number 

o f  l a b o r a t o r i e s  t o  measure concen t ra t i on  p r o f i l e s  f o r  va r i ous  s o l u t e s  

r e s u l t i n g  f r o m  a v a r i e t y  o f  atomic displacement cond i t ions(25) .  The 

i n t e n t i o n  i s  t o  s tudy d i f f u s i o n  i n  meta ls  a t  l o w  temperatures and s o l u t e  

r e d i s t r i b u t i o n  by cascade m i x i n g  and K i r k e n d a l l  e f f e c t s .  Such s t u d i e s  a re  

c l e a r l y  r e l e v a n t  t o  t h e  ques t i on  o f  t h e  importance o f  p o i n t  d e f e c t  

g r a d i e n t s .  U n f o r t u n a t e l y  they  a r e  s t i l l  i n  t h e i r  i n fancy .  Several  yea rs  

of research  w i l l  be r e q u i r e d  t o  o b t a i n  d e f i n i t i v e  evidence. 

3.5 Pr imary Reco i l  Energy Spect ra  E f f e c t s  

The b a s i c  d i f f e r e n c e  i n  t h e  p r ima ry  r e c o i l  spec t ra  ( t h e  r e l a t i v e  number o f  

p r ima ry  r e c o i l i n g  atoms hav ing  energy T as a f u n c t i o n  o f  T) f o r  f a s t  

neut rons and i ons  i s  t h e  l a r g e  number o f  low energy p r imary  r e c o i l s  i n  t h e  

l a t t e r .  There i s  b o t h  exper imenta l  and t h e o r e t i c a l  ev idence t h a t  above a 

s u f f i c i e n t l y  l a r g e  r e c o i l  energy ( i . e .  > l o  t o  50 keV) t h e  d i f f e r e n c e s  i n  

r e c o i l  spec t ra  should n o t  be t o o  s i g n i f i c a n t  i f  exposures a re  c a l c u l a t e d  

i n  terms o f  a p h y s i c a l l y  a p p r o p r i a t e  u n i t  such as damage energy o r  dpa 

(26-28). However, i t  should be noted t h a t  w h i l e  use o f  damage energy 

exposure u n i t s  has "worked" i n  a number o f  cases, t h i s  exped ien t  has n o t  

always been success fu l ;  f o r  example, i n  c o r r e l a t i n g  14 MeV and f i s s i o n  

r e a c t o r  da ta  i n  a f e w  ins tances  (27). Other  exper imenta l  v e r i f i c a t i o n  has 

A-1 8 



been found i n  s tud ies  i n  which t h e  i o n  mass/energy has been v a r i e d  w i t h  

However, t h e  ex i s tence  o f  a l a r g e  component l i t t l e  observable e f f e c t .  

o f  low energy r e c o i l s  (< 10 keV) may have some e f f e c t  on neu t ron  charged 

p a r t i c l e  c o r r e l a t i o n s  (and even on f i s s i o n  neu t ron  - 14MeV/high energy 

neu t ron  c o r r e l a t i o n s )  i n  a way which i s  b o t h  m a t e r i a l  and p r o p e r t y  

s e n s i t i v e .  F o r  example, i t i s  known t h a t  f o r  some p r o p e r t i e s ,  t h e  damage 

e f f i c i e n c y  increases w i t h  decreas ing r e c o i l  energy below ,- 10 keV(30); on 

t h e  o t h e r  hand, p r o p e r t i e s  which a re  s e n s i t i v e  t o  d e f e c t  c l u s t e r s  may show 

a r e c o i l  energy t h r e s h o l d  . 

(29) 

(31 )  

Never the less,  most researchers appear t o  f e e l  t h a t  d i f f e r e n c e s  i n  r e c o i l  

s p e c t r a  a r e  n o t  as s i g n i f i c a n t  as some o t h e r  v a r i a b l e s .  However, i t i s  

p robab l y  most s i g n i f i c a n t  t h a t  cons iderab le  research  w i l l  be d i r e c t e d  a t  

t h i s  ques t i on  i n  t h e  nex t  severa l  years  i n  connec t ion  w i t h  DAFS sponsored 

RTNS- I I / f i s s i on  r e a c t o r  i n t e r c o r r e l a t i o n  s tud ies ,  as w e l l  as ex tens i ve  

work i n  Europe and Japan. It i s  a n t i c i p a t e d  t h a t  a p p r o p r i a t e  d isp lacement  

damage exposure u n i t s  f o r  neu t ron  charged p a r t i c l e  c o r r e l a t i o n s  w i l l  be 

a v a i l a b l e  w i t h i n  a p e r i o d  o f  about f i v e  years .  

3.6 P o i n t  De fec t  Anneal ing Rates and Cascade Over lap E f f e c t s  a t  H igh  

P a r t i c l e  F luxes 

M i c r o s t r u c t u r a l  e v o l u t i o n  depends n o t  o n l y  on t h e  t h e  s p e c i f i c s  o f  energy 
p a r t i t i o n i n g  on t h e  f a s t  c o l l i s i o n  t i m e  s c a l e  b u t  a l s o  on de fec t  

anneal ing.  One c r i t i c i s m  t h a t  can be l e v e l e d  a t  e a r l y  CP s t u d i e s  i s  t h a t  

some beam c u r r e n t s  may have been l a r g e  enough t o  cause cascade ove r l ap  

w i t h i n  t h e  t ime r e q u i r e d  f o r  vacancy d i f f u s i o n  o u t  o f  cascade core  

reg ions .  D e t a i l e d  e f f e c t s  a r e  n o t  known because few sys temat ic  s t u d i e s  

have been repo r ted ,  b u t  some i n t u i t i v e l y  suspect t h a t  t h i s  a l t e r s  t h e  

b a s i c  "damage phys ics" .  Others i n t u i t i v e l y  f e e l  i t  i s  p robab l y  a 

second-order f a c t o r .  I t  i s ,  however, an i ssue  i m p l i c i t l y  r e l a t e d  t o  

u n d e r l y i n g  damage r a t e  ( f l u x )  e f f e c t s ,  i n  gene ra l ,  and i s  p r o p e r l y  an 

impo r tan t  i t e m  f o r  DAFS cons ide ra t i on .  F u r t h e r ,  i t  i s  a l s o  r e l a t e d  t o  t h e  
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b a s i c  s t o c h a s t i c  cha rac te r  o f  r a d i a t i o n  damage, p a r t i c u l a r l y  i n  t h e  case 

where p a r t i c l e s  produce e n e r g e t i c  cascades, v i z .  - b o t h  neutrons and CP 

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

The approach taken  t o  da te  i n  DAFS CP s t u d i e s  r e l a t e d  t o  f u s i o n  c o n d i t i o n s  

i s  t o  cons ider  t h e  atomic d isp lacement  r a t e  as a key v a r i a b l e .  Thus, t h e  
- 5  d i f f e r e n t  l a b o r a t o r i e s  a r e  u s i n g  a range o f  damage r a t e s  f rom -2 x 10 

dpa/s t o  -5 x dpa/s w i t h  o v e r l a p  exper iments a t  dpa/s. The 

lowes t  r a t e  approaches t h a t  found i n  some f i s s i o n  r e a c t o r s  and t h e  h i g h e s t  

i s  comparable t o  t h a t  used i n  e a r l i e r  CP s t u d i e s .  I t  i s  n o t  y e t  p o s s i b l e  

t o  say unequ i voca l l y  t o  what e x t e n t  t h e  damage r a t e  can be increased t o  

acce le ra te  exper iments w i t h o u t  changing s p e c i f i c  mechanisms. P e r t i n e n t  

t h e o r e t i c a l  work ( o u t s i d e  t h e  DAFS program) on t ime-dependent p o i n t  d e f e c t  

"wind" e f f e c t s  (32) i s  c u r r e n t l y  underway and model ing of r a t e  ( f l u x )  
e f f e c t s  i s  p lanned i n  t h e  DAFS program. I n  a d d i t i o n  t h e  economic 

i n c e n t i v e  t o  use h i g h  c u r r e n t  i o n  a c c e l e r a t o r s  f o r  " s u r f a c e  eng ineer ing"  

and i m p l a n t a t i o n  m e t a l l u r g y  a p p l i c a t i o n s  i s  p u t t i n g  s t r o n g  emphasis on t h e  

s t u d y  o f  i o n  beam damage r a t e  e f f e c t s  elsewhere i n  t h e  s c i e n t i f i c  

community. I t  i s  a n t i c i p a t e d  t h a t  a s u f f i c i e n t l y  d e t a i l e d  unders tanding 

o f  cascade ove r l ap  and vacancy annea l ing  phenomenon w i l l  be ach ieved i n  

t h e  n e x t  5-10 yea rs  t o  p r o v i d e  a sound p h y s i c a l  b a s i s  f o r  t r e a t i n g  t h i s  

e f f e c t  when e x t r a p o l a t i n g  over  severa l  o rders  o f  magnitude i n  damage r a t e ;  

o f  course,  many sho r t - t e rm  s t u d i e s  conducted a t  lower  dose r a t e s  w i l l  n o t  

be s i g n i f i c a n t l y  cons t r a i ned  by t h e  p o t e n t i a l  e f f e c t  o f  t h i s  phenomenon. 

3 .7  Method of I m p l a n t i n g  Hel ium (and Hydrogen) t o  S imula te  Hel ium and 

Hydrogen Generat ion f rom (n,a) [ ( n , p ) l  React ions 

Var ious  l a b o r a t o r i e s  use somewhat d i f f e r e n t  techn iques t o  i m p l a n t  he l i um  

d u r i n g  d u a l - i o n  i r r a d i a t i o n s .  For  example, i n  some cases r o t a t i n g  tapered  

s o l i d  degrader f o i l s  a r e  used, w h i l e  i n  o t h e r s  t h e  specimen i s  rocked t o  

spread o u t  t h e  he l i um  beam. F u r t h e r ,  t h e  he l ium d e p o s i t i o n  p r o f i l e  

r e l a t i v e  t o  t h e  d isp lacement  damage d i s t r i b u t i o n  v a r i e s  between 
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f a c i l i t i e s .  The i n f l u e n c e  o f  these d i f f e rences  i s  n o t  expected t o  be 

l a r g e ;  however, i t i s  one o f  t h e  i ssues  t h a t  i s  b e i n g  s p e c i f i c a l l y  

addressed i n  an i n t e r c o r r e l a t i o n  s tudy  i n v o l v i n g  W-R&D/U.-Pitt., ORNL, ANL 

and t h e  E a t t e l l e  Northwest Labora to r ies  (BNWL). Data f rom t h i s  s tudy  i s  

c u r r e n t l y  b e i n g  assessed. The d i s t r i b u t i o n  o f  imp lan ted  he l ium as w e l l  as 

r e c o i l - i n d u c e d  m i g r a t i o n  has been s t u d i e d  u s i n g  (Y,(Y s c a t t e r i n g  and nuc l ea r  

r e a c t i o n  p r o f i l i n g  techniques. (*') F i n a l l y ,  some s t u d i e s  a t  ORNL have 

compared t h e  e f f e c t  o f  t r i p l e  (he l ium and hydrogen) i o n  versus d u a l - i o n  

i r r a d i a t i o n s .  (23) 

A more s i g n i f i c a n t  e f f e c t  i s  found f o r  some CP exper iments.  P r i o r  t o  t h e  

des ign and c o n s t r u c t i o n  o f  t h e  severa l  d u a l - i o n  beam f a c i l i t i e s  a v a i l a b l e  

i n  t h e  w o r l d  today, some exper iments were conducted by p re imp lan t i ng  he l i um  

a t  -25°C. One o f  t h e  impo r t an t  c o n t r i b u t i o n s  o f  r e c e n t  CP research  has 

been t h e  demonst ra t ion o f  t h e  importance o f  t h e  mode o f  he l i um  i n j e c t i o n  

on m i c r o s t r u c t u r a l  e v o l u t i o n  under i r r a d i a t i o n .  T h i s  da ta  i s  c u r r e n t l y  

b e i n g  analyzed t o  deduce he l ium m i g r a t i o n  d i s t ances  and c r i t i c a l  c a v i t y  

Moreover, s t u d i e s  i n v o l v i n g  v a r i o u s  he l ium i m p l a n t a t i o n  schedules a r e  
s i z e s  f o r  t h e  t r a n s i t i o n  from gas d r i v e n  t o  b i a s - d r i v e n  c a v i t y  growth (33) 

ins tantaneous versus average He/dpa r a t i o  e f f e c t s  (34 ,35)  t e s t i n g  f o r  

These have a s t r o n g  bea r i ng  on s p e c t r a l  t a i l o r i n g  exper iments i n  

mixed-spectrum f i s s i o n  r e a c t o r s .  For  a l l o y s  c o n t a i n i n g  l i t t l e  o r  no 

n i c k e l  t h e r e  i s  a p r e s s i n g  need, r e g a r d i n g  c o r r e l a t i o n  between neu t ron  and 
CP r e s u l t s ,  f o r  neu t ron  i r r a d i a t i o n  exper iments on l o w  and h i g h  

temperature he l ium p r e i n j e c t e d  specimens. A d d i t i o n a l  work w i t h  t h e  i o n  

beams t o  l o o k  a t  n i c k e l  dop ing e f f e c t s  i s  now i n  progress.  (The purpose 

o f  t h e  n i c k e l  dop ing i s  t o  produce he l ium i n  non- n icke l- bear ing  a l l o y s  

i r r a d i a t e d  i n  mixed spectrum r e a c t o r s . )  S tud ies  o f  he l ium d i f f u s i v i t y  

from thermal d i f f u s i o n  and c o l l i s i o n a l  processes u s i n g  " se l ec ted  area"  

he l i um  i m p l a n t a t i o n  techniques a re  a l s o  needed. 
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3 . 8  Acce le ra t i on  o f  K i n e t i c  Processes w i t h  D i f f e r e n t  Dependencies on 

Atomic Displacement Rate and Temperature 

This  t o p i c  c u r r e n t l y  poses the  g r e a t e s t  obs tac le  i n  a t t emp t i ng  t o  

c o r r e l a t e  CP and f a s t  neu t ron  da ta  i n  complex a l l o y s .  We have a l r eady  

b r i e f l y  descr ibed  some extreme r a t e  ( f l u x )  e f f e c t s  i n  s e c t i o n  3 . 6  t h a t  a re  

r e l a t e d  t o  changes i n  t he  bas i c  p o i n t  d e f e c t  annea l ing  processes a t  very  

h i g h  r a t e s .  A d d i t i o n a l  e f f e c t s  a re  expected i n  complex a l l o y s  because 

t h e i r  response t o  i r r a d i a t i o n  depends on a balance between a number o f  

competing processes t h a t  can depend i n  d i f f e r e n t  ways on temperature,  t i m e  

and t h e  r a d i a t i o n  produced p o i n t  d e f e c t  f l u x e s .  

One example i s  t h e  l i k e l i h o o d  t h a t  t h e  k i n e t i c s  govern ing t h e  d i f f u s i o n  o f  

t h e  d i f f e r e n t  elements a re  a l t e r e d  i n  d i f f e r e n t  ways by r a d i a t i o n  and 
temperature;  t h e  e v o l u t i o n  o f  t h e  r a d i a t i o n  damage m i c r o s t r u c t u r e  may 

f o l l o w  d i f f e r e n t  pa ths  f o r  d i f f e r e n t  damage r a t e s .  It i s  n o t  n e c e s s a r i l y  

p o s s i b l e  i n  such a system t o  a d j u s t  f o r  t h e  damage r a t e  by a s imple 

temperature s h i f t .  Other examples o f  processes t h a t  may a f f e c t  t h e  damage 

m i c r o s t r u c t u r e  e v o l u t i o n  a re  p r e c i p i t a t e ,  v o i d  and bubble n u c l e a t i o n ,  

p o i n t  d e f e c t - i m p u r i t y  t r a p p i n g ,  and d i f f u s i o n  o f  p o i n t - d e f e c t  i m p u r i t y  

bound complexes. I n  a complex a l l o y ,  such as an a u s t e n i t i c  s t a i n l e s s  

s t e e l ,  t h e  e v o l u t i o n a r y  p a t h  fo l lowed by t h e  a l l o y  i s  determined by a 

ba lance between a number o f  such processes. A s u f f i c i e n t l y  l a r g e  change 

i n  e i t h e r  temperature o r  damage r a t e  can a l t e r  t h i s  ba lance i n  such a way 

t h a t  an e n t i r e l y  d i f f e r e n t  p a t h  (e.g.  a d i f f e r e n t  sequence o f  

p r e c i p i t a t i o n )  i s  fo l lowed.  A pr imary  goal  o f  t h e  DAFS damage c o r r e l a t i o n  

e f f o r t  i s  t o  e s t a b l i s h  t h e  temperature and damage r a t e  ( f l u x )  l i m i t s  

w i t h i n  which a p a r t i c u l a r  damage sequence i s  f o l l owed ,  a t  l e a s t  f o r  

v a r i a t i o n s  i n  r a t e  ( f l u x )  f o r  d i f f e r e n t  neu t ron  experiments.  

A c o m p l i c a t i o n  t h a t  a r i s e s  i n  pu rsu ing  such s t u d i e s  i s  t h e  ex i s tence  o f  

chemical  compos i t ion  f l u c t u a t i o n s .  I n  complex a l l o y s ,  i t  i s  n o t  uncommon 

f o r  v a r i a t i o n s  i n  composi t ion and i n i t i a l  m i c r o s t r u c t u r e  t o  e x i s t  i n  
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r eg ions  tens  o r  hundreds o f  microns i n  e x t e n t .  The p r ima ry  t o o l  f o r  

e v a l u a t i n g  damage m i c r o s t r u c t u r e  e v o l u t i o n  i n  b o t h  CP and neu t ron  

i r r a d i a t e d  samples i s  t r ansm iss ion  e l e c t r o n  microscopy (TEM) which 

examines a r e g i o n  l e s s  than a mic ron  t h i c k  and a few tens  o f  microns i n  

e x t e n t .  I t  i s ,  t h e r e f o r e ,  e s s e n t i a l  t h a t  l o c a l  chemis t ry  v a r i a t i o n s  a re  

avoided i n  c o r r e l a t i o n  experiments.  It has been found t h a t  repeated CP 

exper iments  on smal l  homogeneous l a b o r a t o r y  me l t s  conducted over  a p e r i o d  

o f  f o u r  years  y i e l d  c o n s i s t e n t l y  i d e n t i c a l  r e s u l t s .  However, r epea t  

exper iments on 316 SS and t i t a n i u m  m o d i f i e d  316 SS m a t e r i a l s  i n  t h e  OFE 

program have no t  shown such r e p r o d u c i b i l i t y .  I n  o r d e r  t o  make meaningfu l  

comparisons between neut ron  and CP exper iments o r  exper iments a t  d i f f e r e n t  

r a t e s  o r  temperature,  i t i s  e s s e n t i a l  t o  e i t h e r  c o n t r o l  t h e  homogeneity o f  

t h e  a l l o y  o r  t o  c h a r a c t e r i z e  t h e  l o c a l  chemis t ry  o f  t h e  r e g i o n  from which 

da ta  were taken,  and compare o n l y  reg ions  w i t h  i d e n t i c a l  l o c a l  chemis t ry .  

3.9 I n t r o d u c t i o n  o f  St resses Dur ing  I o n  I m p l a n t a t i o n  

An unavoidable consequence o f  s topp ing  i ons  i n  s o l i d s  i s  t h e  i n t r o d u c t i o n  

o f  cen te rs  o f  d i l a t a t i o n .  The undamaged and undoped reg ions  l y i n g  beneath 

and sometimes o u t s i d e  the  beam area ( i f  a mask i s  used) p r o v i d e  a 

c o n s t r a i n t .  Th i s  can r e s u l t  i n  t h e o r e t i c a l l y - c a l c u l a t e d  va lues o f  l a t e r a l  

s t r e s s  s u f f i c i e n t l y  h i g h  t o  p e r t u r b  some k i n e t i c  processes (36 ,371 .  The 

problem i s  m i t i g a t e d  i n  t h e  case o f  ve ry  h i g h  energy i ons  which pass 
comple te ly  through t h i n  specimens. Th i s  i s  n o t  t h e  way most CP 

exper iments a re  conducted, however, because o f  a l a r g e  number o f  

c o n s i d e r a t i o n s  (ve.ry low dpa r a t e s ,  induced r a d i o a c t i v i t y ,  temperature 

c o n t r o l  problems, cos t ,  e t c . ) .  I n  t h e  DAFS program t h e r e  has been an 

a t tempt  t o  b o t h  i n c l u d e  s t r e s s  as a s i g n i f i c a n t  v a r i a b l e  d u r i n g  

i m p l a n t a t i o n  o f  he l ium ( i . e .  U.-Va. exper iments  (38)) and t o  min imize t h e  

e f f e c t  of i n t e r n a l l y  generated s t resses  i n  t h e  heavy i o n  (dua l  i o n )  

exper iments.  The l a t t e r  i s  accomplished by l i m i t i n g  exper iments t o  low 

damage l e v e l s  ( low concen t ra t i ons  o f  imp lan ted  i o n s ) ,  s e c t i o n i n g  specimens 

so t h a t  da ta  can be taken f rom a r e g i o n  t h a t  c o u l d  exper ience app rec iab le  
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s t r e s s  r e l i e f  f r o m  d isplacement processes above and below i t , and ( f o r  one 

laboratory( ' ' ) )  b a t h i n g  one e n t i r e  su r face  o f  t he  specimen w i t h  t h e  beam. 

Th is  i s  an area o f  a c t i v e  i n v e s t i g a t i o n  a t  a number o f  l a b o r a t o r i e s  

i n v o l v e d  i n  P M I  research a c t i v i t i e s  and a t  o t h e r s  n o t  connected w i t h  OFE 

a c t i v i t i e s .  I t  i s  one of t h e  key areas i n  unders tand ing and p r e d i c t i n g  

b l i s t e r i n g  and f l a k i n g  e f f e c t s  i n  tokamak near-plasma components. 

Moreover, t h e  issues o f  the  e f f e c t s  o f  s t r e s s  and s t r e s s  g r a d i e n t s  on 

r a d i a t i o n  damage, and the  r e l i e f  o f  s t resses  by r a d i a t i o n  enhanced creep,  

are  c r i t i c a l  t o  f i r s t  w a l l  design and t h e  need t o  r e s o l v e  these i ssues  i s  

independent o f  t he  need t o  c o r r e l a t e  neut ron and CP r e s u l t s .  I n  a d d i t i o n ,  

the  successfu l  a p p l i c a t i o n  o f  i o n  beams t o  modi fy  s u r f a c e - s e n s i t i v e  

p r o p e r t i e s  o f  me ta l s ,  ceramics, polymers, e t c .  w i l l  r e q u i r e  d e t a i l e d  

knowledge o f  t h e  l a t e r a l  s t r e s s  b u i l d - u p  accompanying i o n  i m p l a n t a t i o n .  
The p r i n c i p a l  d i f f i c u l t y  i s  t h e  exper imenta l  d e t e r m i n a t i o n  o f  s t r e s s  and 

s t r a i n  l e v e l s  i n  ve ry  t h i n  l a y e r s .  Var ious  methods have been 

proposed (39140)  b u t  a t  p resen t  i t  i s  d i f f i c u l t  t o  deduce more than  t h e  

average i n t e g r a t e d  l a t e r a l  s t r e s s .  Never the less ,  many l a b o r a t o r i e s  a re  

work ing  ha rd  on t h i s  problem. The needed i n f o r m a t i o n  on t h e  magnitude of  

induced s t resses  and e f f e c t s  o f  e x t e r n a l l y  a p p l i e d  s t r e s s  on micro-  

s t r u c t u r e  can be a n t i c i p a t e d  w i t h i n  t h e  nex t  few years.  

3.10 I n t e r f a c e s  Between Model ing E f f o r t s  and Charged P a r t i c l e  Research 

A good i n t e r f a c e  between CP research and t h e o r e t i c a l  model ing e f f o r t s  w i l l  

be r e q u i r e d  i f  b o t h  t o o l s  a r e  t o  be used t o  t h e  maximum p o s s i b l e  e x t e n t .  

T h i s  i s  i m p l i c i t  i n  t h e  g e n e r a l l y  accepted ph i l osophy  t h a t  one o f  t h e  

major  f u n c t i o n s  o f  CP research i s  t o  p r o v i d e  mechanisms and parameters 

needed f o r  model ing e f f o r t s .  F u r t h e r ,  a lmost  a l l  i n t e r p r e t a t i o n  o f  

charged p a r t i c l e  d a t a  r e q u i r e s  p h y s i c a l  models, a l b e i t  o f t e n  q u a l i t a t i v e  

and mani fes ted i n  terms o f  "assumptions" . O f t e n  because o f  many competing 

and i n t e r a c t i n g  mechanisms i n t e r p r e t a t i o n s  a r e  n o t  unique; t h i s  s i t u a t i o n  

must be c l e a r l y  recognized.  U n f o r t u n a t e l y ,  model ing d i r e c t e d  a t  CP da ta  
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a n a l y s i s  and u t i l i z a t i o n  has been i n s u f f i c i e n t ;  i n  p a r t  t h i s  stems f rom 

l i m i t e d  d a t a  and i t s  a s s o c i a t i o n  w i t h  p o t e n t i a l  a t y p i c a l  v a r i a b l e s  and i n  

p a r t  a poor  t h e o r e t i c a l  unders tanding o f  complex, r e a l - w o r l d  phenomena. 

A most i m p o r t a n t  goal  o f  f u t u r e  model ing e f f o r t s  should  be t o  make a l o c a l  

i n v e n t o r y  o f  t h e  t r a n s p o r t  o f  va r ious  c o n s t i t u e n t  spec ies o f  i n t e r e s t  

( i . e .  vacancies,  i n t e r s t i t i a l s ,  a l l o y i n g  elements and t ransmutants  such as 

he1 i ~ m ) ( ~ ’ ) .  S ince t h e  t r a n s p o r t  and consequent ia l  r e a c t i o n s  a r e  

b a s i c a l l y  k i n e t i c  phenomena, such a n a l y s i s  has o f t e n  used s o- c a l l e d  r a t e  

t h e o r y  t o  take  such i n v e n t o r i e s ;  u n f o r t u n a t e l y ,  due t o  t h e  i n h e r e n t  

comp lex i t y  o f  such phenomena, most models t o  d a t e  a r e  h i g h l y  approximate 

and incomplete.  For  example, many s t u d i e s  have been s o l e l y  focussed on 

t h e  accumulat ion o f  vacancies i n  c l u s t e r s  ( i . e .  v o i d  s w e l l i n g )  and have 

neg lec ted  o f t e n  i m p o r t a n t  e v o l u t i o n a r y  processes such as d i s l o c a t i o n  

s t r u c t u r e s  and microchemis t ry .  Other approaches t o  model ing have been 

more e m p i r i c a l  and p r o p e r l y  focussed on p a r t i c u l a r  mechanisms such as t h e  
he l ium i n v e n t o r y  a l g o r i t h m  developed by t h e  W-R&D (42)  . 

I n  severa l  cases, p a r t i c u l a r l y  f o r  s imple  meta l  a l l o y s ,  t h e  models (bo th  

t h e o r e t i c a l  and semi- emp i r i ca l )  have been reasonably  successfu l  i n  

p r e d i c t i n g  severa l  major  t r e n d s ( 4 3 ) ;  i n  o t h e r  cases, p a r t i c u l a r l y  f o r  

complex m a t e r i a l s ,  t h e  models have had more l i m i t e d  success(9). Much more 

work i n  t h e  area o f  composi t iona l /phase s t a b i l i t y / l o c a l  microchemical  mass 
balances i s  needed. 

Never the less,  such e f f o r t s  and improvements i n  t u r n  o f f e r  t h e  b e s t  

v e r i f i a b l e  framework o f  unders tand ing(44) .  I t  must be no ted  t h a t  t h e  l a c k  

o f  q u a n t i t a t i v e  unders tanding o f  u n d e r l y i n g  p h y s i c a l  mechanisms i s  a l s o  a 

s e r i o u s  obs tac l e  t o  i n t e r p r e t i n g  and c o r r e l a t i n g  neu t ron  da ta  and i s  a 

major  m o t i v a t i o n  f o r  CP research.  As i n  t h e  case o f  neu t ron  research,  a 

more i n t e n s i v e  i t e r a t i v e  c y c l e  o f  model ing and exper iment  i s  r e q u i r e d .  
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F i n a l l y ,  t h e  bo t tom l i n e  on f u s i o n  m a t e r i a l s  behav io r  i s  mechanical 

p r o p e r t i e s ;  c l e a r l y ,  m i c r o s t r u c t u r e - p r o p e r t y  model ing w i l l  be needed t o  

e x p l o i t  CP research  i n  a meaningfu l  way w i t h  respec t  t o  mechanical 

behav io r .  

4. PROSPECTS FOR SHORT-TERM I M P A C T  OF CHARGED PARTICLE RESEARCH ON 

TOKAMAK FIRST-WALL MATERIALS DEVELOPMENT 

Since t h e i r  i n c e p t i o n ,  t h e  d u a l - i o n  and charged p a r t i c l e  i r r a d i a t i o n  

s t u d i e s  i n  t h e  OAFS program have emphasized d e t a i l e d  s t u d i e s  of damage 

mechanisms. These s t u d i e s  take  advantage o f  t h e  a b i l i t y  t o  c a r e f u l l y  

c o n t r o l  t h e  i r r a d i a t i o n  v a r i a b l e s  t h a t  i s  c h a r a c t e r i s t i c  o f  t h e  C P  

techn ique.  I n  most o f  t h e  work, t h e  emphasis has been on s t u d y i n g  t h e  

e f f e c t s  o f  he l ium on t h e  damage e v o l u t i o n  process.  Th i s  i s  mo t i va ted  by 
t h e  f a c t  t h a t  t h e  he l i um gene ra t i on  r a t e  i s  a v a r i a b l e  which i s  most 

d i f f i c u l t  t o  c o n t r o l  i n  r e a c t o r  i r r a d i a t i o n s ,  and t h e  one where f i s s i o n  

r e a c t o r  c o n d i t i o n s  d e v i a t e  most s i g n i f i c a n t l y  f rom t h e  mgnet ic  f u s i o n  

r e a c t o r  (MFR) environment. Because o f  t h e  i ssues  d iscussed above, t h i s  

work i s  u s u a l l y  c h a r a c t e r i z e d  as " l o n g  term"  research  wh ich  w i l l  

i n c r e a s i n g l y  pay o f f  o n l y  as phenomena such as he l i um e f f e c t s  become 

b e t t e r  understood and can be i n c o r p o r a t e d  i n t o  q u a n t i t a t i v e  r a d i a t i o n  

damage models. There i s ,  however, a sho r t - te rm b e n e f i t  t o  be r e a l i z e d  

from these exper iments.  I n  p a r t i c u l a r ,  t hey  can p r o v i d e  impor tan t  i n s i g h t  

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

u s i n g  neu t ron  sources. C l e a r l y ,  any th ing  t h a t  he lps  t o  gu ide  expensive 

neu t ron  exper iments and p l a n n i n g  f o r  f a c l i t i e s ,  o r  t e s t  o f  c o r r e l a t i o n  

assumptions, can have enormous impact  i n  t h e  s h o r t  run .  

A good example o f  t h i s  i s  found i n  a r e c e n t  e f f o r t  t o  ana lyze  t h e  

a v a i l a b l e  CP and neu t ron  i r r a d i a t i o n  da ta  base f o r  purposes o f  assess ing  

t h e  e f f e c t  o f  t h e  He/dpa r a t i o  f o r  deve lop ing  f i s s i o n  f u s i o n  c o r r e l a t i o n s  

f o r  s w e l l i n g  i n  316 s t a i n l e s s  The c o l l e c t i v e  r e s u l t s  o f  t h e  CP 

s t u d i e s  showed a s u p r i s i n g  degree o f  mechan is t i c  cons i s tency  w i t h  t h e  more 
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l i m i t e d  neu t ron  d a t a  and s t rengthened t h e  i n t e r p r e t a t i o n s  o f  these 

r e s u l t s .  I n  p a r t i c u l a r ,  t h e  a n a l y s i s  suggested t h a t  t h e  response o f  

s w e l l i n g  t o  changes i n  t h e  He/dpa r a t i o  may n o t  be monotonic; and t h a t  

neu t ron  environments such as t h e  H igh  F l u x  I s o t o p e  Reactor (HFIR), which 

has a v e r y  h i g h  He/dpa r a t i o ,  and t h e  Exper imental  Breeder Reac to r- I  

(FBR-I I ) ,  wh ich has a low He/dpa r a t i o ,  may n o t  r e s u l t  i n  s w e l l i n g  

behav io r  which bounds t h a t  f o r  i n t e rmed ia te  He/dpa r a t i o s  c h a r a c t e r i s t i c  

o f  a MFR environment.  F u r t h e r ,  t h e  charged p a r t i c l e  da ta  and t h e  

mechanisms i t  h i g h l i g h t e d  was used t o  gu ide t h e  c o n s t r u c t i o n  o f  a p h y s i c a l  

model; t h e  model was then  c a l i b r a t e d  t o  t h e  neu t ron  d a t a  and used t o  

i n t e r p o l a t e  t o  f u s i o n  condi tons.  More s i g n i f i c a n t l y ,  t h i s  a n a l y s i s  has 

l e d  t o  t h e  i d e n t i f i c a t i o n  o f  a d d i t i o n a l  exper iments t o  t e s t  t h e  

assumptions u n d e r l y i n g  t h e  c o r r e l a t i o n  procedures.  

Another i m p o r t a n t  example i s  t h e  need t o  eva lua ted  he l ium m o b i l i t y .  Both  

t heo ry  and exper iment  suggest t h i s  v a r i a b l e  may be a v e r y  impo r t an t  f a c t o r  

as i n  govern ing  much o f  m i c r o s t r u c t u r a l  e v o l u t i o n .  Thus, " i ncuba t i on" ,  

i n i t i a l  t r a n s i e n t s  i n  s w e l l i n g ,  t h e  s c a l e  o f  l o o p  and c a v i t y  n u c l e a t i o n ,  

p r e c i p i t a t e - c a v i t y  a s s o c i a t i o n ,  segregat ion,  and m i g r a t i o n  o f  he l ium t o  
g r a i n  boundar ies  appear t o  be s t r o n g l y  a f f e c t e d  by he l ium m o b i l i t y .  (45) 

Even if some macroscopic p r o p e r t i e s  a r e  n o t  t e r r i b l y  s e n s i t i v e  t o  he l ium 

and he l i um  m o b i l i t y  per- se (perhaps gross s w e l l i n g  i n  some temperature-dpa 

regimes), o t h e r  p r o p e r t i e s  a r e  l i k e l y  t o  be v e r y  s e n s i t i v e ,  e.g. ,  creep 
r u p t u r e  behav io r .  Charged- par t i c le  techniques o f f e r  e x c e l l e n t  f l e x i b i l i t y  

and unique c a p a b i l i t i e s  f o r  e v a l u a t i n g  he l ium p a r t i t i o n i n g  t o  s i n k s  and 

o b t a i n i n g  upper and lower  bounds i n  he l ium m i g r a t i o n  r a t e s .  Us ing 

s p a t i a l l y  inhomogeneous he l ium doping ( i m p l a n t i n g  th rough  masks), beam 

schedu l ing  exper iments,  and d e l i b e r a t e  and c o n t r o l l e d  temperature changes 

d u r i n g  i r r a d i a t i o n ,  such exper iments p r o v i d e  a power fu l  means o f  deducing 

he l ium m o b i l i t i e s .  On t h i s  one p o i n t  a lone  t h e  CP s t u d i e s  can have an 

impo r t an t  near  term impact. 
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Another impor tan t  example t h a t  needs t o  be h i g h l i g h t e d  i s  t h e  

demonst ra t ion o f  t h e  l i m i t a t i o n s  imposed on m i c r o s t r u c t u r a l  d a t a  f rom 

m a t e r i a l  inhomogeneity c o n s t r a i n t s  d iscussed p r e v i o u s l y  i n  s e c t i o n  3 .8 .  

F i r s t  i t  may be argued t h a t  t h i s  i s  a l i m i t a t i o n  n o t  shared i n  neu t ron  

exper iments on b u l k  mechanical p r o p e r t i e s  which i n t e g r a t e  over  m ic roscop ic  

v a r i a b i l i t i e s .  However, i t  should  be r e a l i z e d  t h a t  1) such 

inhomogenei t ies do confound fundamental m i c r o s t r u c t u r a l  i n t e r p r e t a t i o n  o f  

a da ta  s e t  and make e x t r a p o l a t i o n s  u n c e r t a i n ,  and 2) one d i r e c t i o n  o f  

a l l o y  development may be t o  t r y  t o  produce more homogeneous a l l o y s .  The 

p o i n t  here i s  t h a t  a v e r y  p r a c t i c a l  i ssue ,  homogeneity o f  t h e  OFE 

r e f e r e n c e  program m a t e r i a l s ,  i s  b e i n g  r a i s e d ,  i n  l a r g e  p a r t  as a r e s u l t  of 

f i n d i n g s  i n  t h e  CP s t u d i e s .  The ques t i on  i s  o f  immediate importance t o  

b o t h  DAFS and A l l o y  Development f o r  I r r a d i a t i o n  Performance ( A D I P )  

e f f o r t s .  

Second, t h e  a b i l i t y  t o  c o n t r o l  t h e  l o c a l  compos i t i on  o f  a l l o y s  th rough  

i m p l a n t a t i o n  m i c r o a l l o y i n g  techniques may a l l o w  sys temat i c  e x p l o r a t i o n  o f  

the competing - and i n t e r a c t i v e  e f f e c t s  o f  m i c r o s t r u c t u r a l  and microchemical  

e v o l u t i o n  i n  ways n o t  p o s s i b l e  u s i n g  o t h e r  techn iques.  T h i s  i s  an area o f  

cons i de rab le  c u r r e n t  con t r ove r sy ,  which i s  s t r o n g l y  f l a v o r i n g  t h e  

p h i l o s o p h i c a l  approaches t o  deve lop ing  f i s s i o n - f u s i o n  c o r r e l a t i o n s  i n  t h e  

DAFS program; hence, such s t u d i e s  c o u l d  have i m p o r t a n t  and f a r  r each ing  

near te rm impacts on t h e  d i r e c t i o n  o f  b o t h  DAFS research  and s e l e c t i o n  

among a l t e r n a t e  d a t a  c o r r e l a t i o n s .  

Other  examples o f  p o t e n t i a l  impact o f  CP work on sho r t - t e rm  needs a r e  n o t  

d i f f i c u l t  t o  f i n d .  Such examples would inc lude :  low dose, low 

temperature e f f e c t s  o f  m i c r o s t r u c t u r e ,  m ic rochemis t ry  and he l ium and 

hydrogen p a r t i t i o n i n g ;  t h e  e f f e c t s  o f  p u l s i n g  (dpa, temperature and 

s t r e s s ) ;  t h e  e f f e c t s  o f  add ing n i c k e l  t o  enhance (n,ci) r e a c t i o n s  i n  H F I R  

and Oak Ridge Research Reactor ( O R R )  exper iments;  and h i s t o r y  e f f e c t s  

( temperature,  f l u x )  on t r a n s i e n t  phenomena ( v o i d  i n c u b a t i o n ,  he l i um  bubb le  

growth,  m ic rochemis t ry  changes). 
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The q u e s t i o n  o f  whether CP r e s u l t s  can be used more d i r e c t l y  i n  

eng inee r ing  da ta  c o r r e l a t i o n s  i n  t h e  near t e rm i s  more d i f f i c u l t  t o  

answer. We note ,  however, t h a t  t h e  goa l s  themselves tend  t o  change on a 

f a i r l y  s h o r t  t i m e  sca le .  I n  a somewhat a r b i t r a r y  fash ion  then  we w i l l  

d e f i n e  near- term t o  be l e s s  than  5 years ,  i n t e r m e d i a t e  te rm as 5-10 y e a r s ,  

and long- term t o  be 10 o r  more years  f rom now. 

I n  t h e  near- term, CP r e s u l t s  w i l l  p robab ly  n o t  be used d i r e c t l y  f o r  f u s i o n  

eng inee r ing  da ta  c o r r e l a t i o n s  o r  p r e d i c t i o n s .  ( I n  f a i r n e s s ,  i t  must be 

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

p r o p e r t i e s  must themselves face  a s e r i o u s  t e s t . )  Th i s  r e f l e c t s  t h e  need 

t o  use models t o  r e l a t e  m i c r o s t r u c t u r a l  i n f o r m a t i o n  o r  mechanical p r o p e r t y  

da ta  i n  a t y p i c a l  environments t o  t h e  mechanical response o f  t h e  same 

m a t e r i a l  under f i r s t  w a l l  c o n d i t i o n s .  Simply s t a t e d ,  e x i s t i n g  models and 

da ta  a r e  inadequate. I t  i s  t hus  u n l i k e l y  t h a t  a t tempts  t o  develop 

eng inee r ing  des ign  da ta  f rom CP r e s u l t s  a lone w i t h i n  t h e  sho r t - te rm w i l l  

p rove t o  be a w ise  expend i tu re  of money and e f f o r t .  The sho r t - te rm 

b e n e f i t  f rom CP s t u d i e s  i s  thus  t h e  i n s i g h t  on mechanisms. However, 

c o n t i n u a t i o n  o f  these s t u d i e s  has t h e  p o t e n t i a l  t o  more d i r e c t  u t i l i z a t i o n  

i n  t h e  i n t e r m e d i a t e  term. For  example, if p u l s i n g  e f f e c t s  prove t o  be 

s i g n i f i c a n t ,  t h e  o n l y  exper imenta l  b a s i s  f o r  i n c l u d i n g  them i n  da ta  

c o r r e l a t i o n s  w i l l  p robab ly  be CP s tud ies .  Whi le  much remains t o  be done 

t o  " c a l i b r a t e "  t h i s  t o o l ,  t h e  p rospec t  f o r  i m p o r t a n t  long- term impact  o f  
CP s t u d i e s  appears t o  be g rea t .  Many l a b o r a t o r i e s  a re  work ing  on t h e  

fundamental i ssues  d iscussed above f o r  a v a r i e t y  o f  reasons. Successfu l  

d e l i n e a t i o n  o f  these phenomena and t r a n s l a t i o n  o f  them t o  f u s i o n  r e a c t o r  

c o n d i t i o n s  w i l l  g r e a t l y  enhance t h e  usefu lness  o f  da ta  f rom b o t h  c u r r e n t  

and f u t u r e  CP research.  I t  w i l l  a l s o  p e r m i t  s t u d i e s  o f  a l l o y  systems n o t  

r e a d i l y  amenable t o  experiments i n  f i s s i o n  o r  mixed spectrum environments. 

It i s  d o u b t f u l  t h a t  a f u s i o n  m a t e r i a l s  t e s t  r e a c t o r  can be designed and 

c o n s t r u c t e d  w i t h i n  t h e  10 yea rs  o r  so  i t  may t a k e  t o  develop t h e  

i n t e r p r e t a t i o n a l  t o o l s  needed f o r  CP s tud ies .  C o n t i n u i t y  o f  e f f o r t  i n  

terms o f  such exper iments and model development shou ld  y i e l d  an impor tan t  
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r e t u r n  i n  t h e  l o n g  r u n  i n  t h e  form o f  wel l- des igned,  economica l ly  

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

5. PROGRAM COORDINATION 

What emerges f rom t h e  preceeding cons i de ra t i ons  o f  t h e  h i s t o r i c a l  

a p p l i c a t i o n s  o f  CP techn iques,  t h e i r  advantages and l i m i t a t i o n s ,  t h e  

p rognos is  f o r  a c o n t i n u a l  improvement i n  c o r r e l a t i n g  CP and neu t ron  

c o n d i t i o n s  and t h e i r  unique c a p a b i l i t i e s  i n  address ing impor tan t  O A F S  

needs a r e  t h e  f o l l o w i n g :  

1. There i s  a need f o r  c o n t i n u a l  CP program c o- o r d i n a t i o n  and a 

d e f i n a b l e  model ing e f f o r t .  I t  i s  recommended t h a t  a t  a minimum, 

an ad hoc t a s k  group meet about t w i c e  a yea r  i n c l u d i n g  Bas ic  
Energy Sciences (BES) ,  P M I ,  i m p l a n t a t i o n  m e t a l l u r g y ,  and sur face 

eng inee r i ng  and t h e o r e t i c a l  suppor t  group p a r t i c i p a t i o n .  A t  

l e a s t  one DAFS program should  i n c l u d e  a component t o  f o l l o w  

c l o s e l y  progress i n  BES* and o t h e r  programs i n p u t  t o  t h e  DAFS 

e f f o r t .  

2. The coo rd i na ted  CP e f f o r t  should  always be address ing 

s imu l taneous ly  1) c o n d i t i o n s  unique t o  t h e  f u s i o n  environment,  

2) i d e n t i f i c a t i o n  o f  access i b l e  damage regimes, and 3) b a s i c  

c o r r e l a t i o n  between CP and f a s t  neu t ron  e f f e c t s .  A l l  t h r e e  

i tems  a r e  compat ib le  w i t h  DAFS needs, e x i s t i n g  exper imenta l  

c a p a b i l i t i e s ,  p a r t i c i p a t i n g  l a b o r a t o r y  ph i l o soph ies  and common 

sense. 

*The c o n t r i b u t i o n  o f  t h e  BES-funded programs ( a t  ORNL and BNWL) should  be 
emphasized. I n  severa l  cases t h e  work has been t a r g e t e d  d i r e c t l y  a t  
i s s u e s  r e l a t i n g  t o  he l ium e f f e c t s  and p u l s i n g  which a r e  o f  immediate 
i n t e r e s t  t o  f i s s i o n - f u s i o n  c o r r e l a t i o n  e f f o r t s .  
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One example o f  a r e c e n t  i n i t i a l  ad hoc group e f f o r t  i s  shown i n  t h e  

f o l l o w i n g  f l o w  char t s .  From t h i s  e x e r c i s e  i t  i s  a s h o r t  s tep  t o  t h e  

development o f  a coo rd ina ted  t e s t  m a t r i x  and d e t a i l e d  m i les tone  tasks  i n  

proposa ls  o r  work schedules. I t  should be p o i n t e d  o u t  t h a t  much o f  t h i s  

e f f o r t  i s  a l ready  i n  p l a c e  i n  the  DAFS program. The p r i n c i p a l  d i f f e r e n c e  

i s  t h e  c o n s t r u c t i o n  of an e x p l i c i t  ( w r i t t e n )  coo rd ina ted  program r a t h e r  

than  t h e  i n f o r m a l ,  i m p l i c i t  one a l ready  i n  p lace .  B e t t e r  c o o r d i n a t i o n  

p lans  may be p o s s i b l e  and c l e a r l y  can evo lve  f rom t h e  e x i s t i n g  base. 

However, t h i s  r e q u i r e s  a s t a b l e  commitment of reasonable resources and a 

c o n t i n u i n g ,  d i s c i p l i n e d  e f f o r t  t o  r e s o l v e  t h e  fundamental u n d e r l y i n g  

issues.  
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1.  D i r e c t  C o r r e l a t i o n  between Charged P a r t i c l e  and Neutron I r r a d i a t i o n s  

Eva lua t i on  o f  l o c a l  chem is t r y  and 
r a t e  e f f e c t s  i n  p w v i o u s l y  
i r r a d i a t e d  m a t e r i a l s  

Complete c o r r e l a t i o n  o f  d u a l - i o n  
i r r a d i a t i o n  a t  d i f f e r e n t  l a b s  

- 1  
__. _ .  _ _  

i 

--_- ! 

Define c o r r e l a t i o n  model f o r  
c o r r e l a t i o n  o f  i o n  s i m u l a t i o n  
r e s u l t s  i n c l u d i n g  e f f e c t s  o f  
damage r a t e  and PKA spectrum 

I 

i 

ORR i r r a d i a t i o n  o f  s o l u t i o n  
t r e a t e d  and aged 316 S S ,  PCA 
and E l 9  

I 

I 
I----- 

C o r r e l a t e  i o n  s i m u l a t i o n  and 
neut ron i r r a d i a t i o n  r e s u l t s  ,__ -. 

S e l e c t  m a t e r i a l  and exper imenta l  

4 
c o n d i t i o n s  f o r  a d d i t i o n a l  exper iments 
based on above 

Perform i o n  i r r a d i a t i o n s  
on s e l e c t e d  c o r r e l a t i o n  
m a t e r i a l  ( i f  ST-A 316 i s  

’ 
D e f i n e  i n t e r i m  c o r r e l a t i o n  model 

f o r  i on- neu t ron  c o r r e l a t i o n s  

A- - _ .  
I 

Perform exper iments t o  t e s t  
c o r r e l a t i o n  model 

I 

D e f i n e  f i n a l  c o r r e l a t i o n  model L.. .-.-------I 
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2. I d e n t i f i c a t i o n  o f  Damage Mechanism Regimes 

Eva lua te  r e s u l t s  o f  above 
i o n  i r r a d i a t i o n  s t u d i e s  

Exper imental  i n v e s t i g a t i o n s  t o  eva lua te :  
Atomic d isp lacement  r a t e  e f f e c t s  
Doping o f  damage r e g i o n  ( u n i n t e n t i o n a l )  
E f f e c t s  o f  p o i n t  d e f e c t  g r a d i e n t s  
E f f e c t s  o f  s t resses  
Doping o f  damage r e g i o n  ( i n t e n t i o n a l ,  e.g., by  He o r  H )  

Tec h n i  ques 
Sec t i on  samples a t  v a r i o u s  depths i n  damage p r o f i l e  
Compare r e s u l t s  f rom i r r a d i a t i o n s  w i t h  d i f f e r e n t  i o n  

Measure l o c a l  chem is t r y  b y  EDX, EELS, and n u c l e a r  

Eva lua te  e f f e c t  o f  damage r a t e  [neut ron]  t o  

types and energ ies  

r e a c t i o n  p r o f i l i n g  

3 x 10-3 dpa/s)  

Eva lua te  r e s u l t s  o f  complementary 
exper iments from o t h e r  programs 

BES 
Sur face  Eng ineer ing  
I m p l a n t a t i o n  Metal 1 u r g y  
P M I  a c t i v i t i e s  

I 

1 

c 

1 
E s t a b l i s h  exper imenta l  l i m i t a t i o n s  and 

improved techniques f o r  f u t u r e  i o n  
i r r a d i a t i o n  s t u d i e s  
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3. Evaluation of Conditions Unique t o  the  MFR Environment 

Theoretical ana lys i s  of potential  
e f f e c t s  o f :  

Regular pulsing o f  f lux ,  
temperature and s t r e s s  

Occasional l a r g e  pulses 
from disrupt ions  - 

Experimental invest igat ion of 1 
e f f e c t s  o f :  

He:dpa r a t i o  
Pre i r rad ia t ion  microstructures 
Beam schedule (spect ra l  

t a i l o r i n g )  

1 I Microstructural pa r t i t ion ingof  
Effects  of He on s o l u t e  

segregation 
roqen e f f e c t s .  1 I 

Continuing experimental program 

Refine models f o r  pulsed I operation e f f e c t s  
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